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Abstract 
 

Osteosarcoma is the most frequent bone tumor. The presence of the drug efflux transporter 

P-glycoprotein (Pgp) is a negative prognostic factor in osteosarcoma patient because it 

impairs the efficacy of doxorubicin (Dox), the first-line treatment for this tumor.  

In my PhD thesis I focused on two intracellular compartments – mitochondria and 

endoplasmic reticulum (ER) – that sporadic evidences from our reserach group and other 

groups have highlighted as key determinants in acquisition and maintenance of a 

chemoresistant phenotype due to Pgp expression. I validated the efficacy of synthetic 

multitarget Dox-derivatives, designed to be delivered in mitochondria and ER, respectively, 

and to impair the functions of these organelles, against Pgp-positive ostoesarcoma cells, 

refractory to parental Dox.  

In the first part of this thesis I used a chemically modified Dox, called mtDox, characterized 

by a selective tropism for mitochondria. The novelty of the therapeutic strategy based on 

mtDox is related to two factors. First, we used a derivative of Dox, the efficacy of which is 

limited by the expression of Pgp and by the development of cardiotoxicity: mtDox did not 

induce toxicity in cardiomyocytes and was highly effective against Pgp-expressing 

osteosarcoma in vitro and in vivo, thus overcoming the main limitations encountered in 

patients treated with Dox-based regimens. Second, mtDox was particularly effective against 

Dox-resistant osteosarcomas because it exploited a metabolic signature typical of 

chemoresistant cells, i.e. the hyperactive oxidative mitochondrial metabolism. By impairing 

mitochondrial energy metabolism and redox balance, it altered an energy pathway that was 

crucial for drug resistant tumors, producing the mitochondria-triggered apoptosis of Pgp-

expressing osteosarcoma cells.  

In the second part of this PhD thesis I investigated the pharmacodynamic properties of the 

so-called Sdox, a H2S-releasing Dox that was also less cardiotoxic beacuse of its ability to 

reduce the Dox-mediated oxidative stress in cardiomyocytes thanks to its H2S-releasing 

moiety, but it retained its efficacy against Pgp-expressing osteosarcoma cells.  

In osteosarcoma cells Sdox had a peculiar localization within ER: this finding may justify 

was Sdox was less available for Pgp efflux present on cell surface and was well retained 

within Pgp-expressing osteosarcoma cells. Moreover, the presence of Sdox, that can act 

either as pro- or anti-oxiadant agents within ER, the compartment where cellular proteins –

including Pgp - are synthesized and folded, led us to investigate which effects were exerted 

by the drug on the physiological functions of ER.  
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Sdox induced a higher amount of sulfhydrated proteins in Dox-resistant cells than in 

sensitive cells. The sulfhydration was followed by protein ubiquitination. One of the protein 

sulfhydrated and ubiquitinated was Pgp, that was reduced in Sdox-treated cells. Sdox 

increased the expression of ER-associated degradion/ER quality control (ERAD/ERQC)-

related genes in both sensitive and resistant cells, likely as a physiological consequence of 

the increased misfolded/unfolded proteins. Dox-resistant osteosarcoma cells had a defetive 

ERAD/ERQC system compared to Dox-sensitive cells, and Sdox overflew the buffering 

capacity of resistant cells inducing ER stress. As a consequence, Sdox triggered ER-

dependent pro-apoptotic pathways. A preliminary in vivo experimental set validated the 

efficacy of Sdox in Dox-resistant osteosarcoma models as an effective tool able to reduce 

tumor growth, without inducing significant systemic toxicities.  

My thesis demonstrated that alterations of physiological functions of mitochondria and ER 

are responsible for Dox-resistance mediated in osteosarcoma cells. Using mitochondria- 

and ER-targeting synthetic Dox, devoid of cardiotoxicity, reversed the resistance to Dox in 

Pgp-expressing osteosarcoma, in vitro and in vivo. These results may pave the way for the 

potential use of these synthetic Doxs in clinical settings, in particular for patients with Pgp-

positive osteosarcomas or as a possible second-line treatment for relapsed patients. 
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1. Introduction 

1.1 Osteosarcoma 

Osteosarcoma (OS) is the most frequent bone tumor. Conventional OS (high-grade tumors, 

localized in the extremities in patients younger than 40 years without evidence of metastasis 

at diagnosis) are usually treated with pre- and post-operative chemotherapy, in association 

to the surgical removal of the tumor. Doxorubicin (Dox) is one of the leader drugs, together 

with cisplatin and methotrexate. Unfortunately, this multimodal treatment achieves control 

disease in no more than than 60% of OS patients. Despite alternative therapeutic strategies, 

the prognosis of OS has not significantly improved in the last decades (Hattinger CM, Expert 

Opin Emerg Drugs 2015; Hattinger CM, Future Oncol. 2017). 

Symptoms of OS can vary depending on the size and location of tumour and include bone 

pain, particularly occuring at night, bone mass or swelling, restricted movement in a joint. 

Symptoms can be confused with more common problems such as a sports injury or growing 

pains in children and young people. 

The diagnosis and grading of OS is usually performed by pathological analysis on bioptic 

samples and by imaging techqicques. Identifying the stage and grade of OS is predictive of 

therapeutic response and outcome. 

 

Grading: 

Low-grade means that the cancer cells are slow-growing and look quite similar to normal 

cells. They are less aggressive and less likely to spread. 

High-grade means the cancer cells are fast growing and look very anaplastic. They are more 

aggressive and more likely to spread. 

Staging: 

Stage 1 : The cancer is low-grade and has not grown outside the bone. Stage 1 is divided 

into: 

 1a The cancer is low-grade and is still completely within the bone it started in. 

 1b The cancer is low-grade and has grown through the bone wall. 
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Stage 2: The cancer is high-grade and has spread beyond the bone. Stage 2 is divided into: 

 2a The cancer is high-grade and is still completely in the bone it started in. 

 2b The cancer is high-grade and has grown outside the bone wall. 

 

Stage 3: The cancer may be any grade and has metastasized to other tissues, such as the 

lungs. 

(https://sarcoma.org.uk/sarcoma-types/osteosarcoma) 

1.1.1 Epidemiology 

The incidence rates (95% confidence intervals) of OS for all races and both sexes are 4.0 

(3.5-4.6) for the range 0-14 years and 5.0 (4.6-5.6) for the range 0-19 years per year per 

million persons. OS accounts for 2.4% of all cancers in children and is the eighth cancer for 

incidence in childhood and young adolescent, after leukemias (30%), central nervous 

system cancers (22.3%), neuroblastoma (7.3%), Wilms tumor (5.6%), Non-Hodgkin 

lymphoma (4.5%), rhabdomyosarcoma (3.1%), retinoblastoma (2.8%). The incidence rates 

of childhood and adolescent OS has no geographical differences. 

OS has a bimodal age distribution, having the first peak during adolescence and the second 

peak in older adulthood. The first peak is in the 10-14-year-old age group, coinciding with 

the pubertal growth spurt. This suggests a close relationship between the adolescent growth 

spurt and osteosarcoma. The second peak is in adults older than 65 years of age: it is likely 

a second malignancy, frequently related to Paget's disease.  

OS commonly occurs in the long bones of the extremities near the metaphyseal growth 

plates. The most common sites are the femur (42%, with 75% of tumors in the distal femur), 

the tibia (19%, with 80% of tumors in the proximal tibia), and the humerus (10%, with 90% 

of tumors in the proximal humerus). Other locations are the skull or jaw (8%) and the pelvis 

(8%).  

Cancer deaths due to bone and joint malignant neoplasms represent 8.9% of all childhood 

and adolescent cancer deaths. Death rates for OS have been declining by about 1.3% per 
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year. The overall 5-year survival rate for OS is 68%, without significant gender difference. 

The age of the patient is correlated with the survival, with the poorest survival among older 

patients. (Ottaviani G. et  Jaffe N , Cancer Treat Res. 2009) 

1.1.2 Treatment 

Many clinical trials are focusing on treating OS using a variety of strategies. 

Surgery:  surgery, along with newer imaging tests that better define the extent of tumors, 

aims at removing cancer mass and sparing as much normal tissue as possible. For 

reconstruction, internal prostheses can now be expanded without the need for more surgery. 

This is especially important for children, who in the past often needed several operations to 

replace the prosthesis with a larger one as they grew. 

Radiation therapy: OS cells are relatively radioresistant, so high doses are needed to obtain 

a therapeutic effect. This has limited the use of radiation, because high doses can often 

cause unacceptable side effects. Intensity-modulated radiation therapy (IMRT) is an 

example of an advanced form of radiotherapy. The intensity (strength) of the beams can 

also be adjusted to limit the dose reaching nearby normal tissues. A newer approach is to 

use radioactive particles instead of X-rays, such as protons beams. Unlike X-rays, which 

release energy both before and after they hit their target, protons cause little damage to 

tissues they pass through and then release their energy after traveling a certain distance. 

As with IMRT, proton beam therapy may be helpful for hard-to-treat tumors, such as those 

on the spine or pelvic bones. 

Chemotherapy: Clinical trials are being done to determine the best combinations of 

chemotherapy drugs, as well as the best time to give them (see paragraph 1-1-3 for details 

on chemotherapy protocols).  

Photodynamic therapy (PDT) is one of the most promising and minimally invasive treatments 

developed in the last years, for the treatment of superficial tumors. Three basic factors – 

choice of proper photosensitizer, choice of appropriate light source and ability to kill tumor 

cells by inducing oxidative stress - are responsible for tumor cell cytotoxicity. PDT in OS is 

still under evaluation (Wei Yu et al., Oncotarget 2017) 
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1.1.3 Chemotherapy 

Standard chemotherapy protocols for high-grade OS include doxorubicin, cisplatin, high-

dose methotrexate and/or ifosfamide and/or etoposide. Clinical evidence collected in the 

past decades has allowed to understand that regimens based on the use of three drugs 

(doxorubicin, cisplatin, methotrexate) achieved significantly better results than two-drug 

treatments. The addition of a fourth drug - in most cases ifosfamide -  has not significantly 

improved the clinical outcome, still leaving open the question whether this strategy should 

be considered for the first-line treatment of all OS patients or rather only for those patients 

who poorly respond to preoperative chemotherapy (Anninga JK et al., Eur J Cancer 2011). 

The major clinical problem that chemotherapy encounters is the development of drug 

resistance (see paragraphs 1.2 for details). The second main problem is that chemotherapy 

often fails in preventing the development of metastasis, which usually occur within the first 

24 - 36 months from diagnosis in high-grade OS. Later relapses in bone are also 

documented but they are less frequent (Anninga JK et al., Eur J Cancer 2011 ;  Ferrari S et 

al., J Pediatr Hematol Oncol 2006).  

The lungs are the most common site of OS metastasis: recently, inhaled forms of some 

chemo drugs (such as cisplatin) are being studied for patients with OS lung metastases.  

(https://www.cancer.org/cancer/osteosarcoma/about/new-research.html) 

Treatment of relapsed OS patients is based on different therapeutic approaches and 

second-line chemotherapy protocols, which, however, have not provided satisfactory 

results, being able to rescue no more than 20 - 25% of patients (Bacci G et al., Acta Oncol 

2006 ; Kempf-Bielack B et al., J Clin Oncol 2005). It is therefore clear that new treatment 

approaches and drugs are needed to improve the results of the current chemotherapy 

protocols. Identification of new therapeutic markers and targeted drugs is even more 

important for relapsed OS patients, in order to improve the dismal results that are currently 

achievable with the available second-line treatment protocols (Hattinger CM et al., Expert 

Opinion on Emerg Drugs 2015) 
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1.1.4 Immunotherapy 

The key role played by the microenvironment in the disease increases the number of 

therapeutic targets (such as macrophages or osteoclasts), as well as the key proteins that 

control cell proliferation or cell death. (Heymann MF et al., Expert Opin Invest Drugs 2016) 

Recent evidence reveals that using dendritic cells (DC)-based immunotherapy may elicit 

cytotoxic T cell response in preclinical OS models (He YT et al., Oncol Lett 2016). T cells 

play an essential role in mediating potent tumor-specific immune responses, and may 

provide a rational basis for tumor immunotherapies, such as adoptive cell transfer (ACT) 

(Yang JC et al., Cancer  Adv Immunol 2016 ) 

Clinical investigations of immune checkpoint inhibitors have demonstrated activity in multiple 

types of neoplasms (Naidoo J et al., Br J Cancer 2014). Checkpoint inhibitors are planned 

to b included in combination strategy for treatment of OS in the next future (Tsukahara T et 

al., Expert Opin Biol Ther 2016). 

Immunogenic cell death (ICD) is characterized by the early surface exposure of calreticulin 

(CRT). On the surface of apoptotic tumor cells CRT mediates the recognition and 

phagocytosis of tumor cells by antigen presenting cells.  It has been demonstrated that 

capsaicin induces the translocation of CRT from intracellular compartments to the cell 

surface in human OS cells. CRT in turns promotes the DC-mediated phagocytosis of tumor 

cells, thereby mediating tumor cell ICD. (Tao Jin et al., Exp Ther Med 2016) 

Chemo-immunotherapy is a very promising approach in the treatment of the most 

aggressive cancers, refractory to the conventional anticancer drugs (Braly P et al., J 

Immunother. 2009). Studies in this field are under development in particular for the 

treatment of metastatic of relapsed OS ( Wan J et al., Onco Lett, 2016) 

1.2 Multidrug Resistance 

About seven million people die of cancer and 12 million new cases arise every year (Garcia 

M et al., Global cancer facts 2007). Over 90% of the deaths are caused by failure of 

chemotherapy, mostly due to multidrug resistance (MDR). MDR is a term describing the 

variety of the strategies that cancer cells use to avoid cytotoxic and immunogenic effects of 

anticancer drugs. Chemoresistance can be either acquired after exposure to chemotherapy 

https://www.ncbi.nlm.nih.gov/pubmed/27633385
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itself (induced or acquired MDR) or innate (constitutive MDR). A common feature is that 

tumor is cross-resistant to a wide range of structurally and functionally unrelated drugs 

(Longley DB et al., J Pathol 2005). The resistance phenotype is heterogeneous and 

dynamic, involving a combination of independent molecular mechanisms that are 

functionally regulated during tumor progression and treatment (Szakács G et al., Nat Rev 

Drug Discov 2006). Indeed, cancer cells escape chemotherapy by a number of different 

mechanisms that modulate genetic and epigenetic features of the tumor and its 

environment. These mechanisms include processes limiting anticancer drug concentrations 

(by decreased drug influx, increased drug efflux, vesicular sequestration and enhanced drug 

metabolism); change of ionic environment (by modification in pH and Ca2+ concentration); 

prevention of drug induced cell death (such as increased DNA repair mechanisms and 

decreased cell death apparatus); changes in the molecular targets (e.g. decreased 

topoisomerase II alpha activity for antracyclines, mutated thymidylate synthase and/or folate 

reductase for anti-folate agents).  

 

 

Figure 1. Mechanisms of drug resistance in cancer cells. Cancer cells can evade 

chemotherapeutic treatment by increasing active drug efflux, decreasing drug influx, 

increasing DNA repair mechanisms, altering apoptotic machinery and cell cycle checkpoints, 

enhancing drug metabolism, increasing vesicular sequestration or altering molecular drug 

targets (adapted from Gong J et al., Cancer Treat Rev. 2012) 
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1.2.1 ATP binding cassette (ABC) transporters 

One of the main mechanisms of MDR is the overexpression of transmembrane drug efflux 

transporters in resistant cancer cells: these efflux pumps reduce drug levels in the 

intracellular cancer cells, allowing cell survival. Most transporters involved in MDR utilize the 

energy of ATP hydrolysis to extrude drugs out of the cell against a concentration gradient 

and belong to the ATP Binding Cassette (ABC) superfamily, a conserved family of proteins, 

present in all living organisms from prokaryotes to mammals.  

ABC transporters are integral membrane proteins, named after a conserved, specific 

domain of 200- to 250- aminoacids which can bind and hydrolyze ATP, known as nucleotide 

binding domain (NBD) (Ni Z  et  Mao Q, Curr Pharm Biotechnol. 2011 ;  Zhou SF, 

Xenobiotica, 2008). ABC transporters contain transmembrane domains (TMD), composed 

in most cases of two modules of six membrane spanning helices forming a channel, whose 

opening and closing is regulated by the binding of ATP. Active ABC transporters contain a 

minimum of two NBDs and two TMDs. These four elements in many cases are present in 

one single polypeptide chain (Fig. 2; Hyde SC et al., Nature. 1990). The mechanism of drug 

extrusion via ABC transporters is not completely understood. Structural, biochemical, 

genetic data suggest the “ATP-switch model” for substrate transport. Protein switch between 

two principal conformations of the NBD dimer: when ATP binds, it causes the rotation of 

NBD domains and formation of a closed dimer with two molecules of ATP attached. ATP 

hydrolysis allows protein to return to its open configuration (Szakács G et al., Nat Rev Drug 

Discov. 2006).  

In humans forty-eight ABC transporters have been identified, divided into seven groups 

(ABCA, ABCB, ABCC, ABCD, ABCE, ABCF, ABCG) (Ni Z  et  Mao Q, Curr Pharm 

Biotechnol. 2011). The three major types of MDR proteins include members of the ABCB 

(such as ABCB1/MDR1/Pgp, i.e. P-glycoportein), the ABCC/Multidrug resistance Related 

Proteins  (ABCC1/MRP1, ABCC2/MRP2, probably also ABCC3–6, and ABCC10–11) and 

the ABCG (ABCG2/BCRP, i.e. Breast Cancer Related Protein) subfamily (Szakács G et al., 

Nat Rev Drug Discov. 2006; Damiani D et al., Br J Haematol. 2002; Gilet JP et al., BBA-

Rev. Cancer. 2007).  

MDR transporters have a large spectrum of substrate: typical drugs extruded include Vinca 

alkaloids (vinblastine and vincristine), anthracyclines (doxorubicin and daunorubicin), 

epipodophyllotoxines (etoposide, teniposide), antibiotics (actinomycin D) and taxanes 

(paclitaxel, docetaxel). Although structurally different, these compounds have similar 
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features. They are large hydrophobic/amphipathic molecules with molecular weight up to 

800 Da, have a planar ring system and a positive charge at physiological pH (Lee CH et al., 

Curr Med Chem. 2004).  

MDR proteins are usually known as crucial actors in chemoresistance because they are 

overexpressed in tumors, but they are also present in normal tissue. Pgp, BCRP, MRPs in 

the placenta limit fetal exposure to toxins, drugs or xenobiotics, (Ni Z  et  Mao Q, Curr Pharm 

Biotechnol. 2011). In liver MDR transporters are involved in the regulation of bile formation 

and disposition for xenobiotics. In renal epithelial cells the transporters are responsible for 

the clearance of compounds from the cytoplasm of renal tubular cells to the urine (Ni Z  et  

Mao Q, Curr Pharm Biotechnol. 2011). In brain blood–brain barrier they contribute to brain 

homeostasis by protecting the central nervous system parenchyma from potentially harmful 

endogenous and exogenous substances (Ni Z  et  Mao Q, Curr Pharm Biotechnol. 2011) 

(Fig 3.). Therein, finding pharmacological inhibitors that reduce Pgp activity only in tumors 

but not in healthy tissues has not been possible until now (Callaghan R et al., Drug  Met 

Disp 2014).  
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1.2.2 P-glycoprotein 

 

P-glycoprotein is the most broadly studied protein involved in multidrug resistance. Pgp 

induces resistance to a wide spectrum of clinically and toxicologically relevant compounds, 

including anticancer drugs, human immunodeficiency virus-protease inhibitors, 

antiepileptics, antidepressants, analgesics and antibiotics (Luqmani YA et al., Med Princ 

Pract 2005). 

Pgp is glycosylated and has a molecular weight of 170-kDa, containing 1,280 amino acids. 

(Longley DB et al., J Pathol 2005 ; Ni Z  et  Mao Q, Curr Pharm Biotechnol. 2011 ;  Zhou 

SF, Xenobiotica, 2008). It is encoded by MDR1 gene. Regulation of Pgp expression is highly 

complex: indeed, MDR1 promoter has several overlapping binding sites for many different 

transcription factors. It has a “TATA-less” promoter, where the transcription complex is 

controlled by an initiator (Inr) element. The transcriptional factors interacting with the MDR1 

promoter include the inverted CCAAT-box (Y-box) binding proteins (NF-Y, YB-1, C/EBPß), 

the CAAT-box interacting proteins (c-fos, NFκB), and the GC-box interacting proteins (Sp1–

3, EGR1, WT1) (Ni Z  et  Mao Q, Curr Pharm Biotechnol. 2011 ;  Zhou SF, Xenobiotica, 

2008). The requirement of each transcriptional factor in the constitutive expression of Pgp 

has been demonstrated in several cell lines. Like most ‘TATAless’ genes, the MDR1 

promoter includes both an inverted CCAAT-box ( Ni Z  et  Mao Q, Curr Pharm Biotechnol. 

2011) that interacts with the trimeric transcription factor NF-Y (Ni Z  et  Mao Q, Curr Pharm 

Biotechnol. 2011) and a GC-rich element that interacts with members of the Sp-family of 

transcription factors, specifically Sp1 and Sp3 (Ni Z  et  Mao Q, Curr Pharm Biotechnol. 

2011 ;  Zhou SF, Xenobiotica, 2008). Pgp levels increase in response to stress signals, such 

as heat shock (Ni Z  et  Mao Q, Curr Pharm Biotechnol. 2011), hypoxia (Terasaki T et al., 

NeuroRx 2005), inflammation (Zhou SF, Xenobiotica, 2008), exposure to xenobiotics, toxic 

metabolites, or UV irradiation (Szakács G et al., Nat Rev Drug Discov 2006;  Hu Z et al.,J 

Biol Chem. 2000). MDR1 gene expression is also regulated at epigenetic levels, since it 

depends on DNA methylation, histone modification, chromosomal remodeling (Scotto KW 

et al., Oncogene 2003). Moreover, Pgp activity can be modulated by post-translation events, 

such as phosphorylation and by the membrane microenvironment. The type of lipids, 

especially cholesterol in the plasma membrane in proximity of Pgp, is critical for the pump 

activity (Ni Z  et  Mao Q, Curr Pharm Biotechnol. 2011) 
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Figure 2. Predicted structure of representative drug transporters from each of the three 

classes: MDR1 contains 12 transmembrane domains and two nucleotide-binding domains 

(NBD). The amino-(NH2) and carboxyl (COOH)-termina are designated. MRP1 is similar to 

MDR1, but includes an additional five transmembrane domains at the N-terminus. BCRP is 

a ‘half-transporter’ with one NBD located at the N-terminus (Scotto KW et al.,Oncogene 

2003). 
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Figure 3. ABC transporters involved in anti-cancer drug resistance (Ni Z  et  Mao Q, Curr 

Pharm Biotechnol. 2011) 

 

Pgp has been found overexpressed in acute myeloid leukemia (65-80% of patient), chronic 

myeloid leukemia ( 14-26%), multiple myeloma (29-50%), ovarian cancer (15-47%), breast 

cancer (14-43%), renal cancer (75-80%), osteosarcoma and soft tissue sarcomas (23-50%), 

glioblastoma (18-57%). Bad prognosis is associated with high levels of Pgp in tumor cells 

(Ni Z  et  Mao Q, Curr Pharm Biotechnol. 2011) 
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1.3 Approaches to overcome multidrug resistance 

Strategies to overcome MDR have been focused on increasing drug delivery, reducing ABC 

transporters transcription, and preventing drug efflux (Fig. 4).  

For Pgp-overexpressiong tumors, three main approaches have been experimented at least 

in pre-clinical models: new carriers of anticancer drugs, Pgp pharmacological inhbitors and 

Pgp down-regulation strategies. 

Combing drugs or siRNA with nanocarries such as nanoparticles, liposomes, micelles, 

dendrimers, magnetic nanoparticles, nanogolds, minicells and polymer-drug conjugates, 

provides an innovative and promising alternative to free chemotherapeutic drugs to 

overcome MDR (Gao Z et al.,Journal of Controlled Release. 2012). Liposomal drugs are 

particularly effective in chemoresistant cells, because they seem subjected to a reduced 

efflux through membrane transporters. Pegylated liposomal doxorubicin has been approved 

for the treatment of breast and ovary metastatic cancers resistant to conventional 

chemotherapy (Duggan ST et Keating GM, Drugs. 2011; Riganti C et al., Mol Pharm 2011 ; 

Kopecka J et al., Nanomedicine, 2014 ; Pedrini I et al., Mol Pharm, 2014). The nanoparticle-

mediated delivery of drugs is generally superior to free drug in inducing cell death in drug-

resistant cells (Patil Y et al., J Control Release 2009). The advantages of nanocarriers 

system include: enhanced particle penetration across physiological barriers, protection of 

labile drugs in systemic circulation, active tumor targeting, decreased drug clearance and 

regulated drug release. 

 

Pharmacological inhibitors of Pgp can be categorized into three generations on a base of 

sequential refinements in the pharmacodynamic properties. First-generation Pgp inhibitors, 

such as cyclosporin A and verapamil, interact with substrate binding site of Pgp and are 

characterized by low specificity and high toxicity. Second-generation inhibitors, such as 

cinchonine and valspodar block ATPase activity of the transporters, but in vivo they cause 

many side effects because they affect cytochrome p450 3A4 activity. The third-generation 

of inhibitors (such as tariquidar and zosuquidar) were developed to elicit a high degree of 

specific Pgp inhibition with less toxicity. They are still in clinical development, but until now 

they did not shown any successful outcome (Takara K  et al., Curr Pharm Des. 2006 ; Ni Z  

et  Mao Q, Curr Pharm Biotechnol. 2011; Zhou SF, Xenobiotica, 2008; Callaghan R et al., 

Drug  Met Disp 2014; Szakács G et al., Chem Reviews, 2014). 

Strategies focused on downregulation of MDR1 gene expression using RNA interference 

(RNAi) technology (small interfering RNA (siRNA), short hairpin RNA (shRNA) (Ni Z  et  Mao 
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Q, Curr Pharm Biotechnol. 2011), knockdown or re-expression of specific microRNAs 

regulating Pgp expression by synthetic anti-sense oligonucleotides (Ni Z  et  Mao Q, Curr 

Pharm Biotechnol. 2011; Tsouris V. et al., Biotechnol 2014 ) are currently under 

development in preclinical models, but the potential translation of these approaches into 

clinical practice is far. 

 

 

 

 

 

 

 

 

Figure 4. Mechanisms involved in the prevention or overcoming of drug resistance due to 

ABC transporters (Wang GY et al., Oncotarget 2017) 
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1.4 Doxorubicin 

Anthracyclines such as doxorubicin, daunorubicin, epirubicin, are among the most active 

and frequently used cytotoxic agents for treatment of solid tumors and hematological 

malignancies. All anthracyclines share a quinone-containing rigid planar aromatic ring 

structure bound by a glycosidic bond to an aminosugar, daunosamine (Fig. 5). 

Anthracyclines enter inside the cells via passive diffusion. Intracellular accumulation can 

result in concentrations that are 10–500 fold greater than extracellular drug levels (Minotti G 

et al.,Pharm Rev 2004). All anthracyclines are substrates of Pgp (Szakács G et al., Nat Rev 

Drug Discov. 2006). 

The main mechanisms of anthracycline-induced cell death is topoisomerase II inhibition that 

leads to DNA damage and induction of apoptosis, but also other mechanisms contribute to 

antracyclines’ cytotoxicity as: generation of free radicals (namely oxygen reactive species, 

ROS, and nitrogen reactive species, RNS), DNA binding, alkylation and cross-linking, 

alterations of calcium flux and mitochondria activity (Ni Z  et  Mao Q, Curr Pharm Biotechnol. 

2011; Zhou SF, Xenobiotica, 2008; Granados-Principal S et al., Food Chem. Toxicol. 2010). 

Moroever, doxorubicin induces an immunogenic cell death (ICD), i.e. it induces the 

translocation of the endoplasmic-reticulum (ER)-associated protein calreticulin on 

plasmamembrane. Here calreticulin acts as an “eat-me” signals, making doxorubicin-treated 

cells easily phagocytized by dendritic cells. Following this process, dendritic cells activate 

autologous CD8+ T-lymphocytes endorsed with anti-tumor activity (Obeid M et al., Nat Med 

2007). Our group, however, has demonstrated that Pgp-expressing cells are refractory to 

doxorubicin-mediated ICD: on the one hand, Pgp effluxes doxorubicin, limiting the 

intracellular accumulation necessary to activate nitric oxide synthesis that mediates 

calreticulin translocation; on the other hand, Pgp is physically associated with calreticulin in 

ER and on plasmamembrane and impairs the calreticulin immunogenic functions (De Boo 

et al., Mol Cancer 2009; Kopeckca J et al., J Cell Mol Med 2011). 

 

The main side-effects of doxorubicin is cardiotoxicity, either acute cardiotoxicity and chronic, 

dose-dependent cardiotoxicity (Ni Z  et  Mao Q, Curr Pharm Biotechnol. 2011; Granados-

Principal S et al., Food Chem. Toxicol. 2010). 
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Figure 5. Molecular structures of different anthracyclines. 
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1.5. Mitochondria 

Mitochondria plays a critical role in energy and redox balance, and represents key 

intracellular signaling hub of cancer progression, including metabolic reprogramming, 

acquisition of metastatic capability, and response to chemotherapeutic drugs (Trotta AP et 

al., Cell. Mol. Life Sci. 2017 ;  Caino MC et al., Proc. Natl. Acad. Sci. USA. 2015 ;  García-

Ledo L et al., Front. Oncol. 2017). Alteration in mitochondrial proteins and DNA, genomic 

DNA encoding for mitochondrial proteins, and mitochondrial dynamics are now considered 

critical events in cancer progression and aggressiveness (Guerra F et al. ,Biochim Biophys 

Acta. 2017). Mitochondrial dynamics is characterized by fission and fusion, which allow 

cellular adaptation to specific metabolic states. Mitochondrial fission is helpful to segregate 

mitochondrial DNA and eliminate damaged/non-functioning  mitochondria. Mitochondrial 

fusion with efficient ATP production and transport was more frequently observed in 

chemoresistant than chemosensitive gynecological cancer cells. Moreover, it is well known 

that during genomic DNA replication, mitochondria produce more ATP (Zheng HC, 

Oncotarget 2017).  

Impairing mitochondria energetic metabolism and ATP synthesis, may reduce tumor cell 

proliferation and invasion, and trigger apoptosis (Trotta AP et al., Cell. Mol. Life Sci. 2017). 

For this reason, targeting tumor cells mitochondria and impairing mitochondria energetic 

metabolism, became one of the promising strategy in the antitumor therapy (Wallace DC, 

Nat. Rev. Cancer  2012 ; Weinberg, SE et Chandel NS, Nat. Chem. Biol. 2015 ; Refaat A et 

al., Free Radic Res. 2017). A typical feature of most solid tumors is that they have  higher 

(i.e. more negative inside) mitochondrial transmembrane potential compared to their normal 

counterparts ( Modica-Napolitano J et al., Adv. Drug. Deliv. Rev. 2001).  (Figure 6). We 

demonstrated that Pgp-expressing doxorubicin resistant cells has a constitutively more 

active mitochondrial metabolism but are also more susceptible to the damages produced by 

intramitochondrial ROS. The exposure to low and repeated doses to doxorubicin, a process 

that uncouples mitochondrial metabolism and increases intramitochondrial ROS, triggers a 

cytochrome c/caspase 9/caspase 3-dependent apoptosis of doxorubicin-resistant cells, 

notwithstanding the high levels of Pgp that remain unaffected ( Riganti C et al.,Cancer Lett. 

2015). The peculiar metabolism of mitochondria in drug-resistant cancer cell may be 

exploited to improved the response to antineoplastic drugs also in MDR tumors. 
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Figure 6. Mitochondrial membrane potential in cancer cells. Despite it has been 

generally accepted that most solid tumors obtain fuel from aerobic glycolysis 

(Warburg effects), the role of mitochondrial oxidative metabolism has been recently 

re-evaluated as a key contributor in tumor growth and progression. Active 

mitochondria of cancer cells have a higher mitochondrial transmembrane potential 

compared to normal cells (Gottesman MM et al., Nat Reviews 2002 ) 
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1.6 Endoplasmatic reticulum (ER) 

 

Endoplasmic reticulum (ER) is the cellular site of protein synthesis, folding, modification, 

and trafficking of secretory and cell-surface proteins. ER is the major intracellular calcium 

storage compartment that maintains cellular calcium homeostasis. Several ER-specific 

molecular steps sense quantity and quality of synthesized proteins as well as proper folding 

into their native structures during the production of functionally effective proteins. An 

excessive accumulation of unfolded/misfolded proteins in the ER lumen results in ER stress, 

that activates an ER-specific adaptation program, (the unfolded protein response; UPR) to 

increase ER-associated degradation (ERAD) of structurally and/or functionally defective 

proteins, in the attempt to maintain ER protein homeostasis. If the attempt to adapt to ER 

stress fails, the UPR activates cell death programs that  eliminate the damaged cells (Ohoka 

N et al., EMBO J. 2005 ; Hetz C, Nat Rev Mol Cell Biol. 2012). The detailed mechanisms of 

UPR response are depicted in Figure 7.  
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Figura 7 Endoplasmic Reticulum (ER) homeostasis/stress and the unfolded protein 

response (UPR) signaling in physiopathologic conditions. The UPR consists of three 

signaling pathways initiated by the detachment of ER stress sensors activating transcription 

factor 6 (ATF6), protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK) and 

inositol-requiring enzyme 1 (IRE1) from glucose-regulated protein 78 (GRP78), a chaperone 

protein that monitors accumulation of unfolded and misfolded proteins inside the ER lumen. 

(A) In physiological (unstressed) states, these transducers bind to GRP78 and maintains ER 

portein homesostasis; (B) ER stress inducers accumulate unfolded/misfolded proteins in the 

ER lumen by impairing protein folding. Higher GRP78 affinity for unfolded/misfolded proteins 



~ 25 ~ 
 

dissociates GRP78 from ATF6, PERK and IRE1, enabling cells to initiate three UPR 

signaling cascades that may results in cell adaptation and survival, or in cell apoptotic death 

(Guzel E et al., Int J Mol Sci. 2017) 

 

We recently demonstrated that cancer cells with constitutive or acquired resistance to 

chemotherapy are also resistant to ER stress-triggered cell death, owing to the reduced 

activation of C/EBP-β LIP/CHOP/Capsase 3 axis in resposne to ER stress inducers and 

chemotherapy and to the simultaneous up-regulation of Pgp (Riganti C et al., J Natl Cancer 

Inst, 2015). On the other hand, canecr cell clones adapted to survive under mild and 

prolonged ER stressing conditions acuqire a MDR phenotype, beacuse of the up-regulation 

of PERK/Nrf2/MRP1 axis (Salaroglio IC et al., Mol Canc 2017). These complimentary 

studies demosntrate that resistance to ER stress  and to chemotherapy are strictly 

associated and suggest that altering ER protein homeostasis may influence the response to 

chemotherapy. 
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1.7 New synthetic doxorubicins targeting mitochondria and ER 

 

As stated above, Dox is the most commonly chemoterapeutic drug used in OS, but many 

patients with high grade of OS are resistant because their high levels of Pgp. In my reserach 

I validated the efficacy of new synthetic Doxs targeting mitochondria and ER of Dox-resistant 

OS, in order to obtain effective tools against these resistant tumors. 

 

The first synthetic Dox that I tested included a the Dox conjugated with a short peptide 

containing cationic and hydrophobic residues that deliver cargoes into mitochondria (Figure 

8).This Dox, called mtDox, was a kind gift of Prof. Shana O. Kelley, Department of 

Pharmaceutical Sciences, Leslie Dan Faculty of Pharmacy, University of Toronto, Toronto, 

Ontario, Canada, and was synthesized as reported in ( Chamberlain GR et al., ACS Chem 

Biol. 2013). The selective delivery into the mitochondria,  limited the availability of Dox for 

the Pgp on the plasma membrane in drug-resistant ovarian cancer cells, reducing the efflux 

of the drug from tumor cells ( Chamberlain GR et al., ACS Chem Biol. 2013). 

Moreover, mtDox had no nuclear genotoxic effects in H9c2 rat cardiomyocytes: it induces a 

moderate mitochondrial damage in cardiomyocytes that was well compensated by 

increased mitochondrial biogenesis. Mice exposed to mtDox had no sign of cardiac toxicity. 

By contrast, MDR cells show a defective mitobiogenesis in response to mtDox and undergo 

to apoptosis  (Jean SR et al., ACS Chem Biol. 2015.) 

 

 

 

 

Figure 8 Chemical structure of mitochondria-targeted doxorubicin 
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The second type of synthetic Dox synthesized was a library of Doxs conjugated with H2S-

releasing groups (Fig 9). The library was produced in collaboration with teh Department of 

Drug Science and Technology, University of Torino, Prof. Fruttero group. In a preliminray 

screening, most compounds resulted less cardiotoxic in rat H9c2 cells than Dox since the 

presence of H2S prevented the increase of ROS (Chegaev K et al., J Med Chem 2016 and 

Results section). 

The role of H2S in tumor biology is controversial, depending on the cancer cell line,     the 

amount and the kinetics of H2S release: some experimental evidences support a pro-tumor 

effect of H2S, other works demsontrated the opposite (Szabo C et Hellmich MR, Cell Cycle 

2013), fostering the synthesis of H2S-releasing molecules with potential oncological 

applications (Ma K et al., Plos One 2011; Kafshi K et Olson KR, Biochem. Pharmacol 2013; 

Li L et al., Annu Rev Pharmacol Toxicol. 2011). H2S-releasing Dox inhibited topoisomerase 

II and increased ROS levels less than Dox (Chegaev K et al., J Med Chem 2016), suggesting 

that their higher cytotoxicity did not rely on these two classical effects exerted by 

antracyclines (Granados-Principal S et al., Food Chem. Toxicol. 2010). 

Interestingly we obserevde that H2S-releasing Doxs had a peculiar tropism for ER (see 

Results section). We hypothesize that by releasing H2S and inducing protein sulfhydration, 

that may impair the correct protein folding, altering the ER protein homeostasis in MDR cells. 

 

In my thesis I thus tested the in vitro and in vivo efficacy of mtDox and of the most effective 

H2S-releasing Doxs (termed Sdox; compound 10 in Chegaev K et al., J Med Chem 2016) in 

Pgp-overexpressing Dox-resistant OS cells. 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20L%5BAuthor%5D&cauthor=true&cauthor_uid=21210746
https://www.ncbi.nlm.nih.gov/pubmed/?term=Li%2C+Annu+Rev+Toxicol%2C+2011
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Figure 9 Chemical structure of H2S-releasing doxorubicin (Chegaev K et al., J Med 
Chem 2016) 
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2. Aims of the PhD thesis 

 

The main aim of this work is to validate the efficacy of new synthetic Doxs against Pgp-

positive human OS cells with progressively increased resistance to parietal Dox. 

Instead of using Pgp pharmacological inhibitors, I validated the efficacy of synthetic Doxs 

targeting intracellular compartments –namely mitochondria and ER – that –on the basis of 

preliminary works of our group – had different metabolic and functional features between 

chemosensitive and MDR cells (Riganti C et al., Cancer Lett 2015 ; Kopecka J et al., 

Oncotarget 2015 ; Riganti C et al., J Natl Cancer Inst 2015 ; Salaroglio IC et al., Mol Cancer 

2017). Such features may be exploited to trigger cell death in MDR cells in a rather selective 

way, i.e. with the maximal efficacy against MDR cells and with few side-effects on not-

transformed tissues. 

In the first part of the thesis I analyzed the metabolic and functional differences in 

mitochondria between Dox-sensitive and Dox-resistant OS cells. I analyzed the genomic 

and biochemical effects produced by mtDox and its potential efficacy as a new cytotoxid 

drug against Dox-resistant OS cells. 

In the second part of the thesis, I focused on the metabolic and functional differences in ER 

between Dox-sensitive and Dox-resistant OS cells. I next studied the molecular basis of the 

high efficacy of Sdox against OS cells refractory to parental Dox. 

The final goal of my thesis was to perform the preclinical validation of new synthetic Dox as 

specific and effective tools against Pgp-expressing human OS, where the standard therapy 

with Dox fails. 
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3. Materials and Methods  

 

3.1 Chemicals 

Fetal bovine serum (FBS) and culture medium were from Invitrogen Life Technologies 

(Carlsbad, CA). Plasticware for cell cultures was from Falcon (Becton Dickinson, Franklin 

Lakes, NJ). The protein content in cell extracts in cell monolayers, mitochondrial, and 

nuclear extracts was assessed with the BCA kit from Sigma Chemical Co. (St. Louis, MO). 

Electrophoresis reagents were obtained from Bio-Rad Laboratories (Hercules, CA). Dox was 

purchased by Sigma Chemical Co. MtDox was synthesized as described in ref. 

(Chamberlain GR et al., ACS Chem Biol 2013). Sdox was synthesized as described in 

(Chegaev K et al., J Med Chem 2016): the Sdox used in the present thesis was namely 

compound 10 of (Chegaev K et al., J Med Chem 2016). Unless otherwise specified, all the 

other reagents were purchased from Sigma Chemical Co. 

 

3.2 Cells 

Murine osteosarcoma K7M2 cells, human Dox-sensitive osteosarcoma U-2OS and Saos-2 

cells, and rat neonatal H9c2 cardiomyocytes were purchased from the ATCC (Manassas, 

MA) in 2012. The corresponding variants with increasing resistance to Dox (U-2OS/ DX30, 

U-2OS/DX100, U-2OS/DX580, Saos-2/DX30, Saos-2/DX100 and Saos-2/DX580), selected 

by culturing parental cells in a medium with 30, 100, and 580 ng/mL Dox, were generated 

as reported in (Serra M et al., Anticarcer research 1993) and continuously cultured in 

presence of Dox. All cell lines were authenticated once a year by microsatellite analysis, 

using the PowerPlex Kit.  

Primary non-transformed osteoblasts were obtained from mesenchymal stem cells of 

helathy subjects, grown in osteogneic conditions, as reported in (Gronthos S et al., J Cell 

Sci 2003.). Fourteen days after culture, Bone Alkaline Phosphatase (BAP staining Kit; Sigma 

Chemicals Co.) was performed as authentication test for osteoblasts. Cells were maintained 

in IMDM medium (U-2OS and Saos-2 cells) or DMEM medium (K7M2 and H9c2 cells), 

supplemented with 10% v/v FBS, 1% v/v penicillin–streptomycin, and 1% v/v L-glutamine.  
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3.3 ABCB1/Pgp and ABCC1/MRP1 expression 

For flow cytometry assays, cells were harvested, washed once in PBS, twice with 10 mM/L 

Hepes in Hank's balanced salt solution, and fixed with 4% paraformaldehyde in PBS for 5 

minutes. After a wash in Hepes, cells were permeabilized in 0.1% w/v saponin and incubated 

with an anti-ABCB1/Pgp (clone MRK16; Kamiya) or anti-ABCC1/MRP1 (clone MRPm5; 

Abcam) antibodies. After washing with saponin, cells were incubated with a secondary anti-

mouse FITC-conjugated antibody (Sigma Chemical Co.), washed twice with saponin and 

once with Hepes. In the negative control, primary antibody was replaced by 0.1% saponin. 

Samples were analyzed by flow cytometry (FACSCalibur; Becton Dickinson). For 

immunoblot analysis, 20 µg of proteins from cell lysates (see details in “Immunoblotting” 

paragraph) were probed with anti-Pgp (clone 17F9; BD Biosciences) antibody, using an 

anti–β-tubulin (Santa Cruz Biotechnology Inc.) antibody to check the equal control loading 

of proteins. 

 

3.4 Doxorubicin accumulation 

Cellular, nuclear, or mitochondrial extracts (see details below) were resuspended in 0.5 mL 

ethanol/0.3 N HCl. The amount of Dox, mtDox or Sdox was measured fluorimetrically after 

6 h incubation with each drug (Riganti C et al., Cancer Res 2005), using a Synergy HT Multi-

Detection Microplate Reader (Bio-Tek). Excitation and emission wavelengths were 475 nm 

and 553 nm, respectively. A blank was prepared in the absence of cells in each set of 

experiments and its fluorescence was subtracted from that measured in each sample. 

Fluorescence was converted into nmol/mg cellular, nuclear, or mitochondrial proteins, using 

a previously set calibration curve with serial dilutions of the drug. 

 

3.5 Cell viability and proliferation 

The extracellular release of lactate dehydrogenase (LDH), considered an index of cell 

damage and necrosis, was measured in cells incubated for 24 h with Dox, mtDox or Sdox, 

as reported in (Riganti C et al., Cancer Res 2005). 100 µl of supernatant from extracellular 

medium or 10 µl of cell lysate was incubated at 37 -C with 82.3 mM trietanolammine 

phosphate TRAP (pH 7.6) and 5mM NADH (final volume: 0.3 ml). The reaction was started 

by adding 20 mM pyruvic acid and was followed for 10 min, measuring absorbance at 340 

nm with Synergy HT Multi-Detection Microplate Reader The reaction kinetics was linear 

throughout the time of measurement. Both intracellular and extracellular enzyme activity 



~ 32 ~ 
 

was expressed as mol NADH oxidized/min/dish, then extracellular LDH activity was 

calculated as percentage of the total LDH activity in the dish. 

Cell viability was measured by the ATPlite Luminescence Assay System (PerkinElmer, 

Waltham, MA), as per manufacturer’s instructions, using a Synergy HT Multi-Detection 

Microplate Reader to measure the relative luminescence units (RLU). The RLUs of 

untreated cells was considered as 100% viability; the results were expressed as a 

percentage of viable cells versus untreated cells. To determine the IC50 or each drug, 1 x 

105 cells were incubated for 72 h with increasing concentrations of Dox, mtDox or Sdox 

(from 1 nM to 1 mM). IC50 was considered the concentration of the drug that reduced cell 

viability to 50%.  

In cell cycle analysis, cells were washed twice with PBS, incubated in 0.5 mL ice-cold 

ethanol 70 % v/v for 15 min, then centrifuged at 1200 x g for 5 min at 4°C and rinsed with 

0.3 mL citrate buffer (50 mM Na2HPO4, 25 mM sodium citrate, and 0.01% Triton X-100) 

containing 10 mg/mL propidium iodide and 1 mg/mL RNAse (from bovine pancreas). After 

a 15-min incubation in the dark, intracellular fluorescence was detected by a FACSCalibur 

flow cytometer. For each analysis, 10 000 events were collected and analyzed by Cell Quest 

software (Becton Dickinson). 

Caspase 3 activity, as index of apoptosis, was measured by lysing 105 cells in  0.5 mL of 

caspase lysis buffer (20 mM HEPES/KOH, 10 mM KCl, 1.5 mM MgCl2, 1 mM EGTA, 1 mM 

EDTA, 1 mM DTT, 1 mM PMSF, 10 µg/mL leupeptin; pH 7.5). Then 20 µg cell lysates were 

incubated for 1 h at 37°C with 20 µM of the fluorogenic substrate of caspase 9, LEHD-7-

amino-4-methylcumarine (LEHD-AMC), or of caspase 3, DEVD-7-amino-4-methylcumarine 

(DEVD-AMC), in 0.25 mL caspase assay buffer (25 mM HEPES, 0.1% w v-1 3-[(3-

cholamidopropyl ) dimethylammonio] -1- propanesulfonate CHAPS, 10% w/v sucrose, 10 

mM DTT, 0.01% w/v egg albumin; pH 7.5). The reaction was stopped by adding 0.75 mL 

ice-cold 0.1% w/v trichloroacetic acid and the fluorescence of the AMC fragment released 

by active caspase 9 or caspase-3 was read using a Synergy HT Multi-Detection Microplate 

Reader. Excitation and emission wavelengths were 380 nm and 460 nm respectively. 

Fluorescence was converted in pmol·mg-1 cell protein using a calibration curve prepared 

previously with standard solutions of AMC. 
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3.6 Confocal microscope analysis.  

5 x 105 cells were grown on sterile glass coverslips and transfected with the green 

fluorescence protein (GFP)-E1α pyruvate dehydrogenase expression vector to label 

mitochondria or with GFP-KDEL fused-calreticulin expression vector to label ER (Cell Light 

BacMan 2.0, Invitrogen Life Technologies). After 24 h cells were incubated with 5 µM Dox, 

mtDox (for mitochondria localization) or Sdox (for ER localization) for 6 h. Samples were 

rinsed with PBS, fixed with 4% w/v paraformaldehyde for 15 min, washed three times with 

PBS and once with water, mounted with 4 μl of Gel Mount Aqueous Mounting. Slides were 

analysed using an Olympus FV300 laser scanning confocal microscope (Olympus 

Biosystems, Hamburg, Germany; ocular lens: 10X; objective: 60X). For each experimental 

condition, a minimum of 5 microscopic fields were examined. 

 

3.7 Immunogenic cell death assays 

To evaluate the ICD induced by Dox or mtDox the extracellular release of ATP was 

measured by a chemiluminescence-based assay using the ATP Bioluminescent Assay Kit 

(FL-AA; Sigma Chemical Co.), as per manufacturer’s instruction. The extracellular release 

of high mobility group box 1 (HMGB1) protein was measured by immunoblotting on 25 µL of 

cell culture medium. Following a procedure commonly used in the immunoblotting of 

extracellular proteins (Riganti C et al., PLoS One 2013), we stained the blot with Red 

Ponceau and reported a band at the same level of the HMGB1 band, as the control of equal 

protein loading. Surface translocation of calreticulin, detected by flow cytometry, was 

measured as reported (Riganti C et al., PLoS One 2013). The mean fluorescence intensity 

was calculated using Cell Quest software (Becton Dickinson). 

 

3.8  In vivo tumor growth, hematochemical parameters, and immunohistochemical analysis 

In a first experimental set, 1 x106 K7M2 cells, stably transfected with the 

pGL4.51[luc2/CMV/Neo] Vector (Promega Corporation), mixed with 100 mL Matrigel, were 

injected s.c. in 6-week-old female BALB/c mice (weight: 20 g ± 1.3; Charles River 

Laboratories Italia); 1x107 U-2OS cells, mixed with 100 mL Matrigel, were injected s.c. in 6-

week-old female NOD SCID BALB/c mice (weight:19.6 g ± 1.6; Charles River Laboratories 

Italia). Animals were housed (5 per cage) under 12-hour light/dark cycles, with food and 

drinking provided ad libitum. Tumor growth was measured daily by caliper and calculated 

according to the equation (L W2)/2, where L ¼ tumor length and W ¼ tumor width. When 

the tumor reached a volume of 50 mm3 (day 7 after injection), the mice were randomized 
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into 3 groups: (1) Control group, treated with 0.1 mL saline solution i.v. on days 7, 14, 21, 

and 28; (2) Dox group, treated with Dox i.v. on days 7, 14, 21, and 28; (3) mtDox group, 

treated with mitochondria-targeting Dox i.v. on days 7, 14, 21, and 28. This dosage of mtDox 

was chosen after a preliminary dose-dependence experiment using 0.5, 1, 2.5, 5 mg/Kg 

against K7M2 implanted tumors. 

In vivo bioluminescence imaging was performed on days 7, 21, and 35 with a Xenogen IVIS 

Spectrum (PerkinElmer). Tumor volumes were monitored daily by caliper, and animals were 

euthanized by injecting lorazepam (0.2 mL/kg) and xylazine (16 mg/kg) i.m. at day 35. The 

inhibition rate was calculated as a percentage (i.e., the tumor weight of the control group 

minus that of the tumor weight of the test group) divided by the tumor weight of the control 

group.  

In a second preliminary experimental set, 1 x106 K7M2 cells, mixed with 100 mL Matrigel, 

were injected s.c. in 6-week-old female BALB/c mice (weight: 19.5 g ± 1.7; Charles River 

Laboratories Italia). When the tumor reached a volume of 50 mm3, the mice were 

randomized into 3 groups: (1) Control group, treated with 0.1 mL saline solution i.v. on days 

7, 14, 21, and 28; (2) Dox group, treated with Dox i.v. on days 7, 14, 21, and 28; (3) Sdox 

group, treated with Sdox i.v. on days 7, 14, 21, and 28. Tumor volumes were monitored daily 

by caliper, and animals were euthanized as reported above. 

The hematochemical parameters LDH, aspartate aminotransferase (AST), alanine 

aminotransferase (ALT), alkaline phosphatase (AP), creatinine, creatine phosphokinase 

(CPK) were measured on 0.5 mL of blood collected immediately after mice sacrifice, using 

the respective kits from Beckman Coulter Inc. For immunohistochemical analysis, tumors 

were resected and fixed in 4% v/v paraformaldehyde. The paraffin sections were stained 

with hematoxylin/eosin or immunostained for Ki67 (Millipore), cleaved caspase 3-Asp175 

(Cell Signaling Technology Inc.), calreticulin (Affinity Bioreagents), CD11c (BD 

Biosciences), followed by a peroxidase-conjugated secondary antibody (Dako). Nuclei were 

counterstained with hematoxylin. Sections were examined with a Leica DC100 microscope 

(Leica Microsystems GmbH; 10Xocular lens, 20X objective). All animal care and 

experimental procedures were approved by the Bio-Ethical Committee of the University of 

Torino, Italy. 
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3.9 Tumor cell phagocytosis. 

Murine dendritic cells (DC) were obtained as reported by Obeid and colleagues (Obeid M et 

al., Nat Med 2007). Tumor cell phagocytosis was performed by flow cytometry (Obeid M et 

al., Nat Med 2007). In each set of experiments, a phagocytosis assay was performed by 

coincubating DCs and tumor cells at 4°C, instead of 37°C, and the percentage of 

phagocytized cells at 4°C was subtracted from values observed at 37°C. The phagocytosis 

rate was expressed as a phagocytic index, calculated as previously reported (Obeid M,et 

al., Nat Med 2007).  

 

3.10 PCR arrays and qRT-PCR 

Total RNA was extracted and reverse-transcribed using the iScriptcDNA Synthesis Kit (Bio-

Rad Laboratories). The PCR arrays were performed on 1 µg cDNA, using Mitochondria, 

Mitochondria Energy Metabolism Arrays and the Unfolded Protein Response Plus PCR 

Array (Bio-Rad Laboratories). The expression levels of specific genes, representative of the 

main biological categories screened by PCR arrays, were validated by qRT-PCR. Primer 

sequences were designed using qPrimerDepot software (https://primerdepot.nci.nih.gov/). 

S14 was used as the housekeeping gene. Data analysis was performed with PrimePCR 

Analysis Software (Bio-Rad Laboratories). 

 

3.11 Isolation of mitochondria, nuclei and microsomes 

Mitochondrial fractions were isolated as reported in (Campia I et al., J Phamacol 2009), with 

minor modifications. Samples were lysed in 0.5 mL buffer A (50 mM Tris, 100 mM KCl, 5 

mM MgCl2, 1.8 mM ATP, 1 mM EDTA, pH 7.2), supplemented with protease inhibitor cocktail 

III (Calbiochem), 1 mM PMSF and 250 mM NaF. Samples were clarified by centrifuging at 

650x g for 2 min at 4°C, and the supernatant was collected and centrifuged at 13 000 x g for 

5 min at 4°C. This supernatant was discarded and the pellet containing mitochondria was 

washed in 0.5 mL buffer A and resuspended in 0.25 mL buffer B (250 mM sucrose, 15 mM 

K2HPO4, 2 mM MgCl2, 0.5 mM EDTA, 5% w/v BSA). A 50 μL aliquot was sonicated and 

used for the measurement of protein content or Western blotting; the remaining part was 

stored at -80°C until the use. To confirm the presence of mitochondrial proteins in the 

extracts, 10 μg of each sonicated sample were subjected to SDS-PAGE and probed with an 

anti-porin antibody (Abcam; data not shown). To exclude any mitochondrial contamination 

in the cytosolic extracts, the absence of porin in the latter was analyzed by Western blotting 

(data not shown). 
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Nuclear proteins were extracted using the Nuclear Extract Kit (Active Motif), as per 

manufacturer’s instructions. To exclude any cytosolic contamination in the nuclear extracts, 

the absence of actin (Sigma Chemical Co.) in the latter was analyzed by immunoblotting. 

Microsomal fractions were prepared using the Endoplasmic Reticulum Isolation Kit (Sigma 

Chemicals. Co), as per manufacturer’s instructions. To exclude any cytosolic contamination, 

the absence of actin (Sigma Chemical Co.) in the latter was analyzed by immunoblotting. 

 

3.12 Mitochondrial DNA quantification 

Mitochondrial DNA was extracted, amplified, and quantified by PicoGreen (Invitrogen Life 

Technologies) staining as reported in (Jean SR et al., ACS Chem Biol 2015.). The results 

are expressed as ng DNA/105 cells. 

 

3.13 Mitochondria biogenesis 

The expression of peroxisome proliferator-activated receptor gamma coactivator-1a (PGC-

1a), measured on 30 µg of nuclear proteins and considered an index of increased 

mitochondria biogenesis (LeBleu VS et al., Nat Cell Biol 2014), was evaluated by Western 

blotting, using an anti–PGC-1a (#ab54481; Abcam) antibody. An anti–TATA-box binding 

protein (TBP; clone 58C9; Santa Cruz Biotechnology Inc.) was used to check equal protein 

loading. Mitochondria biogenesis was also evaluated by measuring the expressions of 

subunit I of complex IV (COX-I), which is encoded by mitochondrial DNA, and succinate 

dehydrogenase-A of complex II (SDHA), which is encoded by nuclear DNA, using the 

MitoBiogenesis In-Cell ELISA Kit (Abcam). The results are expressed as units (U) of each 

protein/mg mitochondrial proteins. 

 

3.14 Tricarboxylic acid cycle 

The glucose flux through tricarboxylic acid (TCA) cycle was measured by radiolabeling cells 

with 2 µCi/mL [6-14C]-glucose (55 mCi/mmol; PerkinElmer). Cell suspensions were 

incubated for 1 hour in a closed experimental system to trap the 14CO2 developed from [14C]-

glucose. The reaction was stopped by injecting 0.8 N HClO4. The amount of glucose 

transformed into CO2 through the TCA cycle was calculated as described by Riganti and 

colleagues (Riganti C et al., J Biol Chem 2004). and expressed as pmol CO2/h/mg cellular 

proteins. 
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3.15 Fatty acids b-oxidation 

Long-chain fatty acids b-oxidation was measured as detailed earlier (Gaster M et al., 

Diabetes 2004) with minor modifications. 100 µl mitochondrial suspension were rinsed with 

in 100 µl of 20 mM Hepes, containing 0.24 mM fatty acid-free BSA, 0.5 mM L-carnitine and 

2 µCi [1-14C]palmitic acid (3.3 mCi/mmol, PerkinElmer). Samples were incubated at 37°C 

for 1 h, then 100 µl of 1:1 v/v solution phenylethylenamine 100 mM/methanol were added. 

After one hour at room temperature, the reaction was stopped by adding 100 µL of  0.8 N 

HClO4. Samples were centrifuged at 13,000 x g for 10 min. Both the precipitates containing 

14C-acid soluble metabolites (ASM) and the supernatants containing 14CO2-derived from 

oxidation (used as internal control and expected to be less than 10% of ASM) were counted 

by liquid scintillation. Results are expressed as nmol/min/mg cellular proteins. In each 

experimental set, cells were preincubated for 30 minutes with the carnitine 

palmitoyltransferase inhibitor etomoxir (1 mM) or with the AMPkinase activator 5-

aminoimidazole-4-carboxamide ribonucleotide (AICAR; 1 mM), as negative and positive 

controls, respectively. In the presence of etoxomir, the rate of β-oxidation was less than 10% 

than in its absence; in the presence of AICAR, the rate of β-oxidation was increased 2-fold. 

 

3.16 Mitochondrial energy metabolism 

The oxygen consumption rate (OCR) was measured on 20,000 cells with the XFp Mito 

Stress Test Kit, using a Seahorse XFp Extracellular Flux Analyzer (Seahorse Bioscience, 

M&M Biotech). Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) was used 

at a concentration of 0.3 mM/L to uncouple mitochondrial oxidative phosphorylation and 

induce maximal respiration. The data were analyzed using Wave Seahorse software. 

The amount of ATP produced by oxidative phosphorylation was measured on 20 mg 

mitochondrial proteins with the ATP Bioluminescent Assay Kit (FL-AA; Sigma Chemical 

Co.). Data were converted into nmol/mg mitochondrial proteins, using a previously set 

calibration curve 

 

3.17 Intramitochondrial reactive oxygen species levels 

The amount of reactive oxygen species (ROS) in mitochondrial extracts was measured 

fluorimetrically incubating mitochondrial suspension at 37°C for 10 minutes with 10 µM of 5-

(and-6)-chloromethyl-2,7-dichorodihydro-fluorescein diacetate-acetoxymethyl ester 

(DCFDA-AM), then washed, and resuspended in 0.5 mL of PBS. Results were expressed 
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as nmoles/mg mitochondrial proteins, using a calibration curve previously set with serial 

dilution of H2O2. 

 

3.18 Mitochondrial electric potential (Δψ) measurement 

1 × 106 cells, re-suspended in 0.5 mL PBS, were incubated for 30 min at 37 °C with 2 μmol/L 

of the fluorescent probe JC-1 (Biotium Inc., Hayward, CA), then centrifuged at 13,000 × g 

for 5 min and re-suspended in 0.5 mL PBS. The fluorescence of each sample was read 

using a Synergy HT Multi-Mode Microplate Reader: the red fluorescence, index of polarized 

mitochondria, was detected at 550 nm (λ excitation) and 600 nm (λ emission); the green 

fluorescence, index of depolarized and damaged mitochondria, was detected at 485 nm (λ 

excitation) and 535 nm (λ emission). The fluorescence units were used to calculate the 

percentage of green-fluorescent versus red-fluorescent mitochondria. 

 

3.19 Immunoblotting 

For whole cell lysates, cells were rinsed with ice-cold lysis buffer (50 mM Tris, 10 mM EDTA, 

1% v/v Triton-X100; pH 7.5), supplemented with the protease inhibitor cocktail set III (80 μM 

aprotinin, 5 mM bestatin, 1.5 mM leupeptin, 1 mM pepstatin; Calbiochem, San Diego, CA), 

2 mM phenylmethylsulfonyl fluoride, 1 mM Na3VO4. Cells were then sonicated (10 bursts of 

10 sec, 4°C, 100 W, using a Labsonic sonicator, Hielscher, Teltow, Germany) and 

centrifuged at 13,000 × g for 10 min at 4°C. 20 μg of protein extracts were subjected to 4-

20% gradient SDS-PAGE and probed with the following antibodies: anti-ABCB1/Pgp (1:500, 

Calbiochem); anti-BAD (Cell Signaling Technology, Danvers, MA); anti-BAK (Cell Signaling 

Technology); anti-BAX (Cell Signaling Technology); anti-BID (Cell Signaling Technology); 

anti-BIM (Cell Signaling Technology); anti-p53 up-regulated modulator of apoptosis (PUMA; 

Cell Signaling Technology); anti-BCL-2 (Cell Signaling Technology); anti-BCL-xL; anti-ER 

degradation enhancing α-mannosidase like protein 1 (EDEM1; Abcam); anti-UDP-glucose 

glycoprotein glucosyltransferase 1 (UGGT1; Abcam); anti-SEC62 homolog/preprotein 

translocation factor (SEC62; Abcam); anti-valosin containing protein (VCP; Abcam); anti-

glucose-regulated protein 78/binding immunoglobulin protein (GRP78/BiP; Abcam), anti-

inositol requiring kinase-1α (IRE1α; Thermo Scientific Inc., Rockford, IL), anti-X-box binding 

protein 1 (XBP1; Abcam), anti-protein kinase-like endoplasmic reticulum kinase (PERK; 

Santa Cruz Biotechnology Inc.), anti-phospho(Ser51)eukariotic initiation factor-2α (peIF2α; 

Abcam), anti-eIF2α (Abcam), anti-activating transcription factor (ATF4; Abcam), anti-

activating transcription factor 6 (ATF6; Abcam), anti-CCAAT-enhancer-binding protein-β 
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(C/EBP-β, recognizing either LAP or LIP isoform; Santa Cruz Biotechnology Inc.), anti-

C/EBP homologous protein/growth arrest and DNA damage 153 (CHOP/GADD153; Santa 

Cruz Biotechnology Inc.), anti-Tribbles homolog 3 (TRB3; Proteintech, Chicago, IL), anti-

caspase 12 (Abcam), anti-caspase 7 (Abcam), anti-caspase 3 (GeneTex, Hsinhu City, 

Taiwan), The membranes were then incubated with peroxidase-conjugated secondary 

antibody (1:3,000, Bio-Rad Laboratories) and washed with Tris-buffered saline-Tween 0.1% 

v/v solutions. Protein bands were detected by enhanced chemiluminescence (Bio-Rad 

Laboratories).  

After mitochondrial-cytosol separation, 10 µg mitochondrial or cytosolic extracts were 

probed with anti-cytochrome c (BD Bioscience). 10 µg mitochondrial extracts were probed 

with the antibodies for BAD, BAX, BAK, PUMA indicated above.  

After nuclear separation, 10 µg nuclear proteins were probed with anti-CHOP antibody. 

After mirrosomal extraction, 100 μg of microsomal proteins were probed with an anti-

mono/poly-ubiquitin antibody (Axxora, Lausanne, Switzerland). To measure ubiquitinated 

Pgp, 100 μg of microsomal proteins were immunoprecipitaed with the anti-Pgp antibody, 

using 25 μl of PureProteome Magnetic Beads (Millipore, Bedford, MA), then probed with the 

anti-mono/poly-ubiquitin antibody. 

The control of equal protein loading was performed by using an anti-β-tubulin antibody 

(Santa Cruz Biotechnology Inc.) for whole cell lysates and cystosolic extracts, an anti-TATA 

box binding protein antibodies (TBP; Santa Cruz Biotechnology Inc.) for nuclear extracts, an 

anti-calreticulin antibody (Affinity Bioreagents, Rockford, IL) for microsomal extracts. 

Membranes were than washed with TBS-Tween 0.1%, incubated with the secondary 

horseradish-peroxidase conjugated antibody, washed and developed by enahanced 

chemiluminescence (Bio-Rad Laboratories). Images were acquired by Image Lab software 

(Bio-Rad Laboratories).  

 

3.20 Kinetics of doxorubicin efflux 

Dox efflux kinetics was measured as described elsewhere (Riganti C et al., Cancer Res. 

2005). Cells were incubated for 20 min with increasing (0−50 μM) concentrations of parent 

or synthetic Doxs, then washed and analyzed for intracellular Dox concentration. A second 

series of dishes, incubated in the same experimental conditions, were left for a further 10 

min at 37 °C, then washed and tested for intracellular drug content. The difference of Dox 

concentration between the two series, expressed as nmol Dox extruded/min/mg cell 

proteins, was plotted versus initial drug concentration. Values were fitted to the 
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Michaelis−Menten equation to calculate Vmax and Km, using the Enzfitter software (Biosoft 

Corporation, Cambridge, UK). 

 

3.21 Quantification of sulfhydrated microsomal proteins.  

The sulfhydration of 100 μg of microsomal proteins or 50 μg of immunopurified Pgp was 

measured according to (Sen N et al., Mol Cell 2012), with minor modifications. Samples 

were re-suspended in 600 μl solubilization buffer (150 mM NaCl, 0.5% v/v Tween 20, 50 

mM Tris 7.5, 1 mM EDTA) and incubated for 2 h at 4°C with 2 μM Alexa Fluor 680 conjugated 

C2 maleimide (Thermo Fisher Scientific, Waltham, MA), to label either sulfhydrated and 

unsulfhydrated cysteines. Samples were vortexed every 20 minutes. 300 μl were transferred 

in a new series of tubes and incubated for an additional 1 h at 4°C with 1 mM (DTT), that 

removes maleimide adducts from sulfhydrated cysteines only, increasing labelling 

specificity. Fluorescence of samples (λ excitation=684 nm;λ emission=714 nm) was read 

with a Synergy HT Multi-Detection Microplate Reader. The fluorescence of samples treated 

with maleimide and DTT treated samples was divided per the fluorescence of the same 

sample without DTT (Sen N et al., Mol Cell 2012). Results were expressed as relative 

fluorescence units (RFU)/mg of microsomal proteins or Pgp protein. 

 

3.22 Quantification of ubiquitinated microsomal proteins.  

The ubiquitination of 100 μg of microsomal proteins or 50 μg of immunopurified Pgp was 

measured with the E3Lite Customizable Ubiquitin Ligase kit (Life-Sensors Inc., Malvern, 

PA). Samples were diluted in 100 μl of ubiquitination assay buffer (1 M Tris/HCl, 500 mM 

MgCl2, 10 mM DTT; pH 8), and incubated for 30 min at 37°C, in the presence of 5 nM E1 

activating enzyme provided by the kit, 100 nM E2 conjugating enzyme Ube2g2 (LifeSensors 

Inc.), 200 μM ATP, 6 mM human recombinant ubiquitin. Samples were washed twice with 

PBS-Tween 0.1% v/v containing 5% w/v BSA and incubated with the biotinylated anti-

ubiquitin antibody of the kit, followed by streptavidin/horseradish peroxidase-conjugated 

polymer and enhanced chemiluminescence detection reagent. The chemiluminescent signal 

was read using a Synergy HT Multi-Detection Microplate Reader. The results were 

expressed as RLU/mg of microsomal proteins or Pgp protein. 
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3.23 Statistical analysis  

All data in the text and figures are provided as means±SD. The results were analyzed by a 

one-way analysis of variance (ANOVA) and Tukey’s test. p < 0.05 was considered 

significant. 
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4. Results 

4.1 Expression of Pgp in doxorubicin-sensitive and doxorubicin-resistant osteosarcoma cells 

The expression of Pgp/ABCB1 and MRP1/ABCC1, the main transporters involved in Dox 

efflux, was measured in parental U-2OS and Saos-2 cells, and in their resistant clones 

DX30, DX100 and DX580 by flow cytometry. As shown in Figure 10, ABCB1/Pgp 

progressively increased with the progressive increase in Dox-resistance, while 

ABCC1/MRP1 had a less clear trend. The progressive increase in Pgp in resistant clones 

was confirmed by immunoblot (Figure 11). 

 
 
Figure 10 Human Dox-sensitive U-2OS cells and Dox-resistant variants (U-2OS/DX30, U-

2OS/DX100, U-2OS/DX580), human Dox-sensitive Saos-2 cells and Dox-resistant variants 

(Saos-2/DX30, Saos-2/DX100, Saos-2/DX580) were analyzed for the surface expression of 

ABCB1/Pgp by flow cytometry in duplicate. The figure is representative of 1 out of 3 

experiments. 
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Figure 11 Expression Pgp/ABCB1 in Dox-sensitive U-2OS cells and Dox-resistant variants 

(U-2OS/DX30, U-2OS/DX100, U-2OS/DX580), human Dox-sensitive Saos-2 cells and Dox-

resistant variants (Saos-2/DX30, Saos-2/DX100, Saos-2/DX580) by immunoblotting. β-

tubulin was used as control of equal protein loading. The figure is representative of 1 out of 

3 experiments. 
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Part one 

 

4.2 Mitochondria targeting Dox 

 

4.2.1 Mitochondria-targeting doxorubicin is effective against doxorubicin-resistant 

osteosarcoma in vitro 

We compared the anti-tumor efficacy of Dox and mtDox in the Dox-sensitive cells and in 

their resistant variants. Dox had a typical nuclear localization in U-2OS cell line (Figure 12A) 

and a progressively lower intramitochondrial accumulation in the resistant variants (Figure 

12B). By contrast, mtDox had a peculiar mitochondrial localization in U-2OS cells (Figure 

12A): intramitochondrial mtDox accumulation was significantly higher than Dox and was 

progressively increased in the resistant cells (Figure 12B). Dox retention in the whole cell 

was progressively lower (Figure 12C) and the inhibition of cell survival was lost (Figure12 

D) in the resistant variants. Although mtDox was slightly less accumulated within whole cell 

in the most resistant variants (Figure 12C), it was still able to reduce cell survival (Figure 

12D).  

Dox is one of the few chemotherapeutic drugs able to induce direct cytotoxicity on tumor 

cell, indicated by the extracellular release of LDH (Riganti C et al., J Biol Chem 2004), and 

to elicit tumor immunogenic cell death, indicated by the extracellular release of ATP and 

HMGB1, and by the exposure on cell surface of the immune-activating protein 

calreticulin/CRT ( Keep O et al.,Oncoimmunology 2014). In U-2OS cells Dox increased the 

extracellular release of LDH (Figure 12E), ATP (Figure 12F) and HMGB1 (Figure 12G), and 

the exposure of CRT (Figure 12H), but it progressively lost these properties in the resistant 

variants. By contrast, mtDox increased all these parameters in sensitive and resistant cells 

(Figure 12E-H). The effects of mtDox were not cell line- or species-specific: indeed, mtDox 

was more accumulated and more cytotoxic than doxorubicin in human sensitive Saos-2 cells 

and in the corresponding resistant variants Saos-2/DX30, Saos-2/DX100, Saos-2/DX580 

cells as well as in murine Pgp-expressing K7M2 cells (Figure 13 A-E). In K7M2 cells, mtDox 

– but not Dox – increased the percentage of apoptotic sub-Go cells and decreased the 

percentage of cells in S-phase (Figure 13F), increased the activation of caspase 3 (Figure 

13G), the exposure of CRT (Figure 13H) and the rate of cell phagocytosis (Figure 13I), 

recapitulating the main cell death mechanisms induced by Dox, i.e. necrosis, reduced 

proliferation, apoptosis and ICD. 
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Figure 12. Dox-sensitive U-2OS cells and Dox-resistant variants (U-2OS/DX30, U-

2OS/DX100, U-2OS/DX580) were incubated in the absence (Ctrl) or in the presence of 5 

μmol/L Dox or mtDox for 6 h (panels A, B), 24 h (panels C, E, F, G) or 72 h (panel D). A. 

Dox-sensitive U-2OS cells were incubated for 24 h with the GFP-E1α pyruvate 

dehydrogenase expression vector to label mitochondria, then treated with Dox or mtDox. 

The intracellular localization of the drugs was analyzed by confocal microscopy. Bar: 10 μm. 

The micrographs are representative of 3 experiments with similar results. B. The amount of 

Dox was measured spectrofluorimetrically in isolated mitochondria in duplicate. Data are 

presented as means + SD (n= 3). Versus U-2OS cells: * p < 0.02; mtDox versus Dox: ° p < 

0.001. C. The content of doxorubicin in whole cell lysates was measured 

spectrofluorimetrically in duplicate. Data are presented as means + SD (n= 4). Versus U-

2OS cells: * p < 0.05; mtDox versus Dox: ° p < 0.002. D. Cell viability was measured inn 

quadruplicate. The results were expressed as percentage of viable cells versus untreated 

cells. Data are presented as means + SD (n= 3). Versus respective Ctrl cells: * p < 0.001; 

mtDox versus Dox: ° p < 0.01. E. The release of LDH in the extracellular medium was 

measured spectrophotometrically in duplicate. Data are presented as means + SD (n= 4). 

Versus respective Ctrl cells: * p < 0.005; mtDox versus Dox: ° p < 0.001. F. The extracellular 

release of ATP was measured in duplicate by a chemiluminescence-based assay. Data are 

presented as means + SD (n = 3). Versus respective Ctrl cells: * p < 0.001; mtDox versus 

Dox: ° p < 0.001. G. The release of HMGB1 in the cell supernatants was analyzed by 

Western blotting. Red Ponceau staining was used to check the equal loading of proteins. 

The figure is representative of 3 experiments with similar results. H. The amount of surface 

calreticulin was measured by flow cytometry in duplicate. The figure is representative of 3 

experiments with similar results. 
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Figure 13. Intracellular accumulation and cytotoxicity of mitochondria-targeted doxorubicin 

in drug-sensitive Saos-2 cells and in their resistant variants, and in K7M2 cells 

A. Dox-sensitive Saos-2 cells and Dox-resistant variants (Saos-2/DX30, Saos-2/DX100, 

Saos- 2/DX580) were incubated with 5 μM/L Dox or mtDox for 24 h. The amount of Dox in 

whole cell lysates was measured spectrofluorimetrically in duplicate. Data are presented as 

means + SD (n= 3). Versus Saos-2 cells: * p < 0.01; mtDox versus Dox: ° p < 0.05. B. Cells 

were grown for 72 h in fresh medium (Ctrl), in medium containing 5 μM/L Dox or mtDox, 

then ATPLite kit was used to measure viability in quadruplicate. The results were expressed 

as a percentage of viable cells versus untreated cells. Data are presented as means + SD 

(n= 3). Versus respective Ctrl: * p < 0.005; mtDox versus Dox: ° p < 0.005. C. Murine 

osteosarcoma K7M2 cells were lysed and subjected to the Western blot analysis of 

ABCB1/Pgp. The resistant U-2OS/DX580 and Saos-2/DX580 variants were included as 

control of Pgp-overexpressing cells. The β-tubulin expression was used as a control of equal 

protein loading. The figure is representative of 1 out of 2 experiments. D. K7M2 cells were 

incubated for 24 h with 5 μM/L Dox or mtDox. The amount of Dox was measured 

spectrofluorimetrically in duplicate. Data are presented as means + SD (n= 3). mtDox versus 

Dox: * p < 0.01. E. Cells were grown for 72 h in fresh medium (Ctrl), in medium containing 

5 μM/L Dox or mtDox, then their viability was measured in quadruplicate. The results were 

expressed as a percentage of viable cells versus untreated cells. Data are presented as 

means + SD (n= 3). Versus Ctrl: * p < 0.002; mtDox versus Dox: ° p < 0.002. F. Cell cycle 

analysis was measured by flow cytometry. Data are presented as means + SD (n = 3). 

Versus Ctrl: * p < 0.01; mtDox versus Dox: ° p < 0.001. G. The activity of caspase 3 was 

measured fluorimetrically in duplicate in the cytosolic extracts. Data are presented as means 

+ SD (n = 4). Versus Ctrl: * p < 0.001; mtDox versus Dox: ° p < 0.001. H. The amount of 

surface calreticulin was measured by flow cytometry in duplicate. Left panel: histograms 

representative of 1 out of 3 experiments; right panel: mean fluorescence intensity (MFI) of 

calreticulin-positive cells. Data are presented as means + SD (n = 3). Versus Ctrl: * p < 

0.001; mtDox versus Dox: ° p < 0.001. I. DC-mediated phagocytosis of K7M2 cells was 

measured by flow cytometry. Data are presented as means + SD (n = 4). The phagocytic 

index of untreated cells was considered as 1. Versus Ctrl: * p < 0.002; mtDox versus Dox: ° 

p < 0.005. 
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In not-transformed osteoblast, mtDox was less accumulated (Figure 14A) and less cytotoxic 

than Dox, in terms of release of LDH (Figure 14B), and cell viability reduction (Figure 14C). 

Similarly, mtDox significantly less accumulated in rat H9c2 cardiomyocytes (Figure Suppl. 

14D) and less cytotoxic at short (Figure 14E) and long term (Figure 14F).  

This scenario grants a good therapeutic windows for mtDox that showed a preferential 

cytotoxic effect against osteosarcoma cells rather than against not-transformed bone cells 

or cardiomyocytes.  

In line with these results, IC50 of Dox increased in the resistant variants of U2-OS and SaoS-

2 cells and in K7M2, wherease the IC50 of mtDox was significantly lower. By contrast, mtDox 

had higher IC50 than Dox in not-transformed osteoblasts and cardiomyocytes (Table 1).  
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Figure 14 Intracellular accumulation and cytotoxicity of mitochondria targeted doxorubicin 

in non-transformed osteoblasts and cardiomyocytes 

Human non-transformed osteoblasts and rat neonatal H9c2 cardiomyocytes were cultured 

for 24 h(panels A, B, D, E) or 72 h (panels C, F) in fresh medium (Ctrl), in medium containing 

5 μmol/L Dox or mtDox. A and D. The amount of Dox in whole cell lysates was measured 

spectrofluorimetrically in duplicate. Data are presented as means + SD (n= 3). mtDox versus 

Dox: * p < 0.02. B and E. The release of LDH in the extracellular medium was measured 

spectrophotometrically in duplicate. Data are presented as means + SD (n= 3). Versus 

respective Ctrl: * p < 0.005; mtDox versus Dox: ° p < 0.01. C and F. Cells were stained with 

neutral red solution in quadruplicate. The results were expressed as a percentage of viable 

cells versus untreated cells. Data are presented as means + SD (n= 4). Versus respective 

Ctrl: * p < 0.01; mtDox versus Dox: ° p < 0.02. 
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Table 1. IC50 (μM/L) of doxorubicin and mitochondria-targeted doxorubicin 

                  

Cells were incubated for 72 h with increasing concentrations (1 nM/L-1 mM/L) of Dox or 

mtDox, then viability was measured in quadruplicate. Data are presented as means + SD (n 

= 3). Dox-resistant variants versus their parental cells: * p < 0.001; mtDox versus Dox: °p < 

0.001 
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4.2.2 Mitochondria-targeting doxorubicin is effective against doxorubicin-resistant 

osteosarcoma in vivo 

mtDox dose-dependently decreased tumor growth of Dox-resistant K7M2 cells implanted in 

syngeneic mice (Figure 15): the maximal efficacy was reached using 5mg/kg, once a week 

for 3 consecutive weeks 

. 

 

 

 

 

 

 

 

 

 

 

 

Figure 15 Dose-response effects of mitochondria-targeted doxorubicin on drug-resistant 

osteosarcoma in vivo 

Six week-old female BALB/c mice were inoculated s.c. with 1 x 106 K7M2 cells. When the 

tumor reached the volume of 50 mm3 (day 7), the animals (10 mice/group) were randomized 

and treated on days 7, 14, 21, 28 with 0.1 mL saline solution i.v. (Ctrl group) or with 0.5, 1, 

2.5, 5 mg/kg mtDox. Tumor growth monitored by caliper measurements. Arrows represent 

saline or mtDox injections. Data are presented as means ± SD. 1, 2.5, 5 mg/kg mtDox group 

versus Ctrl group: * p < 0.01 

 

At this dosage, mtDox was as effective as Dox in sensitive U2-OS cells implanted in NOD 

SCID BALB/c mice (Figure 16).  
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Figure 16 Effects of mitochondria-targeted doxorubicin on drug-sensitive osteosarcoma in 

vivo  

Six week-old female NOD SCID BALB/c mice were inoculated s.c. with 1 x 107 U-2OS cells. 

When the tumor reached the volume of 50 mm3 (day 7), the animals were randomized and 

treated on days 7, 14, 21, 28 as it follows: 1) Ctrl group, treated with 0.1 mL saline solution 

i.v.; 2) Dox group, treated with 5 mg/kg Dox i.v.; 3) mtDox group, treated with 5 mg/kg 

mitochondria-targeted Dox i.v. Arrows represent saline or drug injections. Data are 

presented as means ± SD. Dox/mtDox group versus Ctrl group: * p < 0.001. 

 

As expected, resistant K7M2 tumors implanted in immunocompetent BALB/c mice did not 

respond to doxorubicin (Figure 17A-C), which did not reduce tumor cell proliferation nor 

increased the activation of caspase 3, the amount of CRT on tumor cells, the intratumor 

infiltration of DC (Figure 17D). On the contrary, mtDox significantly decreased tumor growth 

and cell proliferation, increased the percentage of apoptotic and calreticulin-positive tumor 

cells, and the number of DC within the tumor bulk (Figure 17 C). According to the 

hematochemical parameters of the animals at the time of sacrifice, mtDox was significantly 

less cardiotoxic than doxorubicin and did not elicit liver or kidney toxicity (Table 2). 
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Figure 17 Mitochondria-targeting doxorubicin is effective against drug-resistant 

osteosarcoma in vivo 

Six weeks-old female BALB/c mice were inoculated s.c. with 1 x 106 K7M2 cells. When the 

tumor reached the volume of 50 mm3 (day 7), the animals were randomized and treated as 

detailed under Materials and methods (10 mice/group). A. Representative in vivo 

bioluminescence imaging, performed on days 7, 21, 35 after implant. B. Tumor growth 

monitored by caliper measure. Arrows represent saline, doxorubicin or mitochondria-

targeting doxorubicin injections. Data are presented as means ± SD. Versus Ctrl group: * p 

< 0.001; mtDox group versus Dox group: ° p < 0.001. The inhibition rate in Dox-treated 

animals was 16.86%, in mtDox-treated animals was 45.49%. C. Photograph of 

representative tumors from each treatment group after mice sacrifice. D. Left panels: 

sections of tumors from each group of animals were stained with hematoxylin and eosin 

(HE) or immunostained for the proliferation marker Ki67, the activated cleaved caspase 3, 

the immunogenic death marker CRT, the DC marker CD11c. Nuclei were counterstained 

with hematoxylin. Bar = 10 μm. The photographs are representative of sections from 5 

tumors/group. Right panels: quantification of immunohistochemistry images, performed on 

sections from 5 animals of each group (106-71 nuclei/field). The percentage of proliferating 

cells was determined by the ratio of Ki67-positive nuclei and the total number of nuclei 

(hematoxylin-positive nuclei) using ImageJ software (http://imagej.nih.gov/ij/). Ctrl group 

percentage was considered 100%. The percentage of caspase 3-positive and calreticulin-

positive cells was determined by Photoshop program. The number of CD11c-positive 

cells/field was calculated by ImageJ software. Data are presented as means + SD. Versus 

Ctrl group: * p < 0.01; mtDox group versus Dox group: ° p < 0.02. 
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Table 2. Hematochemical parameters of animals 

 

 Ctrl Dox mtDox 

LDH (U/L) 6231 + 1098 6234 + 724 6198 + 821 

AST (U/L) 187 + 52 234 + 27 212 + 82 

ALT (U/L) 38 + 9 41 + 5 43 + 10 

AP (U/L) 87 + 13 94 + 15 91 + 13 

Creatinine (mg/L) 0.041 + 0.006 0.039 + 0.008 0.037 + 0.009 

CPK (U/L) 321 + 93 850 + 150 * 453 + 83 ° 

 
Animals (n = 10/group) were treated as reported under Materials and methods. Blood was 

collected immediately after mice euthanasia and analyzed for lactate dehydrogenase (LDH), 

aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase 

(AP), creatinine, creatine phosphokinase (CPK). Ctrl: mice treated with saline solution; Dox: 

mice treated with doxorubicin; mtDox: mice treated with mitochondria-targeting doxorubicin. 

Versus Ctrl group: *p < 0.005; mtDox group versus Dox group: ° p < 0.01. 
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4.2.3 Mitochondria-targeting doxorubicin deeply alters the expression of mitochondria-

related genes in doxorubicin-resistant osteosarcoma cells  

We next analyzed the expression of genes involved in mitochondria functions and 

mitochondria-dependent apoptosis. As shown in Figure 18 and in Table 3, the progressive 

increase in Dox resistance was paralleled by the up-regulation of genes controlling 

processing, import and folding of mitochondrial proteins; mitochondrial fusion, fission and 

trafficking; transport of metabolites and co-factors across the mitochondrial membranes; 

mitochondrial metabolic pathways, such as TCA cycle, fatty acids β-oxidation, electron 

transport; ATP synthesis; ROS protection, such as superoxide dismutase (SOD) 1 and 2. 

SLC25A27 and UCP1, which encode for proteins uncoupling oxidative phosphorylation and 

ATP synthesis, were instead progressively down-regulated.  

In drug-sensitive U-2OS cells, either Dox or mtDox down-regulated at least two-fold 25 

genes encoding for metabolite transporters, subunits of respiratory chain complexes and 

ATP synthase, SOD1, SOD2, anti-apoptotic genes such as BCL2 and BCL2L1 (also known 

as Bcl-xL). They both up-regulated genes encoding for the uncoupling proteins SLC25A27, 

UCP1, UCP2, UCP3 and the pro-apoptotic genes BAK1, BBC3 (also known as Puma), 

BNIP3 (Figure 18B; Table 4). In U-2OS/DX580 cells, Dox up- or down-regulated less than 

one-fold most of these genes, consistently with the low drug accumulation and efficacy. By 

contrast, mtDox down-regulated at least two-fold the vast majority of genes involved in 

proteins import and processing, mitochondria fusion and fission, metabolites transport, 

electron transport, ATP synthesis, ROS protection, apoptosis inhibition. In parallel, it up-

regulated genes encoding for uncoupling proteins (e.g. SLC25A27, UCP1 and UCP3) and 

pro-apoptotic factors (e.g. BAK1, BBC3, BID, BNIP3; Figure 18C; Table 5).  
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Figure 18 Modulation of mitochondria-related genes by doxorubicin and mitochondria-

targeting doxorubicin in drug-sensitive and drug-resistant osteosarcoma cells A. The cDNA 

from doxorubicin-sensitive U-2OS cells and doxorubicin-resistant variants (U-2OS/DX30, U-

2OS/DX100, U-2OS/DX580) was analyzed by PCR arrays specific for mitochondria-related 

genes, as reported under Materials and methods. The figure reports the genes up- or down-

regulated two-fold or more in at least one cell line, in a colorimetric scale, and is the mean 

of 4 experiments. B-C. U-2OS cells (panel B) or U-2OS/DX580 cells (panel C) were grown 

for 24 h in fresh medium (Ctrl), in medium containing 5 μmol/L doxorubicin (Dox) or 

mitochondria-targeting doxorubicin (mtDox). The cDNA was analyzed by the same PCR 

arrays of panel A. The figures report the genes up- or down-regulated two-fold or more in at 

least one experimental condition, in a colorimetric scale, and are the means of 4 

experiments. OXPHOS: oxidative phosphorylation. 

 
 

Table 3. Expression of mitochondrial-related genes in U-2OS cells and resistant variants  

Gene Fold 
change 
DX30  
versus 
U-2OS 

p value Fold 
change 
DX100  
versus 
U-2OS 

p value Fold 
change 
DX580 
versus 
U-2OS 

p value Biological function 

AIFM2 1.66 0.02 1.42 0.005 1.04 Ns Apoptosis induction 

ATP12A 0.34 0.005 0.45 0.02 1.70 Ns H+/ATP exchange 

ATP4A 0.33 0.005 0.45 0.02 1.70 Ns H+/ATP exchange 

ATP4B 0.34 0.005 0.45 0.02 1.67 Ns H+/ATP exchange 

ATP50 1.29 Ns 2.40 0.001 3.71 0.001 ATP synthase subunit 

ATP5A1 2.24 0.002 5.82 0.001 6.38 0.001 ATP synthase subunit 

ATP5B 2.09 0.005 2.96 0.001 3.93 0.001 ATP synthase subunit 

ATP5C1 1.38 0.05 2.91 0.001 2.26 0.001 ATP synthase subunit 

ATP5F1 1.70 0.01 4.62 0.001 4.91 0.001 ATP synthase subunit 

ATP5G1 3.40 0.001 2.53 0.001 2.42 0.001 ATP synthase subunit 

ATP5G2 1.72 0.01 2.24 0.001 2.42 0.001 ATP synthase subunit 

ATP5G3 1.80 0.01 2.29 0.001 5.41 0.001 ATP synthase subunit 

ATP5I 1.82 0.005 3.4 0.001 3.93 0.001 ATP synthase subunit 

ATP5J 1.59 0.001 5.92 0.001 6.38 0.001 ATP synthase subunit 

ATP5J2 3.17 0.001 2.06 0.001 3.93 0.001 ATP synthase subunit 

ATP5L 4.41 0.001 4.49 0.001 10.38 0.001 ATP synthase subunit 
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BAK1 1.55 0.02 1.10 Ns 1.42 Ns Apoptosis induction 

BBC3 1.44 Ns 1.52 Ns 0.88 Ns Apoptosis induction 

BCL2 1.35 0.05 0.88 Ns 1.13 Ns Apoptosis inhibition 

BCL2L1 1.78 0.001 0.73 Ns 1.17 Ns Apoptosis induction 

BCS1L 1.82 0.005 1.82 0.001 1.39 0.01 Ubiquinol-cytochrome c reductase 

assembly 

BID 1.55 0.02 1.19 Ns 1.59 Ns Apoptosis induction 

BNIP3 1.18 Ns 1.99 Ns 1.90 Ns Apoptosis induction 

COX10 1.66 0.01 1.41 Ns 4.02 0.05 Cytochrome c oxidase assembly 

COX18 1.78 0.02 1.40 Ns 2.05 0.02 Cytochrome c oxidase assembly 

COX412 1.70 Ns 0.45 0.02 0.34 0.01 Cytochrome c oxidase subunit 

COX4I1 0.79 Ns 2.40 0.001 2.39 0.01 Cytochrome c oxidase assembly 

COX5A 1.95 0.005 4.16 0.001 2.59 0.001 Cytochrome c oxidase subunit 

COX5B 1.95 0.005 4.16 0.001 5.81 0.001 Cytochrome c oxidase subunit 

COX6A1 1.70 0.01 0.81 0.001 0.71 0.02 Cytochrome c oxidase subunit 

COX6A2 3.32 0.01 0.41 0.001 0.34 0.001 Cytochrome c oxidase subunit 

COX6B1 2.41 0.005 1.16 0.001 1.71 0.001 Cytochrome c oxidase 

assembly/regulation 

COX6C 1.38 0.05 1.49 0.05 2.26 0.001 Cytochrome c oxidase 

assembly/regulation 

COX7A2 2.24 0.005 1.86 0.001 1.71 0.001 Cytochrome c oxidase 

assembly/regulation 

COX7A2

L 

1.29 Ns 3.81 0.001 4.21 0.001 Cytochrome c oxidase 

assembly/regulation 

COX7B 0.85 0.002 1.96 0.001 2.11 0.001 Cytochrome c oxidase subunit 

COX8A 2.09 0.001 4.53 0.001 4.51 0.001 Cytochrome c oxidase regulation 

CPT1 1.66 0.01 2.05 0.05 3.30 0.05 Long chain fatty acylcoA import/β-

oxidation 

CPT2 1.55 0.02 2.04 0.05 3.42 0.01 Long chain fatty acylcoA import/β-

oxidation 

CYC1 1.95 0.005 3.24 0.001 3.98 0.001 Electron transport 

DMM1L 1.91 0.01 2.16 0.02 3.18 0.05 Control of mitochondria morphology 

FIS1 1.35 0.05 1.52 Ns 2.71 0.05 Control of mitochondria fission 
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FXC1 1.45 0.05 0.78 Ns 1.05 Ns Mitochondrial proteins import 

HSP90A

1 

1.26 Ns 2.26 0.05 4.40 0.05 Proteins chaperon 

HSPD1 1.26 Ns 2.16 0.05 3.33 0.05 Mitochondrial proteins chaperon 

IMMP1L 1.45 0.05 1.24 0.05 2.01 0.05 Mitochondrial proteins 

processing/import 

IMMP2L 0.59 0.001 0.80 Ns 1.56 Ns Mitochondrial proteins 

processing/import 

LRPPRC 1.10 Ns 1.42 Ns 1.59 Ns Mitochondrial transcription factor 

MFN1 0.63 0.02 0.86 Ns 1.15 Ns Control of mitochondria fusion 

MFN2 2.19 0.002 2.43 0.05 3.49 0.05 Control of mitochondria fusion 

MIPEP 1.78 0.01 1.39 Ns 2.47 0.05 Mitochondrial proteins processing 

MPV17 1.66 0.01 1.18 Ns 1.45 0.005 Metabolism of mitochondrial ROS 

MTX2 0.72 0.05 1.18 Ns 3.11 0.001 Mitochondrial proteins import 

NDUFA1 1.82 0.005 1.40 0.001 1.71 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFA1

0 

1.70 0.01 1.38 0.001 1.70 0.002 NADH:ubiquinone oxidoreductase 

subunit 

NDUFA1

1 

2.58 0.001 5.29 0.001 6.84 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFA2 1.70 0.01 5.16 0.001 6.41 0.001 NADH:ubiquinone oxidoreductase 

assembly 

NDUFA3 1.95 0.005 0.29 0.001 0.40 0.05 NADH:ubiquinone oxidoreductase 

subunit 

NDUFA4 1.82 0.005 1.91 0.001 3.96 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFA5 1.70 0.01 2.19 0.001 2.26 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFA6 2.09 0.005 1.91 0.001 2.11 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFA7 1.48 0.02 2.24 0.001 4.21 0.001 NADH:ubiquinone oxidoreductase 

subunit 
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NDUFA8 1.70 0.01 2.78 0.001 8.38 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFAB

1 

2.76 0.001 4.12 0.001 6.35 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFAB

10 

2.76 0.001 3.91 0.001 3.93 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFB2 1.95 0.005 5.92 0.001 6.38 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFB3 2.09 0.005 3.81 0.001 3.97 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFB4 1.82 0.005 2.59 0.001 5.16 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFB5 0.79 Ns 1.71 0.001 4.19 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFB6 1.59 0.01 3.67 0.001 3.91 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFB7 3.65 0.005 2.24 0.001 7.86 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFB8 1.82 0.005 2.42 0.001 8.38 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFB9 2.96 0.001 1.83 0.001 6.35 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFC1 2.24 0.002 1.26 0.001 4.19 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFC2 1.38 0.05 2.26 0.001 3.40 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFS1 0.85 Ns 4.81 0.001 3.67 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFS2 1.29 Ns 3.65 0.001 3.19 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFS3 2.41 0.002 3.19 0.001 5.53 0.001 NADH:ubiquinone oxidoreductase 

subunit 
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NDUFS4 1.59 0.01 2.59 0.001 4.49 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFS5 2.24 0.002 2.78 0.001 5.16 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFS6 2.24 0.005 4.81 0.001 4.84 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFS7 1.82 0.001 3.93 0.001 4.49 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFS8 2.76 0.001 14.49 0.001 16.76 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFV1 4.19 0.001 2.98 0.001 3.65 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFV2 1.59 0.01 1.29 0.001 1.05 Ns NADH:ubiquinone oxidoreductase 

subunit 

NDUFV3 1.20 Ns 1.49 0.002 2.24 0.001 NADH:ubiquinone oxidoreductase 

subunit 

OPA1 1.45 0.05 1.79 0.05 2.01 0.05 Control of mitochondria network 

OXA1L 1.59 0.005 2.11 0.001 3.65 0.001 Cytochrome c oxidase assembly 

RHOT1 1.55 0.02 1.39 Ns 2.71 0.05 Control of mitochondria fission and 

fusion 

RHOT2 1.91 0.005 0.62 Ns 1.15 Ns Control of mitochondria fission and 

fusion 

SDHA 1.17 Ns 1.48 0.005 1.83 0.001 Succinate dehydrogenase subunit 

SDHB 1.59 0.01 2.29 0.001 4.21 0.001 Succinate dehydrogenase subunit 

SDHC 1.38 0.05 1.58 0.001 1.83 0.001 Succinate dehydrogenase subunit 

SDHD 1.29 Ns 1.35 0.001 2.98 0.001 Succinate dehydrogenase subunit 

SH3SGL

B1 

1.45 0.05 1.84 Ns 1.53 Ns Apoptosis induction 

SLC25A

1 

2.52 0.002 2.74 0.02 5.29 0.05 Tricarboxylic acids import 

SLC25A

10 

2.35 0.005 2.66 0.02 6.22 0.05 Dicarboxylic acids import 
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SLC25A

12 

1.78 0.01 1.39 0.02 1.96 0.02 Aspartatic acid/glutamic acid carrier 1 

SLC25A

13 

1.02 Ns 1.50 Ns 1.87 Ns Aspartic acid/glutamic acid exchange 

SLC25A

14 

1.91 0.01 1.42 Ns 2.30 0.02 Aspartic acid/glutamic acid exchange 

SLC25A

15 

1.55 0.02 2.01 0.05 3.57 0.05 Ornithine import 

SLC25A

19 

3.10 0.002 4.01 0.05 6.93 0.05 Thiamine pyrophosphate import 

SLC25A

2 

4.09 0.001 4.53 0.05 4.70 0.05 Mitochondrial proteins import 

SLC25A

20 

2.46 0.002 3.10 0.05 3.74 0.001 Carnitine/acylcarnitine translocation 

SLC25A

21 

2.76 0.01 5.07 0.05 5.77 0.05 Oxodicarboxylic acids import 

SLC25A

22 

1.35 0.05 0.14 0.05 1.29 0.05 Glutamate import 

SLC25A

23 

0.72 0.05 1.39 Ns 2.01 0.05 Phosphate import 

SLC25A

24 

1.66 0.01 1.71 0.01 2.77 0.05 Phosphate import 

SLC25A

25 

1.35 0.05 0.96 0.01 1.07 Ns Phosphate import 

SLC25A

27 

0.59 0.01 0.16 0.01 0.13 0.001 OXPHOS/ATP synthesis uncoupling  

SLC25A

3 

1.78 0.01 0.82 Ns 4.30 0.05 Phosphate/hydroxyl ions exchange 

SLC25A

31 

2.44 0.01 2.52 0.05 2.41 0.005 Adenine nucleotide translocation 

SLC25A

37 

1.55 0.02 0.92 Ns 0.74 Ns Iron import 
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SLC25A

4 

1.10 Ns 2.98 0.05 3.18 0.05 Adenine nucleotide translocation 

SLC25A

5 

1.26 Ns 2.72 0.05 2.65 0.05 Adenine nucleotide translocation 

SOD1 1.26 Ns 1.09 Ns 4.01 0.05 ROS protection (cytosol) 

SOD2 1.48 0.005 3.39 0.001 4.30 0.001 ROS protection (mitochondria) 

STARD3 1.02 Ns 0.94 Ns 1.07 Ns Cholesterol import 

TIMM10 2.05 0.005 3.34 0.05 4.30 0.05 Protein insertion in the inner 

membrane 

TIMM17

A 

2.35 0.005 2.78 0.02 4.72 0.05 Protein insertion in the inner 

membrane 

TIMM17

B 

1.10 Ns 1.45 Ns 2.01 0.05 Protein insertion in the inner 

membrane 

TIMM8A 1.91 0.01 1.88 Ns 3.66 0.05 Protein insertion in the inner 

membrane 

TIMM8B 1.66 0.01 3.58 0.02 5.54 0.05 Protein insertion in the inner 

membrane 

TIMM9 1.26 Ns 2.84 0.05 2.30 0.05 Protein insertion in the inner 

membrane 

TOMM2

0 

1.35 0.05 1.46 Ns 1.35 0.05 Mitochondrial proteins import 

TOMM2

2 

3.35 0.01 3.13 0.05 3.01 0.05 Mitochondrial proteins import 

TOMM3

4 

1.45 0.05 0.90 Ns 3.66 0.05 Mitochondrial proteins import 

TOMM4

0 

2.19 0.005 2.48 0.02 2.65 0.01 Mitochondrial proteins import 

TOMM7

0A 

1.78 0.01 1.75 0.01 3.74 0.002 Mitochondrial proteins import 

TSPO 1.18 Ns 1.42 Ns 2.25 0.05 Cholesterol import 

UCP1 2.44 0.05 1.34 Ns 0.42 0.05 OXPHOS/ATP synthesis uncoupling  

UCP2 3.34 0.005 2.12 0.05 2.10 0.05 OXPHOS/ATP synthesis uncoupling  

UCP3 9.19 0.001 9.01 0.05 3.12 0.05 OXPHOS/ATP synthesis uncoupling  
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UQCR11 2.58 0.001 3.42 0.001 4.81 0.001 Ubiquinol-cytochrome c reductase 

subunit 

UQCRC

1 

1.29 Ns 2.22 0.001 2.96 0.001 Ubiquinol-cytochrome c reductase 

subunit 

UQCRC

2 

2.41 0.002 3.67 0.001 5.53 0.001 Ubiquinol-cytochrome c reductase 

subunit 

UQCRF

S1 

2.09 0.002 8.42 0.001 15.63 0.001 Ubiquinol-cytochrome c reductase 

subunit 

UQCRH 2.41 0.002 5.56 0.001 10.31 0.001 Ubiquinol-cytochrome c reductase 

subunit 

UQCRQ 1.95 0.005 1.71 0.001 3.40 0.001 Ubiquinol-cytochrome c reductase 

subunit 

 

OXPHOS: oxidative phosphorylation. 

Fold-Change (2^(- Delta Delta Ct)) is the normalized gene expression (2^(- Delta Ct)) in U-

2OS/DX30, U-2OS/DX100 or U-2OS/DX580 cells, divided the normalized gene expression 

(2^(- Delta Ct)) in U-2OS cells (n= 4), where Ct is the threshold cycle in qRT-PCR; when 

fold-change is less than 1, the value is the negative inverse of the fold-change. Ns: not 

significant. Bold characters: up- or down-regulation more than two-fold. 
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Table 4. Expression of mitochondrial-related genes in U-2OS cells untreated and treated 

with doxorubicin or mitochondria-targeting doxorubicin 

Gene Fold 
change 
Dox  
versus 
Ctrl 

p value Fold 
change 
mtDox  
versus  
Ctrl 

p value Biological function 

AIFM2 1.83 0.05 0.71 0.02 Apoptosis induction 

ATP12A 0.80 0.001 0.21 0.001 H+/ATP exchange 

ATP4A 0.71 0.001 0.22 0.001 H+/ATP exchange 

ATP4B 0.80 0.001 0.21 0.001 H+/ATP exchange 

ATP50 0.35 0.001 0.06 0.001 ATP synthase subunit 

ATP5A1 1.29 0.005 1.99 0.005 ATP synthase subunit 

ATP5B 1.21 0.02 1.39 0.002 ATP synthase subunit 

ATP5C1 0.86 0.05 1.13 Ns ATP synthase subunit 

ATP5F1 1.39 0.005 1.26 0.01 ATP synthase subunit 

ATP5G1 1.30 0.01 1.06 Ns ATP synthase subunit 

ATP5G2 0.65 0.001 1.39 0.02 ATP synthase subunit 

ATP5G3 0.99 0.05 1.21 0.05 ATP synthase subunit 

ATP5I 0.70 0.002 0.68 0.01 ATP synthase subunit 

ATP5J 1.49 0.002 1.11 0.01 ATP synthase subunit 

ATP5J2 1.06 Ns 1.97 0.001 ATP synthase subunit 

ATP5L 1.84 0.001 1.21 0.02 ATP synthase subunit 

BAK1 3.42 0.05 3.72 0.001 Apoptosis induction 

BBC3 3.46 0.05 3.17 0.001 Apoptosis induction 

BCL2 0.20 0.05 0.10 0.001 Apoptosis inhibition 

BCL2L1 0.48 0.05 0.31 0.005 Apoptosis inhibition 

BCS1L 0.28 0.001 0.21 0.001 Ubiquinol-cytochrome c reductase 

assembly 

BID 1.65 0.05 2.76 0.05 Apoptosis induction 

BNIP3 2.48 0.05 2.06 0.05 Apoptosis induction 

COX10 1.01 Ns 1 Ns Cytochrome c oxidase assembly 

COX18 0.54 0.05 0.66 0.005 Cytochrome c oxidase assembly 

COX412 3.20 0.001 0.21 0.001 Cytochrome c oxidase subunit 

COX4I1 0.92 Ns 1.97 0.001 Cytochrome c oxidase assembly 
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COX5A 1.30 0.01 0.99 0.005 Cytochrome c oxidase subunit 

COX5B 1.06 Ns 1.60 0.001 Cytochrome c oxidase subunit 

COX6A1 0.70 0.002 0.57 0.001 Cytochrome c oxidase subunit 

COX6A2 1.13 0.005 0.10 0.001 Cytochrome c oxidase subunit 

COX6B1 3.20 0.001 0.92 Ns Cytochrome c oxidase 

assembly/regulation 

COX6C 1.21 0.02 0.21 0.001 Cytochrome c oxidase 

assembly/regulation 

COX7A2 0.75 0.005 1.21 0.02 Cytochrome c oxidase 

assembly/regulation 

COX7A2

L 

1.81 0.001 2.26 0.002 Cytochrome c oxidase 

assembly/regulation 

COX7B 0.80 0.01 1.30 0.01 Cytochrome c oxidase subunit 

COX8A 1.71 0.001 1.30 0.01 Cytochrome c oxidase regulation 

CPT1 0.18 0.001 0.18 0.001 Long chain fatty acylcoA import/β-

oxidation 

CPT2 2.06 0.05 0.54 0.005 Long chain fatty acylcoA import/β-

oxidation 

CYC1 0.98 Ns 1.06 Ns Electron transport 

DMM1L 0.96 Ns 1.06 Ns Control of mitochondria morphology 

FIS1 1.42 0.05 1.24 Ns Control of mitochondria fission 

FXC1 0.56 0.05 0.60 0.05 Mitochondrial proteins import 

HSP90A

1 

0.92 Ns 1.20 Ns Proteins chaperon 

HSPD1 0.58 Ns 1.09 Ns Mitochondrial proteins chaperon 

IMMP1L 0.66 0.05 0.41 0.001 Mitochondrial proteins 

processing/import 

IMMP2L 0.16 0.001 0.24 0.001 Mitochondrial proteins 

processing/import 

LRPPRC 0.58 Ns 0.95 Ns Mitochondrial transcription factor 

MFN1 0.55 0.05 1.09 Ns Control of mitochondria fusion 

MFN2 1.39 0.05 0.36 0.001 Control of mitochondria fusion 

MIPEP 1.13 Ns 0.79 0.01 Mitochondrial proteins processing 
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MPV17 1.33 Ns 0.83 0.05 Metabolism of mitochondrial ROS 

MTX2 1.63 0.005 1.15 Ns Mitochondrial proteins import 

NDUFA1 0.75 0.005 1.30 0.01 NADH:ubiquinone oxidoreductase 

subunit 

NDUFA1

0 

0.46 0.001 0.35 0.005 NADH:ubiquinone oxidoreductase 

subunit 

NDUFA1

1 

0.43 0.001 0.27 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFA2 1.71 0.001 1.91 0.005 NADH:ubiquinone oxidoreductase 

assembly 

NDUFA3 0.24 0.001 0.10 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFA4 0.70 0.002 1.13 Ns NADH:ubiquinone oxidoreductase 

subunit 

NDUFA5 0.75 0.005 1.06 Ns NADH:ubiquinone oxidoreductase 

subunit 

NDUFA6 1.06 Ns 1.30 0.01 NADH:ubiquinone oxidoreductase 

subunit 

NDUFA7 0.86 0.05 1.30 0.01 NADH:ubiquinone oxidoreductase 

subunit 

NDUFA8 1.26 0.002 1.42 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFAB

1 

1.39 0.005 1.71 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFAB

10 

0.86 0.05 1.13 Ns NADH:ubiquinone oxidoreductase 

subunit 

NDUFB2 0.79 0.001 1.46 0.005 NADH:ubiquinone oxidoreductase 

subunit 

NDUFB3 0.42 0.001 0.36 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFB4 0.98 Ns 1.84 0.005 NADH:ubiquinone oxidoreductase 

subunit 
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NDUFB5 1.06 Ns 1.26 0.01 NADH:ubiquinone oxidoreductase 

subunit 

NDUFB6 0.36 Ns 0.37 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFB7 3.20 0.001 1.97 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFB8 1.13 Ns 1.30 0.005 NADH:ubiquinone oxidoreductase 

subunit 

NDUFB9 1.20 0.05 0.75 0.005 NADH:ubiquinone oxidoreductase 

subunit 

NDUFC1 1.06 Ns 1.49 0.002 NADH:ubiquinone oxidoreductase 

subunit 

NDUFC2 1.30 0.01 1.60 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFS1 0.86 0.05 1.11 Ns NADH:ubiquinone oxidoreductase 

subunit 

NDUFS2 0.92 Ns 1.60 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFS3 2.11 0.001 2.11 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFS4 0.70 0.002 0.97 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFS5 1.30 0.01 1.39 0.02 NADH:ubiquinone oxidoreductase 

subunit 

NDUFS6 1.84 0.005 1.84 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFS7 1.60 0.001 1.84 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFS8 4.22 0.001 3.43 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFV1 0.98 Ns 0.70 0.02 NADH:ubiquinone oxidoreductase 

subunit 
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NDUFV2 0.30 0.001 0.25 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFV3 0.92 Ns 1.49 0.002 NADH:ubiquinone oxidoreductase 

subunit 

OPA1 0.84 Ns 0.60 0.005 Control of mitochondria network 

OXA1L 0.80 0.001 0.21 0.001 Cytochrome c oxidase assembly 

RHOT1 0.56 0.05 1 Ns Control of mitochondria fission and 

fusion 

RHOT2 1.03 Ns 0.22 0.02 Control of mitochondria fission and 

fusion 

SDHA 0.65 0.001 0.94 Ns Succinate dehydrogenase subunit 

SDHB 1.49 0.002 1.65 0.01 Succinate dehydrogenase subunit 

SDHC 0.91 Ns 1.71 0.02 Succinate dehydrogenase subunit 

SDHD 1.71 0.001 1.42 0.01 Succinate dehydrogenase subunit 

SH3SGL

B1 

1.27 0.005 1.51 Ns Apoptosis induction 

SLC25A

1 

2.42 0.001 0.76 0.005 Tricarboxylic acids import 

SLC25A

10 

2.98 0.001 0.69 0.005 Dicarboxylic acids import 

SLC25A

12 

0.59 0.05 0.62 0.005 Aspartatic acid/glutamic acid carrier 1 

SLC25A

13 

0.41 0.01 0.52 0.02 Aspartic acid/glutamic acid exchange 

SLC25A

14 

1.15 Ns 0.66 0.05 Aspartic acid/glutamic acid exchange 

SLC25A

15 

1.48 0.05 1.06 Ns Ornithine import 

SLC25A

19 

1.88 0.05 0.29 0.01 Thiamine pyrophosphate import 

SLC25A

2 

1.88 0.02 0.19 0.001 Mitochondrial proteins import 
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SLC25A

20 

0.98 Ns 0.55 0.01 Carnitine/acylcarnitine translocation 

SLC25A

21 

0.91 Ns 0.76 0.005 Oxodicarboxylic acids import 

SLC25A

22 

0.82 Ns 0.40 0.001 Glutamate import 

SLC25A

23 

0.96 Ns 1.26 Ns Phosphate import 

SLC25A

24 

1.10 Ns 0.91 Ns Phosphate import 

SLC25A

25 

0.56 0.05 0.41 0.02 Phosphate import 

SLC25A

27 

2.10 0.001 2.55 0.05 OXPHOS/ATP synthesis uncoupling  

SLC25A

3 

1.49 0.05 1.51 Ns Phosphate/hydroxyl ions exchange 

SLC25A

31 

1.01 Ns 1.09 Ns Adenine nucleotide translocation 

SLC25A

37 

0.41 0.01 0.19 0.001 Iron import 

SLC25A

4 

1.60 0.05 1.58 Ns Adenine nucleotide translocation 

SLC25A

5 

1.05 Ns 1.34 Ns Adenine nucleotide translocation 

SOD1 0.20 0.001 0.38 0.02 ROS protection (cytosol) 

SOD2 0.42 0.001 0.40 0.05 ROS protection (mitochondria) 

STARD3 0.86 0.02 0.45 0.02 Cholesterol import 

TIMM10 1.56 0.01 1.20 Ns Protein insertion in the inner 

membrane 

TIMM17

A 

1.71 0.001 0.95 Ns Protein insertion in the inner 

membrane 

TIMM17

B 

1.63 0.02 0.79 0.01 Protein insertion in the inner 

membrane 
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TIMM8A 1.67 0.02 1.00 Ns Protein insertion in the inner 

membrane 

TIMM8B 3.63 0.001 1.74 0.05 Protein insertion in the inner 

membrane 

TIMM9 0.60 Ns 1.20 Ns Protein insertion in the inner 

membrane 

TOMM2

0 

0.41 0.01 0.20 0.001 Mitochondrial proteins import 

TOMM2

2 

1.67 0.01 1.20 Ns Mitochondrial proteins import 

TOMM3

4 

1.21 Ns 1.51 Ns Mitochondrial proteins import 

TOMM4

0 

1.67 0.02 0.40 0.02 Mitochondrial proteins import 

TOMM7

0A 

1.21 Ns 1.09 Ns Mitochondrial proteins import 

TSPO 1.13 Ns 1.15 Ns Cholesterol import 

UCP1 3.46 0.001 3.17 0.002 OXPHOS/ATP synthesis uncoupling  

UCP2 4.12 0.001 3.44 0.001 OXPHOS/ATP synthesis uncoupling  

UCP3 4.12 0.001 3.18 0.005 OXPHOS/ATP synthesis uncoupling  

UQCR11 1.39 0.005 1.60 0.001 Ubiquinol-cytochrome c reductase 

subunit 

UQCRC

1 

1.49 0.002 1.30 0.01 Ubiquinol-cytochrome c reductase 

subunit 

UQCRC

2 

1.06 Ns 1.60 0.001 Ubiquinol-cytochrome c reductase 

subunit 

UQCRF

S1 

0.42 0.001 0.68 0.001 Ubiquinol-cytochrome c reductase 

subunit 

UQCRH 1.60 0.001 1.11 0.05 Ubiquinol-cytochrome c reductase 

subunit 

UQCRQ 1.13 Ns 0.92 Ns Ubiquinol-cytochrome c reductase 

subunit 
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Ctrl: untreated cells; Dox: cells treated with 5 μM/L doxorubicin for 24 h; mtDox: cells treated 

with 5 μM/L mitochondria-targeting doxorubicin for 24 h; OXPHOS: oxidative 

phosphorylation. 

Fold-Change (2^(- Delta Delta Ct)) is the normalized gene expression (2^(- Delta Ct)) in 

Dox- or mtDox-treated U-2OS cells, divided the normalized gene expression (2^(- Delta Ct)) 

in untreated cells (n= 4), where Ct is the threshold cycle in qRT-PCR; when fold-change is 

less than 1, the value was the negative inverse of the fold-change. Ns: not significant. Bold 

characters: up- or down-regulation more than two-fold. 

Table 5. Expression of mitochondrial-related genes in U-2OS/DX580 cells untreated and 

treated with doxorubicin or mitochondria-targeting doxorubicin 

Gene Fold 
change 
Dox  
versus 
Ctrl 

p value Fold 
change 
mtDox  
versus 
Ctrl 

p value Biological function 

AIFM2 1.58 Ns 0.71 0.002 Apoptosis induction 

ATP12A 1.22 Ns 0.23 0.001 H+/ATP exchange 

ATP4A 1.26 Ns 0.21 0.001 H+/ATP exchange 

ATP4B 1.28 Ns 0.21 0.001 H+/ATP exchange 

ATP50 1.66 0.05 1.62 0.001 ATP synthase subunit 

ATP5A1 1.67 0.01 1.46 0.001 ATP synthase subunit 

ATP5B 1.34 0.02 1.31 0.01 ATP synthase subunit 

ATP5C1 1.22 Ns 1.44 0.001 ATP synthase subunit 

ATP5F1 2.01 0.02 1.76 0.002 ATP synthase subunit 

ATP5G1 1.26 Ns 0.76 0.005 ATP synthase subunit 

ATP5G2 1.37 Ns 0.41 0.001 ATP synthase subunit 

ATP5G3 0.89 Ns 0.51 0.001 ATP synthase subunit 

ATP5I 1.11 Ns 1.23 Ns ATP synthase subunit 

ATP5J 1.26 0.05 1.62 0.005 ATP synthase subunit 

ATP5J2 2.07 0.01 0.22 0.001 ATP synthase subunit 

ATP5L 1.21 0.02 0.33 0.001 ATP synthase subunit 

BAK1 1.00 Ns 2.72 0.001 Apoptosis induction 

BBC3 1.23 Ns 2.19 0.001 Apoptosis induction 

BCL2 1.03 0.05 0.43 0.001 Apoptosis inhibition 

BCL2L1 0.93 Ns 0.29 0.005 Apoptosis inhibition 
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BCS1L 0.66 0.05 0.41 0.001 Ubiquinol-cytochrome c reductase 

assembly 

BID 1.89 0.05 2.76 0.01 Apoptosis induction 

BNIP3 1.26 Ns 2.09 0.05 Apoptosis induction 

COX10 1.44 Ns 1 Ns Cytochrome c oxidase assembly 

COX18 0.72 0.02 0.66 0.05 Cytochrome c oxidase assembly 

COX412 1.21 Ns 0.20 0.001 Cytochrome c oxidase subunit 

COX4I1 2.11 0.01 2.14 0.001 Cytochrome c oxidase assembly 

COX5A 1.78 0005 1.86 0.001 Cytochrome c oxidase subunit 

COX5B 1.09 Ns 1.11 Ns Cytochrome c oxidase subunit 

COX6A1 0.98 Ns 0.41 0.001 Cytochrome c oxidase subunit 

COX6A2 1.00 Ns 0.29 0.001 Cytochrome c oxidase subunit 

COX6B1 0.92 Ns 1.20 0.05 Cytochrome c oxidase 

assembly/regulation 

COX6C 1.21 Ns 0.43 0.001 Cytochrome c oxidase 

assembly/regulation 

COX7A2 1.23 Ns 1.23 Ns Cytochrome c oxidase 

assembly/regulation 

COX7A2

L 

1.26 Ns 1.28 0.02 Cytochrome c oxidase 

assembly/regulation 

COX7B 1.39 Ns 1.41 0.02 Cytochrome c oxidase subunit 

COX8A 1.30 Ns 1.51 0.02 Cytochrome c oxidase regulation 

CPT1 1.04 0.05 0.24 0.05 Long chain fatty acylcoA import/β-

oxidation 

CPT2 0.81 Ns 0.37 0.02 Long chain fatty acylcoA import/β-

oxidation 

CYC1 1.51 0.002 1.23 Ns Electron transport 

DMM1L 1.04 Ns 1.24 Ns Control of mitochondria morphology 

FIS1 1.44 Ns 1.06 Ns Control of mitochondria fission 

FXC1 1.55 0.02 0.40 0.05 Mitochondrial proteins import 

HSP90A

1 

1.44 Ns 1.20 Ns Proteins chaperon 

HSPD1 1.15 Ns 1.09 Ns Mitochondrial proteins chaperon 
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IMMP1L 1.79 0.01 0.41 0.005 Mitochondrial proteins 

processing/import 

IMMP2L 1.81 Ns 1.82 Ns Mitochondrial proteins 

processing/import 

LRPPRC 0.91 Ns 0.95 Ns Mitochondrial transcription factor 

MFN1 0.95 Ns 0.36 0.05 Control of mitochondria fusion 

MFN2 0.83 0.05 0.39 0.02 Control of mitochondria fusion 

MIPEP 1.05 Ns 0.79 Ns Mitochondrial proteins processing 

MPV17 0.79 0.01 1.15 Ns Metabolism of mitochondrial ROS 

MTX2 0.45 0.02 0.31 0.02 Mitochondrial proteins import 

NDUFA1 0.77 0.01 1.23 0.005 NADH:ubiquinone oxidoreductase 

subunit 

NDUFA1

0 

0.97 Ns 0.76 0.005 NADH:ubiquinone oxidoreductase 

subunit 

NDUFA1

1 

1.56 0.005 1.62 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFA2 1.34 0.01 0.29 0.001 NADH:ubiquinone oxidoreductase 

assembly 

NDUFA3 1.51 0.01 0.08 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFA4 1.13 Ns 1.29 Ns NADH:ubiquinone oxidoreductase 

subunit 

NDUFA5 1.78 0.02 1.63 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFA6 1.30 0.05 1.51 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFA7 1.24 Ns 1.17 0.05 NADH:ubiquinone oxidoreductase 

subunit 

NDUFA8 1.61 0.001 1.02 Ns NADH:ubiquinone oxidoreductase 

subunit 

NDUFAB

1 

1.23 Ns 1.41 0.001 NADH:ubiquinone oxidoreductase 

subunit 
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NDUFAB

10 

1.45 0.05 1.15 Ns NADH:ubiquinone oxidoreductase 

subunit 

NDUFB2 1.42 0.05 1.71 0.05 NADH:ubiquinone oxidoreductase 

subunit 

NDUFB3 1.26 0.05 0.50 0.02 NADH:ubiquinone oxidoreductase 

subunit 

NDUFB4 1.84 0.02 0.63 0.05 NADH:ubiquinone oxidoreductase 

subunit 

NDUFB5 1.23 Ns 0.40 0.01 NADH:ubiquinone oxidoreductase 

subunit 

NDUFB6 1.56 Ns 1.14 Ns NADH:ubiquinone oxidoreductase 

subunit 

NDUFB7 1.56 0.05 1.41 0.01 NADH:ubiquinone oxidoreductase 

subunit 

NDUFB8 1.29 0.05 1.99 0.005 NADH:ubiquinone oxidoreductase 

subunit 

NDUFB9 0.78 0.05 0.81 0.02 NADH:ubiquinone oxidoreductase 

subunit 

NDUFC1 1.42 0.01 1.41 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFC2 1.60 0.01 1.23 0.005 NADH:ubiquinone oxidoreductase 

subunit 

NDUFS1 1.72 0.002 1.46 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFS2 1.11 Ns 1.74 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFS3 0.78 Ns 0.24 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFS4 1.62 0.001 1.13 Ns NADH:ubiquinone oxidoreductase 

subunit 

NDUFS5 1.28 0.05 0.38 0.005 NADH:ubiquinone oxidoreductase 

subunit 
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NDUFS6 1.36 Ns 1.46 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFS7 1.17 Ns 1.51 0.002 NADH:ubiquinone oxidoreductase 

subunit 

NDUFS8 2.11 0.05 3.46 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFV1 1.01 Ns 0.37 0.001 NADH:ubiquinone oxidoreductase 

subunit 

NDUFV2 1.32 Ns 1.12 Ns NADH:ubiquinone oxidoreductase 

subunit 

NDUFV3 0.71 Ns 0.81 Ns NADH:ubiquinone oxidoreductase 

subunit 

OPA1 1.02 0.002 0.16 0.001 Control of mitochondria network 

OXA1L 1.56 0.02 0.46 0.005 Cytochrome c oxidase assembly 

RHOT1 0.63 0.01 0.52 0.05 Control of mitochondria fission and 

fusion 

RHOT2 1.16 0.001 0.22 0.05 Control of mitochondria fission and 

fusion 

SDHA 1.32 Ns 0.61 0.001 Succinate dehydrogenase subunit 

SDHB 1.89 0.001 1.34 0.001 Succinate dehydrogenase subunit 

SDHC 1.42 0.002 0.87 0.05 Succinate dehydrogenase subunit 

SDHD 1.70 0.002 1.99 0.001 Succinate dehydrogenase subunit 

SH3SGL

B1 

1.32 Ns 1.51 0.05 Apoptosis induction 

SLC25A

1 

0.79 0.005 0.56 0.01 Tricarboxylic acids import 

SLC25A

10 

1 Ns 0.46 0.005 Dicarboxylic acids import 

SLC25A

12 

0.83 0.05 0.49 0.005 Aspartatic acid/glutamic acid carrier 1 

SLC25A

13 

0.76 0.01 0.42 0.01 Aspartic acid/glutamic acid exchange 
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SLC25A

14 

1.91 0.005 0.56 0.005 Aspartic acid/glutamic acid exchange 

SLC25A

15 

1.71 Ns 0.29 0.001 Ornithine import 

SLC25A

19 

1.32 Ns 1.09 Ns Thiamine pyrophosphate import 

SLC25A

2 

0.10 0.05 0.19 0.05 Mitochondrial proteins import 

SLC25A

20 

1.07 Ns 0.45 0.05 Carnitine/acylcarnitine translocation 

SLC25A

21 

0.72 0.01 0.76 0.05 Oxodicarboxylic acids import 

SLC25A

22 

1.69 0.01 0.40 0.05 Glutamate import 

SLC25A

23 

1.32 Ns 1.26 Ns Phosphate import 

SLC25A

24 

1.15 Ns 0.70 Ns Phosphate import 

SLC25A

25 

1.45 0.002 0.41 0.05 Phosphate import 

SLC25A

27 

1.18 Ns 2.45 0.02 OXPHOS/ATP synthesis uncoupling  

SLC25A

3 

1.38 Ns 1.51 Ns Phosphate/hydroxyl ions exchange 

SLC25A

31 

0.72 0.005 1.09 Ns Adenine nucleotide translocation 

SLC25A

37 

0.81 0.05 0.21 0.002 Iron import 

SLC25A

4 

1.74 0.05 1.32 Ns Adenine nucleotide translocation 

SLC25A

5 

1.26 Ns 1.58 Ns Adenine nucleotide translocation 

SOD1 1.38 Ns 0.38 Ns ROS protection (cytosol) 
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SOD2 1.09 Ns 0.40 0.05 ROS protection (mitochondria) 

STARD3 1.00 0.02 0.45 0.02 Cholesterol import 

TIMM10 1.26 Ns 1.20 Ns Protein insertion in the inner 

membrane 

TIMM17

A 

1.04 Ns 0.75 Ns Protein insertion in the inner 

membrane 

TIMM17

B 

1.26 Ns 0.49 0.01 Protein insertion in the inner 

membrane 

TIMM8A 1.15 Ns 0.41 0.005 Protein insertion in the inner 

membrane 

TIMM8B 1.58 Ns 1.74 0.05 Protein insertion in the inner 

membrane 

TIMM9 1.32 Ns 1.20 Ns Protein insertion in the inner 

membrane 

TOMM2

0 

0.87 Ns 1.20 Ns Mitochondrial proteins import 

TOMM2

2 

0.40 0.02 0.21 0.001 Mitochondrial proteins import 

TOMM3

4 

1.51 Ns 1.51 Ns Mitochondrial proteins import 

TOMM4

0 

1.06 0.005 0.33 0.05 Mitochondrial proteins import 

TOMM7

0A 

1.20 Ns 0.47 0.02 Mitochondrial proteins import 

TSPO 1.09 Ns 0.17 0.005 Cholesterol import 

UCP1 1.21 Ns 2.19 0.05 OXPHOS/ATP synthesis uncoupling  

UCP2 1.66 0.05 1.44 Ns OXPHOS/ATP synthesis uncoupling  

UCP3 1.21 Ns 2.18 0.05 OXPHOS/ATP synthesis uncoupling  

UQCR11 1.34 Ns 0.93 Ns Ubiquinol-cytochrome c reductase 

subunit 

UQCRC

1 

1.65 0.005 1.62 0.001 Ubiquinol-cytochrome c reductase 

subunit 
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UQCRC

2 

1.32 0.05 0.32 0.001 Ubiquinol-cytochrome c reductase 

subunit 

UQCRF

S1 

1.72 0.05 0.30 0.001 Ubiquinol-cytochrome c reductase 

subunit 

UQCRH 1.19 Ns 1.15 Ns Ubiquinol-cytochrome c reductase 

subunit 

UQCRQ 0.89 Ns 0.46 0.01 Ubiquinol-cytochrome c reductase 

subunit 

 
Ctrl: untreated cells; Dox: cells treated with 5 μM/L doxorubicin for 24 h; mtDox: cells treated 

with 5 μM/L mitochondria-targeting doxorubicin for 24 h; OXPHOS: oxidative 

phosphorylation. 

Fold-Change (2^(- Delta Delta Ct)) is the normalized gene expression (2^(- Delta Ct)) in 

Dox- or mtDox-treated U-2OS/DX580 cells, divided the normalized gene expression (2^(- 

Delta Ct)) in untreated cells (n= 4), where Ct is the threshold cycle in qRT-PCR; when fold-

change is less than 1, the value is the negative inverse of the fold-change. Ns: not significant. 

Bold characters: up- or down-regulation more than two-fold. 

 

The expression levels of specific genes, representative of the main biological categories 

screened by PCR arrays, were validated by qRT-PCR (Tables 6-7-8) 

 

 

Table 6. qRT-PCR validation of PCR-arrays results in U-2OS, U-2OS/DX30, U-2OS/DX100, 

U-2OS/DX580 cells 

 

Gene name Relative 
expression  
U-2OS/DX30 vs U-
2OS 

Relative 
expression  
U-2OS/DX30 vs U-
2OS 

Relative 
expression  
U-2OS/DX30 vs U-
2OS 

Biological function 

TIMM8B 1.92 + 0.32 * 2.89 + 0.34 * 5.01 + 0.47 * Protein insertion in 
the inner 
membrane 

TOMM70A 1.72 + 0.21 * 1.81 + 0.29 * 3.34 + 0.27 * Mitochondrial 

proteins import 

MFN2 2.92 + 0.37 * 2.82 + 0.71 * 3.72 + 0.52 * Control of 
mitochondria fusion 

OPA1 1.26 + 0.12 1.54 + 0.12 * 2.91 + 0.43 * Control of 
mitochondria 
network 
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SLC25A10 2.12 + 0.61 * 2.73 + 0.37 * 5.88 + 0.34 * Dicarboxylic acids 
import 

CPT1 1.52 + 0.26 2.44 + 0.23 * 3.17 + 0.28 * Long chain fatty 
acylcoA import/β-
oxidation 

NDUFA2 1.43 + 0.21 5.03 + 0.47 * 5.99 + 0.71 * NADH:ubiquinone 
oxidoreductase 
assembly 

NDUFS5 2.35 + 0.36 * 2.67 + 0.11 * 5.56 + 0.43 * NADH:ubiquinone 
oxidoreductase 
subunit 

UQRCQ 1.76 + 0.33 * 1.82 + 0.32 * 2.47 + 0.55 * Ubiquinol-
cytochrome c 
reductase subunit 

UQRCFS1 2.21 + 0.65 * 7.13 + 1.29 * 13.09 + 2.24 * Ubiquinol-
cytochrome c 
reductase subunit 

OXA1L 1.26 + 0.21 2.53 + 0.12 * 4.82 + 0.33 * Cytochrome c 
oxidase assembly 

ATP5L 3.67 + 0.56 * 4.45 + 0.87 * 8.33 + 1.21 * ATP synthase 
subunit 

UCP1 2.02 + 0.35 * 1.18 + 0.21 0.19 + 0.05 * OXPHOS/ATP 
synthesis 
uncoupling  

SLC25A27 0.62 + 0.12 * 0.26 + 0.11 * 0.13 + 0.06 * OXPHOS/ATP 
synthesis 
uncoupling 

SOD2 1.54 + 0.31 2.28 + 0.54 * 3.66 + 0.29 * ROS protection 
(mitochondria) 

BAK1 1.23 + 0.22 1.09 + 0.03 0.98 + 0.15 Apoptosis induction 

BCL2 0.93 + 0.21 1.22 + 0.11 1.32 + 0.09 Apoptosis inhibition 

 

The expression level of specific mitochondria-related genes, representative of the main 

biological categories screened by PCR arrays, was validated by qRT-PCR  (n = 3). The 

expression level of each gene in U-2OS cells was considered as 1. The relative expression 

of the other genes was calculated with the PrimePCR™ Analysis Software. S14 gene was 

used as housekeeping gene. Versus U-2OS cells: * p < 0.05.   
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Table 7. qRT-PCR validation of PCR-arrays results in U-2OS cells treated with doxorubicin 

or mitochondria-targeting doxorubicin 

 

Gene name Relative expression  
Dox vs Ctrl 

Relative expression  
mtDox vs Ctrl 

Biological function 

TIMM8B 3.56 + 0.34 * 1.65 + 0.41 Protein insertion in 
the inner 
membrane 

TOMM70A 1.12 + 0.11  1.34 + 0.26 Mitochondrial 

proteins import 

MFN2 1.11 + 0.19 0.27 + 0.11 * Control of 
mitochondria fusion 

OPA1 0.79 + 0.27 0.51 + 0.09 * Control of 
mitochondria 
network 

SLC25A10 3.09 + 0.45 * 0.62 + 0.20 * Dicarboxylic acids 
import 

CPT1 0.32 + 0.11 * 0.19 + 0.08 * Long chain fatty 
acylcoA import/β-
oxidation 

NDUFA2 1.83 + 0.14 * 1.89 + 0.25 * NADH:ubiquinone 
oxidoreductase 
assembly 

NDUFS5 1.27 + 0.06  1.35 + 0.09  NADH:ubiquinone 
oxidoreductase 
subunit 

UQRCQ 1.01 + 0.28 1.14 + 0.28  Ubiquinol-
cytochrome c 
reductase subunit 

UQRCFS1 0.59 + 0.18 * 0.63 + 0.12 * Ubiquinol-
cytochrome c 
reductase subunit 

OXA1L 0.92 + 0.31 0.42 + 0.11 * Cytochrome c 
oxidase assembly 

ATP5L 1.57 + 0.33  1.26 + 0.05  ATP synthase 
subunit 

UCP1 3.01 + 0.72 * 3.35 + 0.61 * OXPHOS/ATP 
synthesis 
uncoupling  

SLC25A27 2.13 + 0.27 * 2.61 + 0.64 * OXPHOS/ATP 
synthesis 
uncoupling 

SOD2 0.61 + 0.18 * 0.42 + 0.19 * ROS protection 
(mitochondria) 

BAK1 2.93 + 0.34 * 3.37 + 0.71 * Apoptosis induction 

BCL2 0.39 + 0.12 * 0.18 + 0.08 * Apoptosis inhibition 

 
The expression level of specific mitochondria-related genes, representative of the main 

biological categories screened by PCR arrays, was validated by qRT-PCR (n = 3). The 

expression level of each gene in untreated U-2OS cells was considered as 1. The relative 

expression of the other genes was calculated with the PrimePCR™ Analysis Software. S14 

gene was used as housekeeping gene. Versus untreated U-2OS cells: * p < 0.05.   
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Table 8. Supplementary Tables S7. qRT-PCR validation of PCR-arrays results in U-

2OS/DX580 cells treated with doxorubicin or mitochondria-targeting doxorubicin 

Gene name Relative expression  
Dox vs Ctrl 

Relative expression  
mtDox vs Ctrl 

Biological function 

TIMM8B 1.28 + 0.21  1.54 + 0.33 Protein insertion in 
the inner 
membrane 

TOMM70A 1.07 + 0.21  0.52 + 0.13 * Mitochondrial 

proteins import 

MFN2 0.95 + 0.13 0.43 + 0.18 * Control of 
mitochondria fusion 

OPA1 0.91 + 0.08 0.21 + 0.10 * Control of 
mitochondria 
network 

SLC25A10 1.14 + 0.21  0.33 + 0.06 * Dicarboxylic acids 
import 

CPT1 0.95 + 0.18  0.26 + 0.05 * Long chain fatty 
acylcoA import/β-
oxidation 

NDUFA2 1.04 + 0.12  0.21 + 0.03 * NADH:ubiquinone 
oxidoreductase 
assembly 

NDUFS5 1.04 + 0.19  0.41 + 0.23 *  NADH:ubiquinone 
oxidoreductase 
subunit 

UQRCQ 1.08 + 0.11 0.61 + 0.15 *  Ubiquinol-
cytochrome c 
reductase subunit 

UQRCFS1 1.52 + 0.13  0.33 + 0.07 * Ubiquinol-
cytochrome c 
reductase subunit 

OXA1L 1.24 + 0.11 0.61 + 0.17 * Cytochrome c 
oxidase assembly 

ATP5L 1.06 + 0.14  0.41 + 0.19 *  ATP synthase 
subunit 

UCP1 1.17 + 0.25  2.49 + 0.36 * OXPHOS/ATP 
synthesis 
uncoupling  

SLC25A27 0.97 + 0.21  2.27 + 0.31 * OXPHOS/ATP 
synthesis 
uncoupling 

SOD2 0.87 + 0.11  0.36 + 0.14 * ROS protection 
(mitochondria) 

BAK1 1.32 + 0.22  3.11 + 0.39 * Apoptosis induction 

BCL2 1.059 + 0.19 0.37 + 0.13 * Apoptosis inhibition 

 
The expression level of specific mitochondria-related genes, representative of the main 

biological categories screened by PCR arrays, was validated in qRT-PCR (n = 3). The 

expression level of each gene in untreated U-2OS/DX580 cells was considered as 1. The 

relative expression of the other genes was calculated with the PrimePCR™ Analysis 
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Software. S14 gene was used as housekeeping gene. Versus untreated U-2OS/DX580 

cells: * p < 0.05. 

 
 
 

4.2.4 Mitochondria-targeting doxorubicin reduces mitochondrial biogenesis, protein import 

and energy metabolism in doxorubicin-resistant osteosarcoma cells  

Given the peculiar signature of drug-sensitive versus drug-resistant variants and the 

different effects of Dox versus mtDox in resistant cells, we then investigated the impact of 

mtDox on mitochondria biogenesis and energy metabolism in our osteosarcoma models. 

For sake of simplicity, I only show the results obtained in U-2OS and U-2OS/DX580 cells. 

The effects of Dox and mtDox on gene expression and mitochondrial functions of U-

2OS/DX30 and U-2OS/DX100 variants were intermediate between the effects produced in 

U-2OS and U-2OS/DX580 cells (data not shown). 

Compared with U-2OS cells, U-2OS/DX580 cells had a higher content of mitochondrial DNA 

(Figure 19A) and proteins (Figure 19), a higher nuclear translocation of PGC-1α (Figure 

19C) and a higher expression of COX-I (Figure 19D), which is encoded by mitochondrial 

DNA. This scenario is suggestive of increased mitochondria biogenesis in the resistant 

variant. Also SDH-A, which is encoded by nuclear DNA, was increased (Figure 19E), likely 

in consequence of the higher expression of mitochondrial protein importers in U-2OS/DX580 

cells. In keeping with the gene expression profiling signature, U-2OS/DX580 cells had higher 

metabolic flux through the TCA cycle (Figure 19F), higher rate of fatty acids β-oxidation 

(Figure 19G), ATP-linked OCR (Figure 19H, 19I), maximal respiration capacity (Figure 19H, 

19J), ATP synthesis by oxidative phosphorylation (Figure 19K) Dox and mtDox decreased 

all these parameters in drug-sensitive cells; only mtDox decreased them in drug-resistant 

cells (Figure 19). The experiment on Saos-2 cells and in the corresponding resistant variants 

Saos-2/DX30, Saos-2/DX100, Saos-2/DX580 cells confirm that not only the U-2OS cell line 

have that behavior (not shown). 
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Figure 19  Mitochondria biogenesis and energy metabolism in cells treated with doxorubicin 

or mitochondria-targeting doxorubicin  

Dox-sensitive U-2OS cells and Dox-resistant U-2OS/DX580 cells were incubated in the 

absence (Ctrl) or in the presence of 5 mM/L Dox or mtDox for 24 hours. Data are presented 

as mean ±SD (n ¼ 4). A and B. the amount of mitochondrial DNA (A) and proteins (B) was 

measured in duplicate after mitochondria isolation, as described under Materials and 

Methods. For both panels, versus U-2OS Ctrl cells: *, P < 0.05; versus U-2OS/DX580 Ctrl 

cells: *, P < 0.02; U-2OS/DX580 versus U-2OS cells: #, P < 0.001. C. nuclear extracts were 

analyzed for the levels of PGC-1a by Western blotting. The TBP expression was used as 

the control of equal protein loading. The figure is representative of 1 of 3 experiments. D 

and E. the expression of subunit I of complex IV (COX-I, D) and succinic acid 

dehydrogenase-A of complex II (SDH-A, E) was measured by quantitative 

immunocytochemistry in duplicate. For both panels, versus U-2OS Ctrl cells: *, P < 0.05; 

versus U-2OS/DX580 Ctrl cells: °, P < 0.001; U-2OS/DX580 versus U-2OS cells: #, P < 0.05. 

F. the glucose flux through the TCA cycle was measured in duplicate in cells radiolabeled 

with [6-14C]-glucose. Versus U-2OS Ctrl cells: *, P < 0.05; versus U-2OS/DX580 Ctrl cells: 

°, P < 0.001; U-2OS/DX580 versus U-2OS cells: #, P < 0.002. G, the amount of 14C-ASM 

derived from fatty acids b-oxidation was measured in duplicate in cells labeled with [1-14C]-

palmitoyl coenzyme A. Versus U-2OS Ctrl cells: *, P < 0.001; versus U-2OS/DX580 Ctrl 

cells: °, P < 0.001; U-2OS/DX580 versus U-2OS cells: #, P < 0.05. H, mitochondrial 

bioenergetic profiles generated using the Seahorse XFp Analyzer, in U-2OS cells (left) and 

U-2OS/DX580 cells (right). The figures are representative of 1 of 4 experiments, each 

performed in triplicate. I and J, ATP-linked OCR rates (I) and maximal 

respiration (J) were determined from the bioenergetic profiles in H. ATP-linked OCR 

represents the difference between basal and oligomycin-treated OCR, whereas maximal 

respiration represents the difference between FCCP- and rotenone/antimycin-treated OCR. 

Versus U-2OS Ctrl cells: *, P < 0.05; versus U-2OS/DX580 Ctrl cells: °, P < 0.001; U-

2OS/DX580 versus U-2OS cells: #, P < 0.05. K, ATP levels in isolated mitochondria were 

measured in duplicate by a chemiluminescence-based assay. Versus U-2OS Ctrl cells: *, P 

< 0.05; versus U-2OS/DX580 Ctrl cells: °, P < 0.005; U-2OS/DX580 versus U-2OS cells #P 

< 0.01. 
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4.2.5 Mitochondria-targeting doxorubicin triggers a mitochondria-dependent apoptosis in 

drug-resistant osteosarcoma cells  

We did not detect any significant difference in intramitochondrial ROS levels between U-

2OS and U-2OS/DX580 cells (Figure 20A). Again, Dox increased ROS in drug-sensitive 

cells but not in drug-resistant ones; mtDox significantly increased intramitochondrial ROS in 

both cell populations (Figure 20A). The higher level of ROS was paralleled by mitochondrial 

depolarization (Figure 20B). Dox increased pro-apoptotic proteins such as Bak, active Bid 

(tBid) and Puma, and decreased anti-apoptotic proteins such as Bcl-2 and Bcl-xL in U-2OS 

cells only. mtDox elicited these effects in both variants (Figure 20C), in line with the gene 

expression profile. Consistently with the change in mitochondria polarization, Dox increased 

the mitochondria-associated Bad, Bak, Bax, tBid, BimL and Puma, the release of 

cytochrome c into the cytosol (Figure 20D), the activity of caspase 9 (Figure 20E) and 

caspase 3 (Figure 20F) only in drug-sensitive cells, whereas mtDox was effective in both U-

2OS and U-2OS/DX580 cells (Figure 20D-F). 
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Figure 20 Effects of doxorubicin and mitochondria-targeting doxorubicin on mitochondria 

integrity and mitochondria-dependent apoptosis. Dox-sensitive U-2OS cells and Dox-

resistant U-2OS/DX580 cells were incubated in the absence (Ctrl) or in the presence of 5 

μmol/L Dox or mitochondria-targeting doxorubicin (mtDox) for 24 h. A. Intramitochondrial 

ROS levels were measured fluorimetrically in triplicate using the DCFDA-AM probe. Data 

are presented as means ± SD (n = 4). Versus U-2OS Ctrl cells: * p < 0.001; versus U-

2OS/DX580 Ctrl cells: ° p < 0.001; U-2OS/DX580 versus U-2OS cells: # p < 0.001. B. The 

mitochondrial membrane potential was assessed in duplicate by the JC-1 staining method. 

The percentage of green versus red mitochondria was considered an index of mitochondrial 

depolarization and permeability transition. Data are presented as means + SD (n = 4). 

Versus U-2OS Ctrl cells: * p < 0.005; versus U-2OS/DX580 Ctrl cells: ° p < 0.005; U-

2OS/DX580 versus U-2OS cells: # p < 0.002. C. Whole cell lysates were probed with the 

indicated antibodies. BID full-leght and truncated (tBID) protein and BIM isoforms BIMEL, 

BIML, BIMS are shown. The β-tubulin expression was used as control of equal protein 

loading. The figure is representative of 3 experiments with similar results. D. Mitochondrial 

and cytosolic extracts were subjected to Western blotting and probed with the indicated 

antibodies. tBID and BIML isoforms are shown. Porin and β-tubulin expression were used 

as control of equal protein loading in the respective extracts. The figure is representative of 

3 experiments with similar results. E-F. The activity of caspase 9 (panel E) and caspase 3 

(panel F) was measured fluorimetrically in duplicate in the cytosolic extracts. Data are 

presented as means + SD (n = 4). For both panels, versus U-2OS Ctrl cells: * p < 0.001; 

versus U-2OS/DX580 Ctrl cells: ° p < 0.001; U-2OS/DX580 versus U-2OS cells: # p < 0.001.                                                                                     
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Part two 

 

4.3 H2S-releasing doxorubicin (Sdox) 
 

 
4.3.1 H2S-releasing doxorubicin is not exert cytotoxicity on H9c2 cardiomyocytes 

 
In a preliminary screening of different H2S-releasing Doxs (Chegaev K et al., J Med 

Chem 2016), we identified compund 10 (termed Sdox in the following paragraph) as 

the compound with the lowest cytotoxicity in H92c cardiomyocytes, notwithstanding the 

same intracellular accumulation (Figure 21 A-B).  
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Figure 21 Intracellular accumulation and cytotoxicity of H2S-releasing Doxorubicins in 

cardiomyocytes. H9c2 cardiomyocytes were incubated for 24 h in fresh medium (CTRL) or 

in medium containing 5 μM Dox (DOXO) or different H2S-releasing doxorubicins (compound 

10−16). (A) The amount of intracellular Dox was measured fluorimetrically in cell lysates in 

duplicate (n = 3). Data are presented as means ± SD. (B) The release of extracellular LDH 

in the culture medium was measured spectrophotometrically in duplicate (n = 3). Vs CTRL: 

* p < 0.001; vs DOXO: ° p < 0.05. 

 

The lack of cytotoxicity was due to the low levels of ROS in cells exposed to H2S-releasing 

doxorubicins (Figure 22A). Low ROS levels were likely due to the presence of H2S that may 

buffer the ROS increase elicited by Dox. Indeed, in cells treated with  H2S-scavenger 

hydroxycobalamin intracellular ROS and cytotoxicity induced by H2S-releasing doxorubicins 

were increased (Figure 22 A-B). 
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Figure 22 Intracellular ROS and cytotoxicity of H2S-releasing doxorubicins in 

cardiomyocytes treated with the H2S scavenger hydroxocobalamin (OHCbl). H9c2 

cardiomyocytes were incubated for 24 h in fresh medium (CTRL) or in medium containing 5 

μM Dox (DOXO) or H2S-releasing doxorubicins (compounds 10-16), in the absence (−) or 

in the presence (+) of 100 μM OHCbl, chosen as H2S scavenger. (A) The amount of 

intracellular ROS was measured fluorimetrically in cell lysates in duplicate (n = 3). Data are 

presented as means ± SD. Vs respective CTRL: * p < 0.01; vs DOXO: ° p < 0.002; − OHCbl 

vs + OHCbl: p < 0.01 for all compounds (not shown). (B) The release of extracellular LDH 

in the culture medium was measured spectrophotometrically in duplicate (n = 3). Vs 

respective CTRL: * p < 0.05; vs DOXO: ° p < 0.05; − OHCbl vs + OHCbl: p < 0.05 for all 

compounds (not shown). 
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4.3.2 H2S-releasing doxorubicin exerts cytotoxic effects against drug-resistant 

osteosarcoma cells 

We next analyzed if the poorly cardiotoxic compound 10/Sdox still exerted cytotoxic and 

anti-proliferative effects agaisnt U-2OS and Saos-2 cells, and in the respective resistant 

variants. As expected, Dox was well retained in U-2OS and Saos-2 cells (Figure 23A-B), 

where it induced cell damage (Figure 23C-D) and reduced cell viability (Figure 23E-F), but 

it was progressively less accumulated and less toxic in resistant cells (Figure 23A-F). 

Although the accumulation and the release of LDH were also progressively decreased in 

resistant cells treated with Sdox, such decrease was less pronounced: overall, Sdox was 

significantly more accumulated and cytotoxic than Dox in all cell populations. Notably, Sdox 

reduced cell viability to the same extent in sensitive and resistant cells (Figure 23A-F). In 

keeping with these data, the IC50 to dox was at least 15-fold higher in DX580 sublines than 

in parental U-2OS or Saos-2 cells, while the IC50 to Sdox increased less than 4-fold (Table 

9). The IC50 to Sdox was higher in not-transformed osteoblasts than in osteosarcoma cells 

(Table 9), suggesting again the existence of a good therapeutic window to target tumor cells, 

with limited toxicity on healthy osteoblasts. 
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Figure 23 H2S-releasing doxorubicin is effective against resistant osteosarcoma cells 

Human dox-sensitive U-2OS cells and Saos-2 cells, and dox-resistant variants (DX30, 

DX100, DX580) were grown in fresh medium (ctrl) or in medium containing 5 µM doxorubicin 

(dox) or H2S-releasing doxorubicin (Sdox) for 6 h (panels A-B), 24 h (panels C-D) or 72 h 

(panels E-F). A-B. Intracellular doxorubicin accumulation, measured in duplicates by a 

fluorimetric assasy. Data are means±SD (n=6). *p<0.05 for DX-cells vs. parental U-2OS or 

Saos-2 cells; °p<0.001 for Sdox vs. dox. C-D. Extracellular release of LDH measured 

spectrophotometrically in triplicates. Data are means±SD (n=6). *p<0.001 for treated vs. 
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untreated cells; °p<0.001 for Sdox vs. dox. E-F. Cell viability measured by a 

chemiluminescence-based assay in quadruplicates. Data are means±SD (n=6). *p<0.001 

for treated vs. untreated cells; °p<0.001 for Sdox vs. dox. 

 

Table 9. IC50 to doxorubicin and H2S-releasing doxorubicin 
 

Cell line dox Sdox 

U-2OS 4.15 + 0.37 3.09 + 0.19 

U-2OS/DX30 19.21 + 2.02 * 4.35 + 0.82 ° 

U-2OS/DX100 50.39 + 8.33 * 9.34 + 1.21 ° 

U-2OS/DX580 

102.34 + 22.09 

* 11.88 + 2.33 ° 

Saos-2 6.21 + 1.09 4.88 + 0.79 

Saos-2/DX30 16.21 + 1.97 * 7.45 + 0.81 ° 

Saos-2/DX100 44.37 + 8.01 * 10.22 + 1.98 ° 

Saos-2/DX580 98.52 + 15.01 * 15.23 + 2.19 ° 

Primary 

osteoblasts 6.09 + 0.77 28.98 + 2.11 ° 

 
Cells were incubated for 72 h with increasing concentrations (1 nM-1 mM) of doxorubicin 

(dox) or H2S-realeasing doxorubicin (Sdox). Cell viability was measured in quadruplicates 

by a chemiluminescence-base assay (ATPlite kit). Data are means±SD (n=6). * p < 0.001 

for dox-resistant variants vs.their parental cells; °p < 0.001 for Sdox versus dox. 

 

Interestingly, whereas Dox accumulation was significantly increased in resistant cells treated 

with the Pgp inhibitor verapamil (Figure 24A), Sdox accumulation was not affected (Figure 

24B), suggesting that the drug competed was not effluxed or less effluxed by Pgp. 
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Figure 24 Effects of verapamil on H2S-releasing doxorubicin accumulation 

Human doxorubicin-sensitive U-2OS cells and doxorubicin-resistant variants (DX30, DX100, 

DX580) were cultured for 6 h with 5 µM doxorubicin (dox; panel A) or H2S-releasing 

doxorubicin (Sdox; panel B), in the absence (-) or presence (+) of 50 mM verapamil (ver). 

The intracellular drug accumulation was measured by a fluorimetric assasy in duplicates. 

Data are means±SD (n=6). *p<0.001 for DX-cells vs. parental U-2OS cells; °p<0.001 for 

verapamil-treated vs. untreated cells. 
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Kinetic efflux of doxorubicin and S-dox/compound 10 from U-2OS/DX580 cells showed hat 

Sdox had a higher Km for Pgp, suggestive of poor affinity for the transporter (Figure 25). 

This issue is in line with the lack of effect of verapamil on Sdox retention. Moreover, Sdox 

had a significantly lower Vmx of efflux from U-2OS/DX580 cells, suggesting that these cells 

may have a lower amount of Pgp on cell surface. The co-incubation of parental dox with the 

only H2S-releasing moiety (compound 3) contained in Sdox/compound 10 did not affect Km, 

but reduced Vmax of drug efflux (Figure 25). This experimental set suggest that part of the 

increased toxicity of Sdox may be due to the reduced efflux through Pgp, as a consequence 

of lower affinity of the drug and lower ampunt of the transporter on cell surface. This may 

result in increased intracellular retention of Sdox that induces increased cytotoxicity than 

dox. 

 

 

 

 

 

 

 

 

Figure 25 Efflux kinetics of doxorubicin from drug-resistant osteosarcoma cells. Dox-

resistant U-2OS/DX580 cells were incubated for 20 min with increasing concentrations 

(0−50 μM) of DOXO, DOXO with the H2S-releasing moiety (compound 3), or 

Sdox/compound 10. Cells were washed and tested fluorimetrically for their intracellular drug 

content. The procedure was repeated on a second series of dishes, incubated under the 

same experimental conditions and analyzed after 10 min. Data are presented as means ± 

SD (n = 3). The rate of DOXOs efflux (dc/dt) was plotted versus the initial 

concentration of the drug. Vmax (nmol/min/mg proteins), and Km (nmol/mg proteins) values 

were calculated with the Enzfitter software. DOXO + 3 vs DOXO: p ≤ 0.001, for 

concentrations 1−50 μM; 10 vs DOXO: p ≤ 0.001, for concentrations 0.5−50 μM; 10 vs 

DOXO + 3: p ≤ 0.01, for concentrations 0.5−50 μM (not shown). For Km, vs DOXO: * p 0.01; 

for Vmax, vs DOXO: * p < 0.001; vs DOXO + 3: ° p < 0.05.  

  

   Km               
Vmax0.95 + 0.12         24.09 + 

2.89 
0.93 + 0.15         16.02 + 

2.33 * 
 2.00 + 0.21 *      10.25 + 

*
,
° 



~ 100 ~ 
 

4.3.3 H2S-releasing doxorubicin localizes within ER and up-regulates ERAD/ERQC-related 

genes  

We next investigated possible mechanisms of Sdox cytotoxicity in resistant osteosarcoma 

cells. 

As already observed in cardiomyocytes, also in osteosarcoma Sdox/compound 10 did not 

increase ROS production: the lowere levels of ROS were due to the presence of H2S-

releasing moiety, since ROS were increased by the H2S-scavenger hydroxycobalamin 

(Figure 26).       

 

 

  

 

 

 

 

 

 

 

Figure 26 Intracellular ROS in cells treated with of H2S-releasing doxorubicin and 

hydroxycobalamin. Dox-sensitive U-2OS cells and the Dox-resistant variants (U-2OS/DX30, 

U-2OS/DX100, U-2OS/DX580) were incubated for 24 h in fresh medium (CTRL) or in 

medium containing 5 μM dox (DOXO) or Sdox (compound 10), in the absence (−) or in the 

presence (+) of 100 μM OHCbl. The amount of intracellular ROS was measured 

fluorimetrically in cell lysates in duplicate (n = 3). Data are presented as means ± SD. Vs 

respective CTRL: * p < 0.001; − OHCbl vs + OHCbl: p < 0.001 
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Differently from dox that had a nuclear accumulation, Sdox was mainly localized within ER 

(Figure 26).  

 

 

 

 

 

 

 

 

 

 

Figure 27 H2S-releasing doxorubicin localizes within endoplasmic reticulum. U-2OS cells 

were incubated for 24 h with the GFP-KDEL-calreticulin expression vector to label 

endoplasmic reticulum (ER), then treated with 5 µM doxorubicin (dox) or H2S-releasing 

doxorubicin (Sdox) for the last 6 h. The intracellular localization of the drugs was analyzed 

by confocal microscopy. Bar: 10 μm. The micrographs are representative of 4 experiments 

with similar results. 

 

We thus investigated whether the cytotoxic effects of Sdox were mediated by alterations of 

ER functions.  

A baseline gene profiling of U2-OS and resistant clones revealed a remarkable number of 

genes related to ER-associated protein degradation (ERAD) and ER-quality control (ERQC), 

two processes that check protein folding and remove irreversibly damaged proteins (Kim I 

et al., Nat Rev Drug Discov 2008 ; Chevet E et al., Cancer Discov 2015), down-regulated 

with the increase of dox-resistance (Table 10, Figure 28A). We detecte either up- or down-

regulation of genes controlling the unfolded protein response (UPR; Table 10, Figure 28B), 

a series of events triggered by misfolded/unfolded proteins accumulated within ER lumen, 

leading to protein degradation and cell survival, or ER stress and cell death (Kim I et al., Nat 

Rev Drug Discov 2008 ; Chevet E et al., Cancer Discov 2015). Consistently, genes 
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mediating cell death or survival consequent to UPR were either up- or down-regulated in 

untreated sensitive and resistant cells (Table 10, Figure 28C). 

  

Table 10. Unfolded protein response (UPR)-related genes in doxorubicin-sensitive and 

doxorubicin-resistant osteosarcoma cells 

Ref Seq Gene name Biological function 

Fold change 

(U-

2OS/DX30 

vs U-2OS) 

p 

value 

Fold change 

(U2OS/DX10

0 

vs U-2OS) 

p 

valu

e 

Fold change 

(U2OS/DX10

0 

vs U-2OS) 

p 

value 

NM_001144 ADM2 Protein synthesis 
1.13 

ns 
1.14 

0.00
1 

0.62 0.02 

NM_024866 AMFR 

ERAD; cholesterol 

homeostasis 
1.27 

0.01 

1.33 
0.00
2 

1.51 0.001 

NM_183356 ASNS Protein synthesis 
0.78 

0.01 
0.76 

0.00
5 

0.18 0.001 

NM_001675 ATF4 UPR 
1.46 

0.002 
1.16 0.02 

0.93 ns 

NM_007348 ATF6 UPR 
0.63 

0.001 
0.62 

0.00
1 

0.75 0.05 

NM_004381 ATF6B UPR 
0.42 

0.001 
0.46 

0.00
5 

0.53 0.001 

NM_004993 ATXN3 ERQC/ERAD 
1.03 

ns 
0.58 

0.00
1 

0.06 0.001 

NM_004324 BAX Cell death 
0.85 

ns 
1.13 ns 

1.11 ns 

NM_032621 BEX2 Cell death 
0.96 

ns 
0.94 ns 

0.93 ns 

NM_004343 CALR ERQC 
0.84 

ns 
0.94 ns 

1.01 ns 

NM_001746 CANX ERQC 
0.96 

ns 
1.01 ns 

1.11 ns 

NM_006430 CCT4 ERQC 
0.74 

0.01 
0.39 

0.00
1 

0.12 0.01 

NM_005194 CEBPB UPR 
0.84 

0.05 
0.76 

0.00
5 

0.65 0.001 

NM_006368 CREB3 Cell death 
1.59 

0.001 
1.65 

0.00
1 

1.06 ns 

NM_032607 CREB3L3 UPR 
1.17 

ns 
2.27 

0.00
1 

2.87 0.001 

NM_004083 DDIT3 UPR; cell death 
0.17 

0.001 
0.62 

0.00
1 

0.40 0.001 

NM_024295 DERL1 ERAD 
0.61 

0.005 
0.42 

0.00
1 

0.22 0.01 

NM_012328 DNAJB9 Cell survival 
0.78 

0.01 
0.76 

0.00
5 

0.65 0.001 

NM_018981 DNAJC10 ERAD 
0.68 

0.002 
0.41 

0.00
1 

0.07 0.001 

NM_006260 DNAJC3 ERQC; UPR 
0.73 

0.005 
0.48 

0.00
1 

0.14 0.001 

NM_014674 EDEM1 ERAD 
0.63 

0.001 
0.46 

0.00
1 

0.16 0.001 

NM_032025 EIF2A UPR 
1.11 

ns 
0.50 

0.00
1 

0.53 0.001 

NM_004836 EIF2AK3 UPR 
0.78 

0.01 
0.31 

0.00
1 

0.21 0.001 

NM_001433 ERN1 UPR 
0.26 

0.001 
0.66 

0.00
1 

0.99 ns 

NM_033266 ERN2 UPR; Cell death 
0.36 

0.001 
0.38 

0.00
2 

1.62 0.02 

NM_014584 ERO1L ERQC; cell death 
1.27 

ns 
0.84 0.05 

0.57 0.001 
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NM_019891 ERO1LB Cell death 
0.88 

ns 
0.73 0.01 

0.53 0.001 

NM_015051 ERP44 ERQC 
0.73 

0.05 
0.50 

0.00
1 

0.33 0.001 

NM_018438 FBXO6 ERAD 
0.75 

0.01 
0.33 

0.00
1 

0.05 0.005 

NM_198334 GANAB ERQC 
0.68 

0.02 
1.16 0.02 

3.24 0.001 

NM_198141 GANC ERQC 
1.36 

ns 
1.24 ns 

3.72 0.001 

NM_016095 GINS2 Cell survival 
0.40 

0.001 
0.72 0.01 

0.49 0.001 

NM_014685 HERPUD1 UPR 
2.13 

0.005 
3.65 

0.00
1 

5.26 0.001 

NM_005346 HSPA1B ERQC 
0.80 

0.05 
0.46 

0.00
1 

0.15 0.001 

NM_021979 HSPA2 ERQC 
0.83 

ns 
0.67 0.01 

0.22 0.001 

NM_002154 HSPA4 ERQC 
0.84 

ns 
0.62 

0.00
1 

0.22 0.001 

NM_014278 HSPA4L ERQC 
1.10 

ns 
0.46 

0.00
1 

0.41 0.001 

NM_005347 HSPA5 ERQC; UPR 
0.83 

ns 
0.47 

0.00
1 

0.18 0.001 

NM_006644 HSPH1 ERQC; UPR 
0.36 

0.001 
0.38 

0.00
2 

0.62 0.02 

NM_013247 HTRA2 Cell death 
0.96 

ns 
0.92 ns 

1.29 ns 

NM_153692 HTRA4 ERQC 
1.56 

0.01 
0.56 

0.00
1 

0.47 0.001 

NM_031479 INHBE Cell death 
1.80 

0.001 
2.17 

0.00
1 

1.22 0.001 

NM_016133 INSIG2 Cholesterol homeostasis 
1.76 

0.01 
2.38 

0.00
2 

3.82 0.001 

NM_014407 KCNMB3 Calcium flux 
0.11 

0.001 
0.54 

0.00
1 

0.32 0.001 

NM_006010 MANF Cell death 
1.27 

0.01 
0.88 0.05 

0.81 0.01 

NM_002750 MAPK8 Cell  survival 
0.52 

0.001 
1.76 

0.00
1 

3.24 0.001 

NM_002752 MAPK9 Cell survival 
2.06 

0.001 
1.64 

0.00
1 

2.13 0.001 

NM_003791 MBTPS1 Cholesterol homeostasis 
1.27 

0.01 
1.33 

0.00
2 

1.99 0.001 

NM_015884 MBTPS2 Cholesterol homeostasis 
6.70 

0.001 
5.34 

0.00
1 

4.58 0.001 

NM_005914 MCM4 Cell survival 
2.21 

0.001 
1.33 

0.00
2 

0.49 0.001 

NM_017921 NPLOC4 ERAD 
1.46 

0.002 
0.88 0.05 

0.26 0.001 

NM_006184 NUCB1 UPR 
8.25 

0.001 
7.05 

0.00
1 

6.48 0.001 

NM_006812 OS9 ERAD 
0.84 

ns 
0.47 0.01 

0.16 0.001 

NM_182649 PCNA Cell survival 
0.34 

0.001 
0.50 

0.00
1 

0.14 0.001s 

NM_005313 PDIA3 ERQC 
0.86 

ns 
0.88 ns 

0.36 0.001 

NM_002624 PFDN5 ERQC 
1.11 

ns 
0.29 

0.00
1 

0.45 0.001 

NM_021130 PPIA ERQC 
0.72 

0.01 
0.42 

0.00
1 

0.29 0.001 

NM_014330 PPP1R15A Cell death 
1.03 

ns 
0.94 ns 

2.63 0.001 

NM_002743 PRKCSH ERQC 
6.25 

0.001 
6.58 

0.00
1 

7.44 0.001 

NM_006913 RNF5 ERAD 
0.99 

ns 
0.76 0.01 

0.44 0.001 

NM_002950 RPN1 ERQC 
0.73 

0.005 
1.16 ns 

3.24 0.001 

NM_001034 RRM2 Cell survival 
0.36 

0.001 
0.38 

0.00
2 

0.62 0.02 

NM_012235 SCAP Cholesterol homeostasis 
0.63 

0.001 
0.82 0.01 

0.86 ns 
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NM_003262 SEC62 ERQC 
0.70 

0.01 
0.45 

0.00
1 

0.27 0.001 

NM_007214 SEC63 ERQC 
1.03 

ns 
0.91 ns 

0.31 0.001 

NM_005065 SEL1L ERQC 
0.96 

ns 
0.94 ns 

0.40 0.001 

NM_203472 SELS ERAD 
3.13 

0.001 
2.49 

0.00
1 

2.63 0.001 

NM_014445 SERP1 ERQC 
0.70 

0.002 
0.62 

0.00
1 

0.45 0.002 

NM_022464 SIL1 ERQC 
1.18 

ns 
0.32 

0.00
1 

0.13 0.001 

NM_005835 SLC17A2 Phosphate transport 
0.55 

0.001 
0.50 

0.00
1 

2.45 0.001 

NM_004176 SREBF1 Cholesterol homeostasis 
0.36 

0.001 
0.38 

0.00
2 

1.62 0.02 

NM_172230 SYVN1 ERQC; cell survival 
1.15 

ns 
1.25 ns 

0.86 0.05 

NM_030752 TCP1 ERQC 
0.66 

0.001 
0.46 

0.00
1 

0.14 0.001 

NM_000113 TOR1A ERQC 
1.35 

ns 
0.49 

0.00
1 

0.45 0.001 

NM_021158 TRIB3 UPR; cell death 
0.70 

0.01 
1.29 ns 

1.13 ns 

NM_001071 TYMS Cell survival 
1.72 

0.001 
1.67 

0.00
1 

1.06 ns 

NM_182688 UBE2G2 ERAD 
0.96 

ns 
1.24 

0.00
5 

0.09 0.001 

NM_014607 UBXN4 ERAD 
1.25 

ns 
0.45 

0.00
1 

0.13 0.001 

NM_005659 UFD1L ERAD 
0.63 

0.001 
0.66 

0.00
1 

0.23 0.001 

NM_020120 UGGT1 ERQC 
0.96 

ns 
0.46 

0.00
2 

0.12 0.01 

NM_013282 UHRF1 Cell death 
1.40 

0.01 
0.75 0.05 

0.98 ns 

NM_005151 USP14 ERAD 
0.98 

ns 
0.49 

0.00
1 

0.17 0.001 

NM_007126 VCP ERAD 
0.93 

ns 
0.42 

0.00
1 

0.19 0.001 

NM_005080 XBP1 UPR 
5.44 

0.001 
5.34 

0.00
1 

2.13 0.001 

 
Baseline gene expression in U-2OS cells and in their resistant variants U-2OS/DX30, U-

2OS/DX100 and U-2OS/DX580 cells. Fold-Change (2^(- Delta Delta Ct)) is the normalized 

gene expression (2^(- Delta Ct)) in U-2OS/DX30, U-2OS/DX100 or U-2OS/DX580 cells, 

divided the normalized gene expression (2^(- Delta Ct)) in U-2OS cells, where Ct is the 

threshold cycle in qRT-PCR (n=6). Fold-change values greater than 1 indicate up-regulation, 

fold-change values less than 1 indicate down-regulation. The p values are calculated based 

on a Student’s t-test of the replicate 2^(- Delta Ct) values for each gene. p<0.05 was 

considered significant. ERAD: ER-associated degradation; UPR: unfolded protein response; 

ERQC: ER-quality control. 
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Figure 28 Expression of ERAD/ERQC and UPR-related genes in doxorubicin-sensitive and 

doxorubicin-resistant osteosarcoma cells 

A-C. Hitmap of unfolded protein response (UPR)-related genes, cell death/survival related 

genes, ER-associated degradation/endoplasmic reticulum quality control (ERAD/ERQC)-

related genes in U-2OS/DX30, U-2OS/DX100 and U-2OS/DX580 cells. The figure reports 

genes up-or down-regulated at least two-fold, in at least one cell line, compared to untreated 

U-2OS cells (n=6). The expression of each gene in U-2OS cells was considered 1 (not 

shown). The whole list of genes analyzed is reported in Table 10. 

 

 

Both dox and Sdox up-regulated most of ERAD/ERQC-related genes in U-2OS cells (Table 

11, Figure 29A). As expected in consequence of the low intracellular accumulation, dox 

produced minor changes in the expression of this gene set in U-2OS/DX580 cells. By 

contrast, Sdox still up-regulated most ERAD/ERQC-related genes in drug-resistant cells 

(Table 12, Figure 29A). The key proteins of ERAD pathway EDEM1, UGGT1, SEC62 and 

VCP were lower in U-2OS/DX580 cells compared to U-2OS cells (Figure 29B). In keeping 

with gene profiling results, dox increased these proteins in drug-sensitive but not in drug-

resistant cells, Sdox increased them in both cell populations (Figure 29B). 

These data suggests that Sdox forces resistant cells to up-regulate the ERAD/ERQC 

apparatus, likely as a consequence of an increased burden of unfolded/misfolded proteins 

in ER. 
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Table 11. Unfolded protein response (UPR)-related genes in doxorubicin-sensitive 

osteosarcoma cells treated with doxorubicin or H2S-releasing doxorubicin 

Ref Seq Gene name Biological function 

Fold change 

(dox-treated 

cells 

vs 

untreated 

cells) 

p 

value 

Fold change 

(Sdox-

treated cells 

vs 

untreated 

cells) 

p  

value 

NM_001144 ADM2 Protein synthesis 
2.75 0.001 

0.73 0.02 

NM_024866 AMFR 

ERAD; cholesterol 

homeostasis 
1.44 0.001 

0.62 0.001 

NM_183356 ASNS Protein synthesis 
0.02 0.001 

0.43 0.001 

NM_001675 ATF4 UPR 
2.17 0.001 

3.53 0.001 

NM_007348 ATF6 UPR 
2.15 0.001 

4.33 0.001 

NM_004381 ATF6B UPR 
1.56 0.002 

2.17 0.001 

NM_004993 ATXN3 ERQC/ERAD 
1.42 0.001 

2.16 0.01 

NM_004324 BAX Cell death 
1.82 0.001 

2.66 0.001 

NM_032621 BEX2 Cell death 
1.12 ns 

4.33 0.001 

NM_004343 CALR ERQC 
0.74 0.05 

1.22 ns 

NM_001746 CANX ERQC 
1.28 ns 

1.27 ns 

NM_006430 CCT4 ERQC 
1.12 ns 

2.86 0.001 

NM_005194 CEBPB UPR 
1.30 0.05 

1.56 0.02 

NM_006368 CREB3 Cell death 
1.58 0.001 

2.01 0.001 

NM_032607 CREB3L3 UPR 
1.17 ns 

2.16 0.001 

NM_004083 DDIT3 UPR; cell death 
2.16 0.001 

2.16 0.002 

NM_024295 DERL1 ERAD 
1.40 0.02 

2.44 0.001 

NM_012328 DNAJB9 Cell survival 
0.34 0.001 

0.64 0.001 

NM_018981 DNAJC10 ERAD 
2.26 0.001 

2.66 0.001 

NM_006260 DNAJC3 ERQC; UPR 
1.52 0.001 

2.88 0.001 

NM_014674 EDEM1 ERAD 
1.49 0.002 

3.47 0.001 

NM_032025 EIF2A UPR 
1.12 ns 

1.35 ns 

NM_004836 EIF2AK3 UPR 
2.32 0.001 

2.54 0.001 

NM_001433 ERN1 UPR 
0.40 0.001 

0.44 0.001 

NM_033266 ERN2 UPR; Cell death 
2.75 0.001 

2.41 0.002 

NM_014584 ERO1L ERQC; cell death 
1.30 0.05 

1.13 ns 

NM_019891 ERO1LB Cell death 
2.09 0.002 

0.94 ns 

NM_015051 ERP44 ERQC 
1.21 ns 

1.38 ns 
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NM_018438 FBXO6 ERAD 
2.11 0.001 

2.10 0.001 

NM_198334 GANAB ERQC 
1.37 ns 

1.31 0.001 

NM_198141 GANC ERQC 
1.85 0.02 

2.62 0.001 

NM_016095 GINS2 Cell survival 
1.20 ns 

1.02 ns 

NM_014685 HERPUD1 UPR 
2.26 0.001 

2.15 0.001 

NM_005346 HSPA1B ERQC 
1.32 ns 

1.43 0.05 

NM_021979 HSPA2 ERQC 
1.64 0.005 

4.64 0.001 

NM_002154 HSPA4 ERQC 
1.91 0.001 

4.64 0.001 

NM_014278 HSPA4L ERQC 
1.98 0.001 

3.06 0.001 

NM_005347 HSPA5 ERQC; UPR 
1.38 0.02 

3.06 0.001 

NM_006644 HSPH1 ERQC; UPR 
2.75 0.001 

2.41 0.001 

NM_013247 HTRA2 Cell death 
1.37 ns 

1.54 0.02 

NM_153692 HTRA4 ERQC 
1.82 0.001 

5.33 0.001 

NM_031479 INHBE Cell death 
0.91 ns 

0.94 ns 

NM_016133 INSIG2 Cholesterol homeostasis 
2.75 0.001 

0.48 0.002 

NM_014407 KCNMB3 Calcium flux 
1.11 ns 

1.24 ns 

NM_006010 MANF Cell death 
0.28 0.001 

0.24 0.001 

NM_002750 MAPK8 Cell  survival 
0.32 0.001 

0.31 0.001 

NM_002752 MAPK9 Cell survival 
1.20 ns 

0.76 0.005 

NM_003791 MBTPS1 Cholesterol homeostasis 
0.34 0.001 

0.82 ns 

NM_015884 MBTPS2 Cholesterol homeostasis 
0.95 ns 

1.53 ns 

NM_005914 MCM4 Cell survival 
0.56 0.001 

0.33 0.001 

NM_017921 NPLOC4 ERAD 
1.42 0.005 

1.58 0.002 

NM_006184 NUCB1 UPR 
1.20 ns 

1.53 0.005 

NM_006812 OS9 ERAD 
0.91 ns 

0.82 ns 

NM_182649 PCNA Cell survival 
0.25 0.001 

0.08 0.001 

NM_005313 PDIA3 ERQC 
1.52 0.001 

2.22 0.001 

NM_002624 PFDN5 ERQC 
3.16 0.001 

4.04 0.001 

NM_021130 PPIA ERQC 
1.12 ns 

1.76 0.001 

NM_014330 PPP1R15A Cell death 
0.59 0.0001 

0.33 0.001 

NM_002743 PRKCSH ERQC 
1.20 ns 

2.02 0.001 

NM_006913 RNF5 ERAD 
1.21 ns 

2.02 0.001 

NM_002950 RPN1 ERQC 
0.37 0.001 

0.10 0.001 

NM_001034 RRM2 Cell survival 
0.75 0.05 

0.41 0.001 

NM_012235 SCAP Cholesterol homeostasis 
0.24 0.001 

0.17 0.001 

NM_003262 SEC62 ERQC 
1.34 0.05 

2.76 0.001 

NM_007214 SEC63 ERQC 
0.79 ns 

2.41 0.001 
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NM_005065 SEL1L ERQC 
1.34 ns 

1.82 0.01 

NM_203472 SELS ERAD 
1.42 0.005 

1.43 0.005 

NM_014445 SERP1 ERQC 
1.23 ns 

1.41 0.05 

NM_022464 SIL1 ERQC 
1.38 0.05 

3.52 0.001 

NM_005835 SLC17A2 Phosphate transport 
0.30 0.001 

0.58 0.001 

NM_004176 SREBF1 Cholesterol homeostasis 
2.75 0.001 

0.41 0.002 

NM_172230 SYVN1 ERQC; cell survival 
0.07 0.001 

0.06 0.001 

NM_030752 TCP1 ERQC 
1.40 0.005 

1.17 ns 

NM_000113 TOR1A ERQC 
1.56 0.002 

2.08 0.001 

NM_021158 TRIB3 UPR; cell death 
1.97 0.001 

2.49 0.001 

NM_001071 TYMS Cell survival 
1.04 ns 

0.94 ns 

NM_182688 UBE2G2 ERAD 
1.08 ns 

1.64 0.001 

NM_014607 UBXN4 ERAD 
1.47 0.001 

2.49 0.001 

NM_005659 UFD1L ERAD 
1.11 ns 

1.38 0.05 

NM_020120 UGGT1 ERQC 
1.42 0.01 

3.08 0.001 

NM_013282 UHRF1 Cell death 
3.16 0.0018 

4.04 0.001 

NM_005151 USP14 ERAD 
0.40 0.001 

0.35 0.001 

NM_007126 VCP ERAD 
1.49 0.001 

2.44 0.001 

NM_005080 XBP1 UPR 
1.85 0.002 

3.66 0.001 

 
U-2OS cells were grown in fresh medium (ctrl) or in the presence of 5 µM doxorubicin (dox) 

or H2S-releasing doxorubicin (Sdox) for 24 h. Fold-Change (2^(- Delta Delta Ct)) is the 

normalized gene expression (2^(- Delta Ct)) in dox- or Sdox-treated cells, divided the 

normalized gene expression (2^(- Delta Ct)) in untreated U-2OS cells, where Ct is the 

threshold cycle in qRT-PCR (n=6). Fold-change values greater than 1 indicate up-regulation, 

fold-change values less than 1 indicate down-regulation. The p values are calculated based 

on a Student’s t-test of the replicate 2^(- Delta Ct) values for each gene. p<0.05 was 

considered significant. ERAD: ER-associated degradation; UPR: unfolded protein response; 

ERQC: ER-quality control. 
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Table 12. Unfolded protein response (UPR)-related genes in doxorubicin-resistant 

osteosarcoma cells treated with doxorubicin or H2S-releasing doxorubicin 

Ref Seq Gene name Biological function 

Fold change 

(dox-treated 

cells 

vs 

untreated 

cells) 

p 

value 

Fold change 

(Sdox-

treated cells 

vs 

untreated 

cells) 

p  

value 

NM_001144 ADM2 Protein synthesis 
1.45 ns 0.52 0.002 

NM_024866 AMFR 

ERAD; cholesterol 

homeostasis 
1.41 

0.05 
0.47 0.001 

NM_183356 ASNS Protein synthesis 
1.33 

ns 
0.55 0.001 

NM_001675 ATF4 UPR 
0.91 

ns 
2.54 0.001 

NM_007348 ATF6 UPR 
0.92 

ns 
1.67 0.001 

NM_004381 ATF6B UPR 
0.82 

ns 
1.88 0.005 

NM_004993 ATXN3 ERQC/ERAD 
0.97 

ns 
2.09 0.001 

NM_004324 BAX Cell death 
1.16 

ns 
1.54 0.02 

NM_032621 BEX2 Cell death 
1.66 

0.01 
3.31 0.001 

NM_004343 CALR ERQC 
0.87 

ns 
1.22 0.001 

NM_001746 CANX ERQC 
1.31 

ns 
1.29 0.001 

NM_006430 CCT4 ERQC 
0.82 

ns 
2.34 0.001 

NM_005194 CEBPB UPR 
1.01 

ns 
1.18 ns 

NM_006368 CREB3 Cell death 
1.01 

ns 
1.02 ns 

NM_032607 CREB3L3 UPR 
0.78 

ns 
1.09 ns 

NM_004083 DDIT3 UPR; cell death 
0.88 

ns 
2.51 0.001 

NM_024295 DERL1 ERAD 
1.58 

0.02 
2.33 0.001 

NM_012328 DNAJB9 Cell survival 
1.53 

0.05 
0.24 0.001 

NM_018981 DNAJC10 ERAD 
0.88 

ns 
1.72 0.001 

NM_006260 DNAJC3 ERQC; UPR 
1.19 

ns 
2.36 0.001 

NM_014674 EDEM1 ERAD 
0.94 

ns 
1.82 0.005 

NM_032025 EIF2A UPR 
1.24 

ns 
1.09 ns 

NM_004836 EIF2AK3 UPR 
1.20 

ns 
1.41 0.05 

NM_001433 ERN1 UPR 
0.41 

0.001 
0.62 0.001 

NM_033266 ERN2 UPR; Cell death 
1.17 

ns 
2.22 0.001 

NM_014584 ERO1L ERQC; cell death 
1.64 

0.05 
2.69 0.001 

NM_019891 ERO1LB Cell death 
1.20 

ns 
1.72 0.001 

NM_015051 ERP44 ERQC 
1.14 

ns 
1.14 ns 
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NM_018438 FBXO6 ERAD 
1.17 

ns 
1.16 ns 

NM_198334 GANAB ERQC 
1.11 

ns 
2.16 0.001 

NM_198141 GANC ERQC 
0.92 

ns 
2.29 0.001 

NM_016095 GINS2 Cell survival 
1.01 

ns 
0.77 0.05 

NM_014685 HERPUD1 UPR 
0.86 

ns 
2.31 0.001 

NM_005346 HSPA1B ERQC 
1.76 

0.002 
1.54 0.005 

NM_021979 HSPA2 ERQC 
0.88 

ns 
2.34 0.001 

NM_002154 HSPA4 ERQC 
1.16 

ns 
2.27 0.001 

NM_014278 HSPA4L ERQC 
0.91 

ns 
3.31 0.001 

NM_005347 HSPA5 ERQC; UPR 
0.53 

0.05 
2.34 0.001 

NM_006644 HSPH1 ERQC; UPR 
0.87 

ns 
1.22 ns 

NM_013247 HTRA2 Cell death 
1.16 

ns 
1.14 ns 

NM_153692 HTRA4 ERQC 
0.76 

ns 
1.77 0.001 

NM_031479 INHBE Cell death 
1.33 

ns 
0.95 ns 

NM_016133 INSIG2 Cholesterol homeostasis 
1.17 

ns 
0.39 0.002 

NM_014407 KCNMB3 Calcium flux 
0.88 

ns 
0.95 ns 

NM_006010 MANF Cell death 
0.71 

0.05 
0.42 0.001 

NM_002750 MAPK8 Cell  survival 
0.19 

0.001 
0.16 0.001 

NM_002752 MAPK9 Cell survival 
0.79 

ns 
1.47 0.02 

NM_003791 MBTPS1 Cholesterol homeostasis 
1.20 

ns 
1.58 0.005 

NM_015884 MBTPS2 Cholesterol homeostasis 
1.04 

ns 
1.54 0.002 

NM_005914 MCM4 Cell survival 
0.88 

ns 
0.72 0.02 

NM_017921 NPLOC4 ERAD 
1.38 

0.01 
1.41 0.01 

NM_006184 NUCB1 UPR 
0.87 

ns 
1.33 ns 

NM_006812 OS9 ERAD 
0.95 

ns 
0.81 ns 

NM_182649 PCNA Cell survival 
1.16 

ns 
0.27 0.001 

NM_005313 PDIA3 ERQC 
1.19 

ns 
1.18 ns 

NM_002624 PFDN5 ERQC 
0.88 

ns 
1.72 0.005 

NM_021130 PPIA ERQC 
1.08 

ns 
2.19 0.001 

NM_014330 PPP1R15A Cell death 
1.16 

ns 
0.44 0.001 

NM_002743 PRKCSH ERQC 
1.11 

ns 
1.88 0.001 

NM_006913 RNF5 ERAD 
0.96 

ns 
1.38 ns 

NM_002950 RPN1 ERQC 
0.12 

0.001 
0.14 0.001 

NM_001034 RRM2 Cell survival 
1.17 

ns 
0.22 0.001 

NM_012235 SCAP Cholesterol homeostasis 
0.47 

0.001 
0.38 0.001 

NM_003262 SEC62 ERQC 
0.95 

ns 
2.34 0.001 

NM_007214 SEC63 ERQC 
0.91 

ns 
2.44 0.001 
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NM_005065 SEL1L ERQC 
1.08 

ns 
2.25 0.001 

NM_203472 SELS ERAD 
0.92 

ns 
1.72 0.002 

NM_014445 SERP1 ERQC 
1.27 

ns 
1.41 0.05 

NM_022464 SIL1 ERQC 
1.13 

ns 
1.65 0.005 

NM_005835 SLC17A2 Phosphate transport 
0.14 

0.001 
0.20 0.001 

NM_004176 SREBF1 Cholesterol homeostasis 
1.17 

ns 
0.22 0.001 

NM_172230 SYVN1 ERQC; cell survival 
0.08 

0.001 
0.14 0.001 

NM_030752 TCP1 ERQC 
1.44 

0.05 
1.18 ns 

NM_000113 TOR1A ERQC 
0.95 

ns 
2.41 0.001 

NM_021158 TRIB3 UPR; cell death 
0.93 

ns 
2.02 0.001 

NM_001071 TYMS Cell survival 
1.33 

ns 
1.34 ns 

NM_182688 UBE2G2 ERAD 
1.04 

ns 
9.38 0.001 

NM_014607 UBXN4 ERAD 
0.93 

ns 
1.44 0.01 

NM_005659 UFD1L ERAD 
0.97 

ns 
1.13 ns 

NM_020120 UGGT1 ERQC 
0.87 

ns 
2.25 0.001 

NM_013282 UHRF1 Cell death 
1.43 

0.05 
2.09 0.001 

NM_005151 USP14 ERAD 
0.11 

0.001 
0.16 0.001 

NM_007126 VCP ERAD 
0.91 

ns 
2.12 0.001 

NM_005080 XBP1 UPR 
0.82 

ns 
1.92 0.001 

   
 

 
  

 
U-2OS/DX580 cells were grown in fresh medium (ctrl) or in the presence of 5 µM doxorubicin 

(dox) or H2S-releasing doxorubicin (Sdox) for 24 h. Fold-Change (2^(- Delta Delta Ct)) is the 

normalized gene expression (2^(- Delta Ct)) in dox- or Sdox-treated cells, divided the 

normalized gene expression (2^(- Delta Ct)) in untreated U-2OS/DX580 cells, where Ct is 

the threshold cycle in qRT-PCR (n=6). Fold-change values greater than 1 indicate up-

regulation, fold-change values less than 1 indicate down-regulation. The p values are 

calculated based on a Student’s t-test of the replicate 2^(- Delta Ct) values for each gene. 

p<0.05 was considered significant. ERAD: ER-associated degradation; UPR: unfolded 

protein response; ERQC: ER-quality control. 
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Figure 29 A. Hitmap of ER-associated degradation/endoplasmic reticulum quality control 

(ERAD/ERQC)-related genes in U-2OS and U-2OS/DX580 cells, after 24 h treatment with 

fresh medium, 5 µM dox or Sdox. The figure reports genes up-or down-regulated at least 

two-fold, in at least one cell line, compared to untreated U-2OS cells (n=6). The expression 

of each gene in U-2OS cells was considered 1 (not shown in the figure). The whole list of 

genes analyzed is reported in Tables 11-12. B. Expression of the indicated ERAD/ERQC-

related proteins measured by immunoblotting in U-2OS and U-2OS/DX580 cells, treated as 

in A. The β-tubulin expression was used as control of equal protein loading. The figure is 

representative of 1 out of 4 experiments. Ctrl: fresh medium. 

                                                                                                                                                              

 

3.3.4  H2S-releasing doxorubicin increases sulfhydrated proteins of ER and promotes their 

ubiquitination  

Since Sdox releases H2S (Chegaev K et al., J Med Chem 2016) that sulfhydrates cysteines 

and impairs the formation of disulfide bonds (Li L et al., Annu Rev Toxicol 2011), we 

hypothesized that this property induces a significant misfolding of proteins synthesized 

within ER. We did not detect any appreciable difference of protein sulfhydration between U-

2OS and U2-OS/DX580 cells, either under baseline conditions or after dox treatment (Figure 

30A). By contrast, Sdox significantly increased the amount of sulfhydrated proteins in both 

sensitive and resistant cells: this effect was due to the release of H2S, since it was abrogated 

by the co-incubation with the H2S-scavenger hydroxy-cobalamin (Figure 30A).  

U2-OS cells had low basal ubiquitination of ER-associated proteins; this ubiquitination rate 

was not affected by dox (Figure 30B-C). By contrast, the microsomal ubiquitinated proteins 

of U2-OS/DX580 cells were significantly higher, either in untreated or in dox-treated cells 

(Figure 30B-C), likely as a consequence of the basally low activity of ERAD/ERQC 

apparatus in the resistant population. Sdox increased ubiquitination of ER-associated 

proteins and this effect was abolished by H2S-scavenging (Figure 30B-C), suggesting that 

sulfhydration was necessary to promote protein ubiquitination. The extent of ubiquitination 

exerted by Sdox was greater in U2-OS/DX580 cells than in U-2OS cells (Figure 30B-C), as 

a further confirmation of the lower efficiency of ERAD/ERQC system in U2-OS/DX580 cells. 

  



~ 115 ~ 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30 H2S-releasing doxorubicin increases sulfhydration and ubiquitination of ER-

associated proteins 

U-2OS and U-2OS/DX580 cells were grown in fresh medium (ctrl) or in the presence of 5 

µM doxorubicin (dox) or H2S-releasing doxorubicin (Sdox) for 24 h. When indicated, the 

H2S-scavenger hydroxy-cobalamin (100 µM, Cbl) was co-incubated. Cells were lysed and 

microsomal fractions were isolated. A. Fluorimetric analysis of sulfhydrated microsomal 

proteins, performed in triplicates. Data are means±SD (n=5). *p<0.001 for U-2OS/DX580 

A 

C 

ctrl     dox     Sdox     Cbl    Cbl     Cbl    ctrl    dox  Sdox    Cbl     Cbl      Cbl 
                                         +dox  +Sdox                                       +dox  +Sdox  
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cells vs. U-2OS cells; °p<0.001 for Sdox-treated cells vs untreated (ctrl) or dox-treated cells;  

#p<0.001 for Cbl-treated cells vs. corresponding cells without Cbl. B. Ubiquitination of 

microsomal proteins, measured in triplicates by a chemiluminescence-based assay. Data 

are means±SD (n=5). *p<0.001 for U-2OS/DX580 cells vs. U-2OS cells; °p<0.001 for Sdox-

treated cells vs untreated (ctrl) or dox-treated cells;  #p<0.001 for Cbl-treated cells vs. 

corresponding cells without Cbl. C. Microsomal proteins were resolved by SDS-PAGE and 

probed with an anti-mono/poly-ubiquitin antibody. The caltreticulin expression was used as 

control of equal protein loading. MW: molecular weight. The figure is representative of 1 out 

of 4 experiments. 

 

 

 

4.3.5 H2S-releasing doxorubicin decreases Pgp amount by promoting its sulfhydration and 

ubiquitination in resistant osteosarcoma cells 

Pgp is synthesized in ER where it undergoes to folding and formation of disulfide bonds. 

This process is relevant for Pgp functions, since several cysteine residues are critical to 

preserve structure and catalytic activity of the protein (Pan L et Aller SG, Sci Rep. 2015 

2015). Sdox strongly increased the sulfhydration of Pgp extracted from ER of U-2OS/DX580 

cells (Figure 31A). This process was followed by Pgp ubiquitination (Figure 31B-C) and 

resulted in a decrease of Pgp amount in whole cell lysates (Figure 31D). The abrogation of 

all these effects by hydroxy-cobalamin indicated that H2S is responsible for the sulfhydration 

and subsequent ubiquitination of Pgp. As a result, the amount of Pgp on cell surface, that 

was higher in U-2OS/DX580 cells compared to U-2OS cells, returned to the same levels of 

sensitive cells in resistant cells treated with Sdox (Figure 31E). The lower amount of Pgp on 

cell surface may explain the lower Vmax of dox-efflux observed in U-2OS/DX580 cells 

treated with Sdox. 
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Figure 31 H2S-releasing doxorubicin decreases Pgp by inducing its sulfhydration and 

ubiquitination 

U-2OS/DX580 cells were grown in fresh medium (ctrl) or in the presence of 5 µM doxorubicin 

(dox) or H2S-releasing doxorubicin (Sdox) for 24 h. When indicated, the H2S-scavenger 

hydroxy-cobalamin (100 µM, Cbl) was co-incubated. A. Pgp was isolated by 

immunoprecipitation; the amount of sulfhydrated Pgp was measured fluorimetrically in 

triplicates. Data are means±SD (n=5). *p<0.001 for for Sdox-treated cells vs untreated (ctrl) 

or dox-treated cells; °p<0.001 for Cbl-treated cells vs. corresponding cells without Cbl. B. 

Ubiquitinated Pgp, measured in triplicates by a chemiluminescense-based assay. Data are 

means±SD (n=5). *p<0.001 for Sdox-treated cells vs untreated (ctrl) or dox-treated 

cells; °p<0.001 for Cbl-treated cells vs. corresponding cells without Cbl. C. Microsomal 

proteins were immunoprecipitated (IP) with an anti-Pgp antibody, then immunoblotted (IB) 

with an anti-mono/poly-ubiquitin antibody. The caltreticulin expression was used as control 

of equal protein loading. The figure is representative of 1 out of 4 experiments. no Ab: 

untreated U-2OS/DX580 cell lysate immunoprecipitated in the absence of antibody, to check 

the specificity of the procedure. MW: molecular weight. The figure is representative of 1 out 

of 4 experiments. D. Expression of Pgp in whole lysate derived from cells treated as reported 

in A. U-2OS cells were used as control of lowly-expressing Pgp. E. Surface Pgp in U-2OS 

and U-2OS/DX580 cells, treated as reported in A, measured in duplicates as per flow 

cytometry. Blank: cells incubated with not-immune isotypic antibody. Histograms are 

representative of 1 out of 5 experiments. 
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4.3.6 H2S-releasing doxorubicin triggers ER-dependent apoptosis in drug-resistant 

osteosarcoma cells 

Since UPR may trigger either cell death or cell survival (Kim, 2008; Chevet, 2015), we finally 

investigated which type of response was induced by Sdox. 

As shown in Tables 11-12 and Figure 32A, Sdox up-regulated the expression of UPR 

sensors (e.g. HSPA5/GRP78, EIF2AK3/PERK, ERN1/IRE1α, ATF6) and effectors (e.g. 

ATF4, XBP1, CEBPB, DDIT3/CHOP, TRIB3, HERPUD1) in both U-2OS and U2-OS/DX580 

cells. A similar trend was elicited by dox in sensitive cells, not in resistant ones (Tables 11-

12; Figure 32A). Sdox-treated cells increased the expression of the GRP78/Bip, an 

upstream sensor of UPR (Chevet E et al., Cancer Discov 2015) (Figure 32B), suggesting 

that cells exposed to the drug underwent to ER stressing conditions. GRP78/Bip increase 

was paralleled by the increase of the main ER stress effectors, as demonstrated by the 

activation of IRE1α/XBP-1 axis, PERK/phosphor(Ser51)eiF2α/ATF4 axis and ATF6 (Figure 

32B). ATF6 was clearly cleaved (Figure 32B), a step that up-regulates several ERAD-related 

and UPR-related genes (Kim I et al., Nat Rev Drug Discov 2008). 

It is know that a huge ER stress due to oxidative protein damages elicits ICD (Galluzzi L  et 

al.,Nat Rev Immunol. 2017): contrarily to what observed with mtDox, cells treated with Sdox 

did not show significant increase of CRT translocation nor were more phagocytized than 

untreated cells (data not shown). Although we did not investigated this issues, we cannot 

exclude that the “reductive stress” induced by Sdox within ER lumen alter CRT folding and 

proper translocation on cell surface. Since Sdox did not mediated cytotoxicity through  ICD, 

we focused on possible pro-apoptotic pathways activated in response to ER stress that may 

be induced by Sdox. 

Prolonged activation of UPR effectors increases the expression of the pro-apoptotic isoform 

of C/EBP-β (i.e. C/EBP-β LIP) and of its downstream effector CHOP (Chiribau C et al.,, Mol 

Cel Biol 2010; Riganti C et al., J Natl Cancer Inst 2015). CHOP is known to activate TRB3 

(Li T et al., Autophagy 2013) and PUMA (Cazanave SC et al., Am J Physiol Gastrointest 

Liver Physiol. 2010) that trigger caspase-mediated apoptosis (Li J et al., JBC 2006; 

Cazanave SC et al., J Lipid Res 2011). In U-2OS/DX580 cells Sdox increased the amount 

of C/EBP-β LIP and CHOP levels (Figure 32B), the nuclear translocation of CHOP (Figure 

32C), the expression of TRB3 and PUMA, and the cleavage of caspase 12, 7 and 3 (Figure 

32D). Interestingly, all Sdox effects were exerted with the same extent in dox-sensitive and 

dox-resistant cells. By contrast, dox activated these pathways only in sensitive population 

(Figure 32B-D). 
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The ER stress-triggered apoptosis induced by S-dox was confirmed by the up-regulation of 

several cell death-inducing genes (e.g. BAX, BEX2, CREB3, ERN2, HTRA2, UHRF1) 

coupled with the concomitant down-regulation of pro-survival genes (e.g. DNAJB9, MAPK8, 

PCNA, PPP1R15A, RRM2) (Tables 11-12; Figure 33) in both sensitive and resistant 

osteosarcoma cells. Once again, dox induced a gene signature similar to Sdox in sensitive 

cells, while its effects in resistant cells were not univocal, since it increased either cell death-

related or cell survival-related genes (Tables 11-12; Figure 33). 
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Figure 32 H2S-releasing doxorubicin triggers ER-dependent pro-apoptotic pathways in 

resistant osteosarcoma cells 

A.Hitmap of unfolded protein response (UPR)-related genes in U-2OS and U-2OS/DX580 

cells, after 24 h treatment with fresh medium, 5 µM doxorubicin (dox) or H2S-releasing 

doxorubicin (Sdox). The figure reports genes up-or down-regulated at least two-fold, in at 

least one cell line, compared to untreated U-2OS cells (n=6). The expression of each gene 

in U-2OS cells was considered 1 (not shown). The whole list of genes analyzed is reported 

in Supplementary Tables 11-12. B. Cells treated as in A were lysed and probed with the 

indicated antibodies. The β-tubulin expression was used as control of equal protein loading. 

The figure is representative of 1 out of 4 experiments. XBP1(u): unspliced; XBP1(s): spliced. 

C. CHOP amount measured in nuclear extracts of cells treated as reported in A. The TBP 

expression was used as control of equal protein loading. The figure is representative of 1 

out of 4 experiments D. Whole cell lysates from cells treated as indicated in A were probed 

with the indicated antibodies. The β-tubulin expression was used as control of equal protein 

loading. The figure is representative of 1 out of 4 experiments. Ctrl: fresh medium. 
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Figure 33 Expression of genes related to cell death and survival in doxorubicin-sensitive 

and doxorubicin-resistant osteosarcoma cells 

Hitmap of genes related to cell death/survival in U-2OS and U-2OS/DX580 cells, after 24 h 

treatment with fresh medium, 5 µM doxorubicin (dox) or H2S-releasing doxorubicin (Sdox). 

The figure reports genes up-or down-regulated at least two-fold, in at least one cell line, 

compared to untreated U-2OS cells (n=6). The expression of each gene in U-2OS cells was 

considered 1 (not shown). The whole list of genes analyzed is reported in Tables 11-12. 
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4.3.7 H2S-releasing doxorubicin is effective against doxorubicin-resistant osteosarcoma in 

vivo 

We finally validated the efficacy if Sdox in vivo, using the model of dox-resistant K7M2 

subcutaneously implanted in BALB/c mice. In this model, 5 mg/kg, one a week for 3 

consecutive weeks, a dosage that was near the maximum tolerated dose for animals, did 

not reuce tumor growth (Figure 34A-B). By contrast, Sdox at the same dosage drastically 

reduced tumor development (Figure 34A-B). Moroever, while Dox induced cardiotoxicity as 

indicated by the increase in CPK, a sensitive index of cardiac damage, Sdox did not 

displayed any sign of cardiac or sysetmic toxicity, accordingly to the hematochemical 

parameters measured at the end of treatment (Table 13). 

 

 

 

 

 

 

 

 

 

 

 

Figure 34 H2S-releasing doxorubicin is effective against drug-resistant osteosarcoma in vivo 

Six weeks-old female BALB/c mice were inoculated s.c. with 1 x 106 K7M2 cells. When the 

tumor reached the volume of 50 mm3 (day 7), the animals were randomized and treated as 

detailed under Materials and methods (10 mice/group). A. Tumor growth monitored by 

caliper measure. Arrows represent saline, doxorubicin (dox) or H2S-releasing doxorubicin 

injections (Sdox). Data are presented as means ± SD. Versus Ctrl group: * p < 0.001; Sdox 

group versus Dox group: ° p < 0.001. B. Photograph of representative tumors from each 

treatment group after mice sacrifice. 

ctrl 
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A B ctrl             dox          
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Table 13. Hematochemical parameters of animals 

 Ctrl dox Sdox 

LDH (U/L) 6211 + 678 6273+ 1082 5872 + 428 

AST (U/L) 109 + 37 128 + 43 134 + 56 

ALT (U/L) 45 + 10 37 + 11 41 + 8 

AP (U/L) 97 + 14 89 + 6 88 + 12 

Creatinine (mg/L) 0.037 + 0.009 0.041 + 0.010 0.034 + 0.006 

CPK (U/L) 289 + 109 768 + 132 * 311 + 48 ° 

 
Animals (n = 10/group) were treated as reported under Materials and methods. Blood was 

collected immediately after mice euthanasia and analyzed for lactate dehydrogenase (LDH), 

aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase 

(AP), creatinine, creatine phosphokinase (CPK). Ctrl: mice treated with saline solution; dox: 

mice treated with doxorubicin; Sdox: mice treated with H2S-releasing doxorubicin. Versus 

Ctrl group: *p < 0.005; Sdox group versus Dox group: ° p < 0.005. 
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5. Discussion 

Osteosarcoma is the most frequent bone tumor and is usually treated with multiagent on 

pre- and post-operative chemotherapy, in which Dox is one of the leader drugs, together 

with cisplatin and methotrexate, in association to the surgical removal of the tumor. 

Unfortunately, this multimodal treatment achieves control disease in no more than 60% of 

conventional osteosarcoma patients. The presence of Pgp ia a negrative prognostic factor 

in osteosarcoma patient beacuse it impairs the efficacy of Dox. Despite alternative 

therapeutic strategies, the prognosis of osteosarcoma has not significantly improved in the 

last decades (Hattinger CM et al., Expert Opin Emerg Drugs 2015; Hattinger CM et al.,  

Future Oncol. 2017). 

In my PhD thesis I focused on two intracellular compartments – mitochondria and ER – that 

sporadic evidences from our reserach group and other groups has highlighetd as key 

determinants in acquisition and maintenance of a chemoresistant phenotype. Instead of 

using a conventional approach – i.e. the use of pharmacological inhbitors of Pgp that have 

repeatedely failed in improving chemotherapy outcome – I validated teh efficacy of synthetic 

multitarget Dox-derivatives, designed to be delivered in mitochondria and ER, respectively, 

and to impair the functions of these organelles. The goal of this thesis was the in vitro and 

preclinical validation of these synthetic chemotherapeutic drugs as agents that: 

- bypass the resistance mediated by Pgp without direct targeting the transporters, but 

exploiting the peculiar biochemical and functional processes related to mitochondria and ER 

of chemoresistant cells that sustain Pgp activity, thus obtaining the reduction of Pgp 

activity/expression in osteosarcoma cells expressing this transporter;  

- are particularly effective against Pgp-expressing/Dox-resistant osteosarcoma cells; 

- have reduced cytotoxicity against not-transformed tissues and less side-effects than Dox. 

Targeting mitochondria of osteosarcoma cells has been proposed as an effective 

therapeutic strategy (Armstrong J et al.,Curr Drug Targets 2015).  

We used chemically modified Dox with a mitochondrial tropism against Dox-sensitive and 

Dox-resistant osteosarcoma cells. This modified mtDox was effective against osteosarcoma 

cells overexpressing Pgp and showing resistance to Dox. 

The selective delivery into the mitochondria, due to the conjugation of the anthracycline 

moiety with a peptide containing cationic and hydrophobic residues that deliver cargoes into 

mitochondria, may limit the availability of Dox for the Pgp on the plasma membrane, 

reducing the efflux of the drug from tumor cells (Chamberlain GR et al., ACS Chem Biol 

2013). Our work supports this hypothesis. Unlike Dox, mtDox was well retained within 
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mitochondria in both drug-sensitive and drug-resistant/Pgp-overexpressing osteosarcoma 

cells. Although Dox accumulation and cytotoxic efficacy dramatically decreased in the Pgp-

overexpressing variants, mtDox accumulation within resistant cells was only slightly lower, 

and its cytotoxicity remained high in Pgp-overexpressing cells. Although these data might 

suggest that Pgp effluxes both mtDox and Dox, the preferential intramitochondrial delivery 

of the former preserves its high intracellular retention. 

The higher the intracellular accumulation of Dox, the higher the ability of the drug to kill 

cancer cells due to the induction of necro-apoptotic death and activation of the host immune 

system against the tumor, via the release of ATP and HMGB1, and the exposure on the 

plasma membrane of calreticulin/CRT, which activates the local DCs to phagocytize tumor 

cells (De Boo S et al., Mol Cancer 2009). Mitochondrial depolarization, changes in calcium 

homeostasis, and increased ROS levels have also been correlated with CRT upregulation 

and translocation from (ER) to the plasma membrane (Biswas G et al.,  Gene 2005 ; Zhang 

Y et al., J Invest Dermatol 2014). Indeed, changes in intramitochondrial calcium and ROS 

are "sensed" by the ER membrane-associated to mitochondria (MAM) compartment, which 

is rich in CRT and controls the protein trafficking to the plasma membrane (Poston CN et 

al., J Proteomics 2013). Because mtDox depolarized mitochondria and increased ROS in 

both drug-sensitive and drug-resistant osteosarcoma cells, these events likely trigger the 

upregulation of CRT and/or its translocation from ER/MAM to the plasma membrane. 

The efficacy of mtDox was validated in a preclinical model of Dox-resistant osteosarcoma 

implanted in immunocompetent animals, i.e., the Pgp-expressing K7M2 cells that are 

syngeneic with BALB/c mice. In both in vitro and in vivo assays, mtDox exerted direct 

cytotoxicity on tumor cells (as indicated by the reduced tumor growth and cell proliferation, 

and by the increased apoptosis) and primed tumor cells for the recognition by the host 

immune system (as suggested by the increased percentage of CRT-positive tumor cells, 

tumor cell phagocytosis, and intratumor DC infiltration). Moreover, mtDox retained antitumor 

efficacy at 1/2 to 1/5 of the Dox maximum tolerated dose (5 mg/kg, once/week, for 3 

consecutive weeks) that was ineffective in vivo against Dox-resistant osteosarcomas. 

Importantly, unlike the mice treated with Dox, those treated with mtDox did not show any 

increase in CPK. These results are in accordance with previous observations, showing that 

mtDox did not exert systemic and cardio-specific toxicity in vivo (Jean SR et al., ACS Chem 

Biol 2015), and with the reduced toxicity observed by us in cultured cardiomyocytes. In 

preclinical models, mtDox was more advantageous than Dox in drug-resistant tumors, not 

in drug-sensitive ones, leading to hypothesize that the greater efficacy of mtDox was due to 
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the targeting of pathways which are crucial for the survival of drug-resistant cells. The 

increase of Dox resistance was associated with the upregulation of genes controlling 

mitochondrial biogenesis, the import of proteins, metabolites and cofactors, and energy 

metabolism, and with the downregulation of genes encoding for uncoupling proteins. This 

signature made the mitochondrial metabolism of Dox-resistant osteosarcoma cells more 

efficient, as confirmed by the higher content of mitochondrial DNA and proteins, and by the 

higher metabolic flux through the main energy pathways in U-2OS/DX580 cells. It is 

noteworthy that genes encoded by both nuclear and mitochondrial DNA were upregulated 

in drug-resistant cells. These results suggest that the higher mitochondrial metabolism of 

drug-resistant cells was supported partly by the increased mitochondria biogenesis and 

partly by the increased import of cytosolic proteins and metabolites within mitochondria. This 

process may favor a more efficient assembly of mitochondrial complexes involved in the 

TCA cycle, fatty acids b-oxidation, electron transport, and ATP synthesis, and may supply 

all these pathways with anaplerotic metabolites and essential cofactors. Contrarily to most 

tumor cells, which obtain energy from anaerobic glycolysis, chemoresistant cells often 

simultaneously activate glycolysis and oxidative phosphorylation to meet their energy 

requirements (Martinez-Outschoorn UE et al., Cell Cycle 2011). The higher ATP level 

produced by mitochondrial oxidative phosphorylation may support the ATP-dependent efflux 

activity of ABC transporters, contributing to the chemoresistant phenotype. 

On the other hand, a high proton motive force induces a high production of ROS from 

mitochondria (Mailloux RJ et Harper ME, Trends Endocrinol Metab 2012). We did not detect 

any differences in intramitochondrial ROS between U-2OS and U-2OS/DX580 cells, which 

was most likely due to the upregulation of mitochondrial SOD2 in the latter: this feature may 

also contribute to chemoresistance. 

Dox acts through pleiotropic mechanisms on tumor cells, including mitochondrial-dependent 

mechanisms. For example, it reduces the activity of complexes I, II, and III (Marcillat O et 

al., Biochem J 1989) and the synthesis of ATP (Strigun A et al., Toxicol Sci 2012 ), and 

increases intramitochondrial ROS through iron-catalyzed redox cycles within complex I 

(Simunek T et al., Pharmacol Rep 2009). In sensitive osteosarcoma cells, Dox 

downregulated specific metabolite transporters, subunits of mitochondrial respiratory 

complexes and ATP synthase, cytosolic and mitochondrial isoforms of SOD, and 

upregulated uncoupling proteins and proapoptotic factors. The consequent reduction of 

mitochondria biogenesis and ATP synthesis, coupled with the increase in intramitochondrial 

ROS, triggered a mitotoxicity-dependent apoptosis. None of these events occurred in the 
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drug-resistant U-2OS/DX580 variant, where Dox did not reach an intracellular concentration 

sufficient to elicit effects at genomic and metabolic levels. 

By contrast, mtDox produced genomic and metabolic signatures that were similar in drug-

sensitive and drug-resistant osteosarcoma cells. By downregulating genes involved in 

mitochondria biogenesis and mitochondrial protein import, it significantly reduced 

mitochondrial DNA and protein contents. Previously, it was reported that in cardiomyocytes, 

mtDox decreased mitochondrial DNA after 6 hours and increased it after 24 hours: this trend 

suggests a recovery from the initial damage due to mitochondrial biogenesis. On the 

contrary, in ovarian cancer cells, mitochondrial DNA levels remained significantly lower after 

24 hours of treatment with mtDox, indicating that tumor cells are not able to increase 

mitochondria biogenesis in response to mtDox (Jean SR et al., ACS Chem Biol 2015). These 

findings are in line with the results obtained in osteosarcoma cells. The different response 

of cardiomyocytes and tumor cells to the mitochondrial damage elicited by mtDox may 

explain the key properties of mtDox, i.e., its antitumor efficacy and its cardiac safety. 

By decreasing the expression of several transporters and subunits of oxidative 

phosphorylation complexes, mtDox strongly reduced the mitochondrial energy metabolism. 

It is noteworthy that it upregulated the expression of uncoupling proteins and proapoptotic 

factors, and markedly decreased the expression of mitochondrial SOD2. These events 

uncoupled oxidative phosphorylation from ATP synthesis and increased the 

intramitochondrial levels of ROS, which were not buffered by SOD2. This metabolic 

dysfunction causes the opening of the mitochondrial permeability transition pore and triggers 

a mitochondria-dependent apoptosis. The simultaneous downregulation of antiapoptotic 

genes further supported the apoptotic process The events described above were more 

pronounced in Dox-resistant cells than in Dox-sensitive ones, in accordance with the higher 

mitochondrial metabolic activity of the former. Of note, mtDox was relatively nontoxic in 

nontransformed osteoblasts. 

On the one hand, the lower uptake of mtDox by nontransformed cells may explain the 

reduced toxicity; on the other hand, osteoblasts are more dependent on anaerobic glycolysis 

than on mitochondrial metabolism for their growth and differentiation (Esen E et al., Cell 

Metab 2013 ; Regan JN et al., Proc Natl Acad Sci U S A 2014). These factors may explain 

the relatively selective cytotoxicity of mtDox for tumor cells over nontransformed cells. 

Despite their resistance to chemotherapy, drug-resistant tumors are more susceptible than 

drug-sensitive ones to the depletion of ATP and to the increase of ROS, an event known as 

"collateral sensitivity" ( Pluchino KM et al., Drug Resist Updat 2012 ). Agents that lower 
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intracellular ATP and/or increase ROS levels are effective against chemoresistant cells in 

vitro. Unfortunately, the intrinsic toxicity of these agents limits their use in vivo (Callaghan R 

et al., Drug Metab Dispos 2014). However, thanks to its ability to lower the levels of ATP 

produced by oxidative phosphorylation and increase ROS levels within drug-resistant cells, 

mtDox is an excellent inducer of CS. Unlike the other compounds exerting CS, it did not 

produce appreciable toxicity for the liver, kidneys, or heart in our preclinical model of 

resistant osteosarcoma, thus appearing suitable for being used in vivo. 

The novelty of the therapeutic strategy based on mtDox relates to two factors. First, we used 

a derivative of the first-line drug Dox, the efficacy of which is limited by the expression of 

Pgp in osteosarcoma cells and by the development of cardiotoxicity: by chemically modifying 

Dox to achieve its selective delivery into mitochondria, we overcame a key limitation 

frequently encountered in patients treated with Dox-based regimens. Second, mtDox 

exploited a metabolic signature typical of chemoresistant cells—i.e., the hyperactive 

mitochondrial metabolism—and hit energy pathways that are crucial for drug resistant 

tumors. This drug conjugate produced promising results that may be applied to the treatment 

of Pgp-expressing osteosarcomas. These results may pave the way for the potential use of 

mtDox in clinical settings, in particular for patients with Pgp-positive osteosarcomas or as a 

possible second-line treatment for relapsed patients 

 

In the second part of this PhD thesis we investigated the pharmacodynamic properties of 

Sdox, a H2S-releasing dox that was less cardiotoxic thanks to its ability to reduce the Dox-

mediated increase in intracellular ROS via the H2S-releasing moiety, but it retained its 

efficacy against Pgp-expressing osteosarcoma cells.  

Sdox intracellular retention was only slightly decreased notwithstanding the increase of Pgp 

in resistant sublines, where Dox accumulation was dramatically reduced. The results with 

the Pgp-inhibitor verapamil – that increased the intracellular accumulation of Dox but not of 

Sdox – suggested that Sdox is not likely effluxed by Pgp and may explain why the retention 

of Sdox was minimally affected by the presence of Pgp. This hypothesis is supported by the 

experimental findings of kinetics efflux: Sdox had a significantly higher Km for Pgp compared 

to dox, suggesting that it is a poorer substrate than Dox for Pgp. Interestingly, the Vmax of 

Sdox efflux, that reflects the amount of active Pgp, was also lower for Sdox, suggesting that 

the drug may also affcet the levels of Pgp present on cell surface. Being less effluxed than 

Dox, the intracellular concentration of Sdox likely was above the „thershold” consentration 
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to induce toxicity, as demonstrated by the fact that Sdox induced cell damage and reduced 

cell viability in all the resistant populations.  

It has been reported that H2S may induce chemoresistance, by reducing the oxidative 

damages induced by many chemotherapeutic drugs (Sen, FRBM2015). In contrast with 

these observations, we found that Sdox was cytotoxic notwithstanding the reduction of 

intracellular ROS and that the drug’s cytotoxicity was reduced by H2S scavenging. 

Differently from most works using H2S donors, we used a hybrid compound containing a 

H2S-releasing group liked with Dox, which can trigger redox cycles and increase the 

synthesis of reactive nitrogen species like nitric oxide (Simunek T et al., Pharmacol Rep 

2009) Under these conditions, H2S shifts from an anti-oxidant to a pro-oxidant molecule, 

promotes the synthesis of radical species and induces cell damage (Bruce King S et al., 

Free Radic Biol Med 2013). In line with our data, H2S-releasing valproic acid exerted 

cytotoxic effects in lung cancer cells, by impairing the mitochondrial redox balance (Tesei A 

et al., 2012).  

Altering the homeostasis of intracellular compartments of drug-resistant cells is an effective 

strategy to overcome resistance, as demonstrated in the first part of my thesis.  

Sdox had a peculiar localization within ER: this finding may justify was Sdox was less 

available for Pgp efflux and thus still retained within Pgp-expressing cells. Moreover, th 

presence of Sdox, that can act either as pro- or anti-oxiadant agents within ER, the 

compartment where cellular porteins are synthesized and folded, led us to investigate which 

effects were exerted by the drug on ER functions.  

We first analyzed potential differences in ER functions between sensitive and resistant 

osteosarcoma cells. As demonstrated by our reserach group, multiple linkages exist 

between ER functions and chemoresistance. On the one hand, cells with constitutive or 

acquired chemoresistance due to Pgp expression are refractory to ER stress-triggered cell 

death, because they fail to activate ER-dependent apoptotic pathways (Riganti C et al., J 

Natl Cancer Inst 2015). On the other hand, cancer cells adapted to survive under chronic 

ER stressing conditions acquire a chemoresistant phenotype (Salaroglio IC et al., Mol 

Cancer 2017). Cells able to survive under stressing conditions moderately activate the 

ERQC program and/or promote ERAD pathways to remove misfolded proteins. If these 

integrated programs fail, ER stress induces apoptotic pathways such as the C/EBP-

β/CHOP/TRB3/caspase 3 axis (Meir O et al., Plos One 2011; Hetz C et al., Nat Rev Mol Cell 

B 2012; Riganti C et al., J Natl Cancer Inst 2015).  
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We found that the progressive increase of Dox-resistance in osteosarcoma cells was 

associated with the progressive down-regulation of ERAD/ERQC-related genes. This 

signature is similar to that found in Dox-resistant colon and lung cancer cells (Riganti C et 

al., J Natl Cancer Inst 2015), suggesting that different tumor types resistant to Dox share 

defects in the mechanisms controlling protein folding and/or degradation of misfolded 

proteins. We hypothesized that these defects make resistant cells more susceptible to the 

apoptosis triggered by elevated unfolded proteins within ER, as it occurs in VCP-defective 

cells upon stress induction (Bastola P et al., Mol Oncol 2016).  

Dox is known to induce ER stress (Panaretakis T et al., Embo J.  2009), but this response 

is limited to sensitive cells (Riganti C et al., J Natl Cancer Inst 2015). In U-2OS cells, indeed, 

Dox up-regulated ERAD/ERQC system genes and proteins, suggesting that it likely 

damaged ER proteins that must be extracted from ER and degradated. Such compensatory 

response, however, was not sufficient to protect sensitive cells, that – upon Dox treatment 

– activated ER-dependent pro-apoptotic pathways. Differently from Dox, Sdox produced 

ER-dependent apoptosis in both sensitive and resistant cells. Multiple reasons may explain 

Sdox efficacy in both cell populations. 

First, the predominant accumulation within ER increased the amount of H2S and Dox 

sequestered within this compartment. Although U-2OS/DX580 cells retained less 

intracellular Sdox than U-2OS cells, we may suppose that the amount of Sdox retained 

within ER was still sufficient to elicit cytotoxic effects in resistant cells. 

Second, Sdox induces a huge sulfhydration of ER-associated proteins. By changing the 

pattern of disulfide bonds and the consequent tertiary structures of proteins, sulfhydration 

can either activate or inhibit the target proteins (Li L et al., Annu Rev Toxicol, 2011; Sen N 

et al., Mol Cell 2012). In our model, sulfhydration is paralleled by increased ubiquitination of 

ER-associated proteins, suggesting that Sdox increased misfolded/unfolded proteins that 

are primed for the degradation.  

Pgp has several cysteines whose mutations can alter catalytic function, ATP binding and 

protein stability (Pan L et Aller SG, Sci Rep 2011; Swartz DJ et al., Biosci Rep 2014). Sdox 

induced sulfhydration and ubiquitination of Pgp; these events were paralleled by reduced 

Pgp amount that was comparable to the amount found in U-2OS cells. This is an additional 

mechanism explaining why Sdox was well accumulated in Pgp-expressing U-2OS/DX580 

and Sa-os2/DX580 cells. The result also explains the lower Vmax of Sdox compared to Dox, 

indicative of a reduced amount of Pgp from U-2OS/DX580 cell surface.  
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Interestingly, Sdox induced a higher amount of sulfhydrated and ubiquitinated proteins in 

resistant cells than in sensitive cells. In the case of Pgp, this difference can be justified by 

the higher amount of the protein in U-2OS/DX580 cells. In the case of other proteins, the 

defective ERAD/ERQC pathways of Dox-resistant cells may explain the different phenotype, 

representing an Achille’s heel of resistant osteosarcoma cells. As Dox did in sensitive cells, 

Sdox increased the expression of ERAD/ERQC-related genes in both sensitive and resistant 

cells, likely as a physiological consequence of the increased misfolded/unfolded proteins. 

Since resistant cells have a defective ERQC/ERAD system, the attempt to compensate the 

misfolding produced by Sdox was much more difficult than in sensitive cells. Therein, 

although Sdox was less accumulated in resistant cells, it was sufficient to trigger ER-

dependent apoptosis. 

ER stress is usually associated to conditions promoting oxidative stress, such us 

radiotherapy, chemotherapy, ionizing radiations, viral infections (Galluzzi L et al., Nat Rev 

Immunol 2017). Our work suggests that also a strongly reductive environment within ER 

lumen – e.g. produced by H2S – induces ER stress. Such ER stress was not sufficient to 

trigger CRT translocation from ER to cell surface followed by ICD, but was still sufficient to 

induce cell death.  

It has been reported that H2S activates the UPR sensor PERK by sulfhydrating the PERK 

activator protein tyrosine phosphatase 1B (Krishnan N et al., Sci Signal. 2011) and 

modulates the expression of genes involved in UPR, metabolism, cell death and survival, 

by activating ATF4-dependent pathways (Gao XH et al., Elife 2015). Consistently, Sdox up-

regulated UPR-related genes and increased the ratio cell death-related genes/cell survival-

related genes. The ER-dependent pro-apoptotic pathways induced by Sdox in sensitive and 

resistant cells were the same pathways induced by Dox in sensitive cells, suggesting that 

both drugs activated the same ER stress-dependent cell death effectors, although they have 

different upstream mechanisms (Panaretakis T et al., Embo J. 2009 ; Riganti C et al., J Natl 

Cancer Inst 2015).  

A preliminary in vivo experimental set validated the efficacy of Sdox in Dox-resistant 

osteosarcoma models as an effective tool able to reduce tumor growth, without inducing 

significant systemic toxicities. These data open the way to further investigations to assess 

wehther also in vivo the higher efficacy of Sdox was ude to the same ER stress-dependent 

mechanisms observed in vitro. 
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Conclusions and future perspectives 

 

Overall, the novelty of using mtDox and Sdox as therapeutic strategies for osteosarcoma 

relies on this point: by chemically modifying the firts-line option Doxorubicin to achieve its 

selective delivery into mitochondia or ER, we limited the drug efflucx via Pgp and triggered 

a mitochondria- or ER-dependent cell death, exploiting specific metabolic features of Dox-

resistant cells (such as the increased mitochondrial metabolism that was copupled with 

increased susceptibility to mitochondrial-ROS damages; the defective ERAD/ERQC system 

that make resistant cells less susceptible to be damaged by increased unfolded/misfolded 

protiens within ER lumen). Targeting this peculiar features of Dox-resistant osteosarcoma 

allowed to spare not-transfomred bone or other organs, such as heart, from the undesired 

side-effects exerted by Dox. Thus, our strategies overcame the two limitations most 

frequently encountered in patients treated with Dox-based regimens, i.e. cardiotoxicity and 

drug resistance. These results may pave the way to the potential use of mtDox ans Sdox in 

clinical settings, in particular for patients with Pgp-positive osteosarcomas or as a possible 

second-line treatment for relapsed patients. 

 

Our results will be developed into three further directions. 

First, in preclinical models of rsistant osteosarcoma we will investigated the efficacy of 

mtDox and Sdox in combination with cipslatin and methotrexate (the other two first-line 

treatments for osteosarcoma) or cyclophosphamide (used as second-line treatmnet in 

unrepsonsive patients), to exclude the presence of undesired and unfavourable drug-drug 

interactions and validate our approach as more effective than the standard theraputic 

regimes.  

Second, since – at least in the case of mtDox – part of the efficacy relies on the induction of 

ICD, we will investigate the effects of the drug on the tumor immune-enviornment, by:  

1) using ex vivo cocultures of human osteosarcoma cells and peripheral blood mononuclear 

cells (PBMC) and performing functional assays of adaptive immunity (DC maturation, 

expansion and activation of CD8+ T-lymphocytes endorsed with anti-tumor activity), 

multiplex PCR arrays of immune-activating vs. Immune-suppressive cytokines, 

immunephenotyping analysis (e.g. qualitative and quantitative analysis of CD4+ and CD8+ 

T-lymphocytes, T-regulatory cells, Natural Killer cells, granulocytic- and moncytic-myeloid 

derived suppressor cells, M1- versus M2-polarized macrophages, analysis of immune-

suppressive immunecheckpoints); 
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2) using immunocompetent mice bearing Dox-resistant osteosarcoma (i.e. K7M2 model 

implanted in BALB/c mice) and anlyzing the intratumor immune-infiltrate and the signs of 

anti-tumor immune response (e.g. expansion of CD8+ CD107a+ T-lymphocytes in tumor 

microenvironment and IFN-γ production from draining lymph nodes). 

Until now, immunotherapy or immune-adjuvant agents had obtain low success against 

chemoresistance osteosarcoma (Hattinger C et al., Future Oncology, 2017). This study may 

open the field to new combination therapy based on mtDox plus immunotherapeutic agents 

(e.g. immunecheckpoint inhbitors that are under evaluation in Phase I trials for 

osteosarcoma patients), effcetive against the osteosarcoma refractory to conventional 

chemotherapy. 

Third, in order to maximaize the delivery of mtDox and Sdox to tumor and increase their 

systemic stability, we are producing liposomal formulations of these drugs, in collaboration 

with the Department of Drug Science and Technology, Uniersity of Torino, Prof. Silvia 

Arpicco. Liposomal encapsulation of a drug allow an increased passive delivery to tumor 

thanks to the disrupted tunor vasculature that promote a ”sink” effect towrd tumor tissues, 

the so called ”enahnced permeability retantion” (EPR) effects. An active targeting of 

liposomes, i.e. the conjugation of liposomes with ligands binding receptors or transporters 

specifically overexpressed on ostoesarcoma cells will further maximize the delivery of the 

liposome into tumor. We are currently exploring the proteome surfaceome of human primary 

Dox-resistant osteosarcoma by cell-surface-capure/mass spectrometry technology, in order 

to pick-up suitable targets to produce conjugated-liposomes. We will then validate in vivo 

the effeicacy of our formulations, with the goal to further reduce the minimally efficacy dose 

of synthetic-Doxs effective against osteosarcoma. This is particularly important, since the 

liposomal formulation fo Dox currently used in clinical practice (Caelyx) did not shown any 

superior benefit compared to free Dox against Pgp-expressing osteosarcoma, a part a 

reduced cariotoxicity (Hattinger C et al., Future Oncology, 2017). Our formulations, that 

contain synthetic Doxs specifically effective against Pgp-expressing osteosarcoma cells 

may represent a step forward over Caelyx in the tretament of these refractory tumors. 

These three future reserach lines will allow to better charcaterize the proposed syntehtic 

Doxs, in the perspective of translating them from preclinical studies to clinical applications. 
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We investigated the effect of bone turnover on glucose homeostasis, fat distribution and adipokine production
during anabolic treatment with PTH.
This is a parallel, randomized controlled, open label, trial. The randomization was done by computer generated
tables to allocate treatments. Forty-six postmenopausal osteoporotic non-diabetic women were assigned to
treatment with calcium and colecalcipherol with (24) or without (22) PTH 1–84. Patients were recalled after
3, 6, 12 and 18 months of treatment and markers of bone turnover, glucose metabolism, adipokine secretion
and fat distribution were analyzed. Markers of bone turnover and adipokines were measured by ELISA. Glucose
metabolism was evaluated by an oral glucose load test and insulin resistance and secretion were calculated. Fat
and lean mass were evaluated by anthropometric measures. The effect of treatment on measured variables was
analyzed by repeated measure test, and its effect on glucose was also evaluated by mediation analysis after
correction for possible confounders. Twenty patients in the calcium and vitamin D groups and 19 in the group
treated with PTH 1–84 completed the study. There were no significance adverse events.
Treatment with PTH increases osteocalcin, both total (OC) and undercarboxylated (uOC), and decreases blood
glucose, without influence on insulin secretion, resistance and pancreatic β cell function. Treatment with PTH
does not influence fat distribution and adipokine production. The results of the mediation analyses suggest a
total effect of PTH on blood glucose, moderately mediated by OC and to a less extent by uOC.
Here we suggest that treatment with PTH influences glucose metabolism partially through its effect on bone
turnover, without influence on insulin secretion, resistance, pancreatic β cell function and fat mass.

© 2015 Elsevier Inc. All rights reserved.
Introduction

Glucose metabolism depends on a complex signal network that in-
volves pancreatic islet cells, liver, fat, muscle, kidney and brain. In recent
years the role of the skeleton in glucose and energy homeostasis has
been studied. In particular the osteoblast-specific protein osteocalcin
(OC), in its undercarboxylated form (uOC) appears to influence fat
and glucose homeostasis in animal models. Mice knockout of both OC
alleles had slightly increased fat mass and appear mildly hyperglycemic
dosteocalcin; iPTH, intermittent
rate Resistant Acid Phosphatase
ce test; ISOGTT, insulin sensitivity
resistance; FPG, fasting plasma

x.

cience, Corso Bramante 88/90,

).
because of decreased β-cell proliferation, insulin secretion, and insulin
resistance [1]. Conversely, the opposite phenotype null for the Esp gene,
which encodes a tyrosine phosphatase that hampers glucose metabolism
by inhibiting OC functions, had small fat pads, increased β-cell prolifera-
tion, enhanced insulin sensitivity, improved glucose tolerance and in-
creased expression and serum levels of adiponectin. The mice with high
levels of uOCdid not becomeobese or glucose intolerant under conditions
that would usually induce these metabolic abnormalities.

In vitro experiments showed that uOC induced adiponectin ex-
pression in cultured adipocytes; adiponectin acts like an insulin sensitiz-
ing adipokine. Administration of recombinant uOC to wild-type mice
decreased fat mass, increased adiponectin expression, improved glucose
handling, and attenuated weight gain and glucose intolerance in the set-
ting of a high-fat diet [2].

An even more intimate relationship between skeleton and energy
metabolism was demonstrated by recent genetic experiments that
found that leptin, an adipocyte derived hormone, inhibits insulin secre-
tion by decreasing the production of uOC and is also involved in osteo-
blast differentiation [3].
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In human subjects, cross-sectional studies suggested an association
between OC, glucose metabolism, and fat mass [4–10]. Total serum OC
was inversely associated with body fat, fasting glucose, and fasting
insulin in older adults [5] and in obese children [11]. In patients affected
by type 2 diabetes mellitus, uOC was inversely correlated with abdom-
inal fat and with hemoglobin A1c [10].

The administration of intermittent subcutaneous PTH is approved
for osteoporosis treatment and increases bone formation in humans
[12,13]; it has been shown that treatment with PTH 1–34 in diabetic
rats increased the serum OC levels and decreased the serum glucose
levels without changing insulin levels [14]. In humans an interventional
study suggested that early increase in uOC induced by treatment with
PTH 1–84 is associated with reduction in body fat and glucose level
after 12 months [15].

The aims of this study were to investigate the effect of treatment
with PTH 1–84 on bone turnover, glucose homeostasis, fat distribution
and adipokine production in non-diabetic osteoporotic patients.

Materials and methods

The study was approved by the Ethical Committee of our Hospital
(“Comitato Etico Interaziendale A.O.U. Città della Salute e della Scienza
di Torino - A.O. Ordine Mauriziano - A.S.L. TO1”). Each patient signed
an informed consent prior to the recruitment.

Trial design

This is a parallel, randomized controlled, open label, trial (registered
as PTH 1–84 EudraCT 2009-012397-12). The randomization was done
by computer generated tables to allocate treatments.

Randomization was done by the principal investigator, patients
were enrolled by participants in the study, and lab measurement and
statistical analyses were done by those blind to treatment.

Participants

Forty-six women affected by postmenopausal osteoporosis followed
at our hospital were enrolled in the study between January 2010 and
March 2012. Patients affected by secondary osteoporosis, by diabetes
or taking drugs active on bone, glucose or fat metabolismwere not con-
sidered eligible for the study.

Patients were randomly assigned to treatment with calcium
1200 mg/day and colecalcipherol 800 UI/day with (24 patients, iPTH)
or without (22 patients, controls) PTH 1–84 100 μg/day s.c. (Preotact®,
kindly provided by Nycomed). This sample size provided an 80% power,
assuming a two-sided significance level of 0.05, to detect differences in
uOC greater than 1.71 (T-test on log-scale), considering previously re-
ported median and interquartile ranges for uOC after iPTH treatment
[15]. This effect is smaller than the one found in the randomized
trial by Schafer et al. [15], in order to have enough power to focus
also on the effect of uOC and OC on glucose metabolism. In the calci-
um and colecalcipherol treatment group 2 patients dropped out for
adverse gastrointestinal events after the first 3 months of treatment,
whereas in the PTH 1–84 there were 3 dropouts after the first month
for low compliance to sub-cutaneous injection and 2 patients did not
come back at 18 months visit for personal problems. Data from pa-
tients who dropped out within the first 3 months were not considered
in the statistics, whereas data from patients who completed 12 months
were included (Fig. 1).

The main outcome measures were markers of bone turnover,
glucose metabolism, adipokine secretion and fat distribution. The mea-
surements were done at baseline and after 3, 6, 12 and 18 months of
treatment.

Secondary outcome measure was evaluation of bone mineral density
(BMD).
At baseline 25-OH vitamin D levels were measured by ELISA tech-
nique (DLD, Hamburg, Germany). Patients treated with iPTH get their
injection at least 24 h before the blood exams in order to avoid the pos-
sible acute effect of PTH administration.

Bone turnover and bone density

As markers of bone formation we measured by ELISA technique:
total OC (eBioscience, San Diego, CA), uOC (Takara, Shiga, JAP) and bone
alkaline phosphatase (BAP, measured by QUIDEL kit, San Diego, CA).

Serum Tartrate Resistant Acid Phosphatase 5b (TRAP5b) was
measured as marker of bone resorption by ELISA technique (QUIDEL,
San Diego, CA). Markers of bone turnover were measured at enrollment
and after 3, 6, 12 and 18 months of treatment, after overnight fasting.

The effect of treatment on BMD was assessed by bone densitometry
on spine and femur performed at enrollment and after 18 months of
treatment by Hologic QDR 4500 X-Ray densitometer.

Glucose metabolism

An oral glucose tolerance test (OGTT)with 75 g of glucose and blood
sampling for glucose and insulin at 0 min, 30 min, 60 min, 90 min,
and 120 min has been conducted at enrollment and after at 6, 12 and
18 months of therapy.

Insulin resistance was measured by Matsuda's insulin sensitivity
index (ISOGTT) [16] and the homeostasis model assessment of insulin
resistance (HOMA-IR) [17]. ISOGTT was calculated as 10,000 / √
(FPG ∗ FPI) ∗ (G ∗ I), where FPG represents the fasting plasma glucose,
FPI the fasting plasma insulin, G the mean plasma glucose during the
OGTT and I the mean plasma insulin during the OGTT [16] HOMA-IR
was calculated as FPG ∗ FPI / 22.5 [17].

Insulinogenic index (IGI) was calculated as [(30 min FPI − FPI) /
(30 min G − FPG)] divided by the HOMA-IR (IGI/IR) [18].

Adipokine and fat distribution

In order to evaluate the possible effect of iPTH treatment on adipokine
production we measured serum leptin and adiponectin by ELISA
technique (R&D Duoset, Minneapolis, MN) at enrollment and after
3, 6, 12 and 18 months of treatment, after overnight fasting.

Body fatwas assessed by plicometry (MahrGMBHEsslingen) at each
visit, and the Pollock, Schmidt and Jackson's formula on three sites
(triceps, subscapular and abdomen) was applied to calculate fat percent-
age [19]. Fat distributionwas alsomeasured by thewaist/hip ratio.Muscle
mass was measured by brachial and calf circumferences.

In order to exclude the possible biases due to variation in caloric
intake, dietetic intake was investigated through personal interview
and caloric and nutrient intakes were calculated using the PROGEO
software (Progeo S.r.l. Italy) at each visit.

The study flow chart is shown in Fig. 1.

Statistical analyses

The effect of treatment on markers of bone turnover, glucose
metabolism parameters and adipokines was analyzed by repeated
measure ANOVA. In order to evaluate the relationship between OC,
uOC and FPG a linear regression model adjusted for treatment was
carried out.

A mediation analysis was performed to evaluate if the effect of treat-
ment on glucose level was mediated by OC level. Specifically we estimat-
ed separately:

i) the direct (unmediated) and indirect (mediated) effects of treat-
ment on the glucose level at 6 months mediated by OC at 3 months

ii) the direct and indirect effects of treatment on the glucose level at
12 months mediated by OC at 6 months.



46 osteoporotic women

calcium 1200 mg/day 
and colecalcipherol

800 UI/day (22)

calcium 1200 mg/day and 
colecalcipherol 800 UI/day 

+ PTH 1-84 (24)

3 months visit measurement:
Bone turnover markers
Adipocitokines measurement
Dietary intake assesment

Basal visit measurement:
Lumbar and femoral densitometry
Bone turnover markers
Glucose metabolism evaluation
Adipocitokines measurement
Antropometric measurement
Dietary intake assesment

6 months visit measurement:
Bone turnover markers
Glucose metabolism evaluation
Adipocitokines measurement
Antropometric measurement
Dietary intake assesment

12 months visit measurement:
Bone turnover markers
Adipocitokines measurement
Antropometric measurement
Dietary intake assesment

18 months visit measurement:
Lumbar and femoral densitometry
Bone turnover markers
Glucose metabolism evaluation
Adipocitokines measurement
Antropometric measurement
Dietary intake assesment

Randomized to:

3 drop-out2 drop-out

2120

2120

2 drop-out

1920

Fig. 1. The diagram shows the study design and the number of patients at each visit in bold. The tests performed at each visit are specified.
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In order to obtain these estimates, two linear regression models on
logarithmic scale were fitted, the first for glucose level dependent on
treatment, OC level and their interaction and the second for OC level
dependent on treatment; hence direct and indirect effects were esti-
mated from the regression parameters in bothmodels, provided certain
identifiability assumptions and models are correctly specified [20]. A
similar analysis was conducted by considering the association between
glucose levels and uOC. The use of more sophisticated method to ana-
lyze repeatedmeasureswas not used because of lownumber of subjects
included in this analysis.

The repeated measurements ANOVA testing the effect of treatment
as well as the mediation analysis were adjusted for biomarkers that
were unbalanced between the two treatment groups at baseline (uOC
and TRAP5b). Statistical analysis was performed using statistical soft-
ware STATA 11.1.
Results

There were no significant differences between the two treatment
groups for the analyzed baseline variables with the exception of uOC
and TRAP5b, that were higher in PTH treated patients (Table 1).
As expected the administration of iPTH increased markers of bone
turnover, OC, BAP, TRAP5b (Figs. 2A–B–C) and uOC (Fig. 2D), whereas
the treatment with calcium and vitamin D did not.

In secondary analyses, we found that iPTH increases lumbar BMD
(0.710 ± 0.101 g/cm2 at baseline vs 0.784 ± 0.110 g/cm2 after
18 months p b 0.001), and total femur BMD (0.556 ± 0.089 g/cm2 at
baseline vs 0.677 ± 0.075 g/cm2 after 18 months, p = 0.001), whereas
there was weaker evidence on an effect of iPTH on femoral neck BMD
(0.556 ± 0.084 g/cm2 at baseline vs 0.576 ± 0.098 g/cm2 after
18 months, p value = 0.071). Calcium and vitamin D treatment did
not increase BMD in any of the analyzed sites.
Effect of iPTH on glucose level and mediation by OC and uOC

In patients treated with iPTH there was a decrease in FPG, the
decrease was significant after 6 months of treatment and last for all
the period analyzed, in patients treated with calcium and vitamin D
alone there was no decrease in FPG (Fig. 3A). Treatment with iPTH
seems not to influence the other parameters of glucose metabolism an-
alyzed,we foundnovariation in insulin secretion and resistance asmea-
sured by OGTT derived parameters (Figs. 3B, C, D).



Table 1
Baseline characteristics of the study participants. Mean and standard deviations are shown for Gaussian variables, for non-Gaussian onesmedian and 25–75 centiles are shown in parentheses.
p values were calculated by one way ANOVA.

All Calcium and vitamin plus iPTH Calcium and vitamin D p

Age (years) 62 ± 6 62 ± 6 61 ± 6 0.757
Post-menopausal period (years) 14 ± 8 13 ± 5 14 ± 9 0.431
BMI (kg/m2) 22.7 ± 1.9 22.2 ± 6.1 23.2 ± 1.6 0.073
Body fat percentage 33.9 ± 5.1 33.4 ± 5.9 34.4 ± 4.3 0.558
Caloric intake (kcal/day) 1624 ± 407 1606 ± 398 1642 ± 425 0.784
Femoral neck BMD 0.574 ± 0.09 0.555 ± 0.08 0.590 ± 0.09 0.434
Total femur BMD 0.701 ± 0.08 0.714 ± 0.07 0.686 ± 0.09 0.494
Lumbar BMD 0.726 ± 0.093 0.701 ± 0.10 0.748 ± 0.08 0.136
25-OH vitamin D (ng/mL) 40.5 ± 14.9 41.6 ± 13.8 39.4 ± 16.2 0.646
BAP (UI/L) 59.5 ± 14.1 59.8 ± 13.3 59.3 ± 15.1 0.911
TRAP5b (UI/L) 3.3 ± 1 3.6 ± 1 2.9 ± 0.9 0.025
OC (ng/mL) 4.1 (2.8–6.1) 4 (3.4–6.9) 4.1 (2.1–5.9) 0.536
uOC (ng/mL) 4.29 ± 2.1 5 ± 2.2 3.6 ± 1.8 0.036
FPG (mg/dL) 81.4 ± 8.8 81.4 ± 7.4 81.5 ± 10.1 0.972
FPI (mUI/L) 3.2 ± 2.3 3.1 ± 2.0 3.3 ± 2.7 0.863
HOMA-IR 10.6 ± 9.6 10.4 ± 8.5 10.9 ± 10.8 0.866
ISOGTT 1.0 ± 0.003 1.01 ± 0.004 1.01 ± 0.004 0.866
IGI 0.59 ± 0.5 0.58 ± 0.5 0.61 ± 0.5 0.718
IGI/IR 0.12 ± 0.04 0.11 ± 0.04 0.12 ± 0.05 0.535
Adiponectin (ng/mL) 4.4 ± 0.4 4.5 ± 0.3 4.4 ± 0.4 0.488
Leptin (ng/mL) 3 ± 0.5 3 ± 0.4 3 ± 0.5 0.819
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Out of the 41 subjects, 3 patients had nodata onOC and uOC at 3 and
12 months, whereas 4 patients (3 + 1) had no data on OC and uOC at
6 months. Hence linear regression models and mediation analyses
were performed on patients having complete data on OC and uOC.

The linear regression analysis suggested that fasting plasma glucose is
associated with OC (Table 2) and uOC mainly because of the treatment;
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The mediation analysis suggested that the effect of iPTH on FPG at
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mediated by its effect on OC (62% of total effect) and uOC at 6 months
(48% of total effect) (Table 3). Overall therewas evidence of a total effect
of iPTH on FPG, partially mediated by OC and to a less extent by uOC.
If the interaction between treatment and OC/uOC levels was not taken
into account, direct effects were emphasized compared to indirect
effects.

Effect of iPTH on body fat

Treatment with calcium and vitamin D with or without iPTH had no
effect on total fat (p = 0.528), on waist/hip ratio (p = 0.300) and on
muscle mass (arm, p = 0.302, calf, p = 0.480).
The fat mass did not correlate with bone turnover markers nor with
uOC, whereas it correlates with leptin (r= 0.67, p b 0.001). The amount
of leptin and adiponectin measured in the serum was not modified by
treatment with calcium and vitamin D with or without iPTH (data not
shown). Patients' dietary intake evaluated as total caloric intake and
as macronutrients intake per kg of body weight was not influenced by
treatment (data not shown).

Discussion

In recent years animal studies suggested that uOC influences glucose
metabolism through multiple pathways: it increases insulin secretion



Table 2
Linear regression models between fasting plasma glucose (FPG), OC and uOC measured
after 3, 6 and 12 months of treatment. The table shows the regression coefficient, the
95% confidence interval (CI) and the p-values (p) in the crude and the adjusted analyses
for treatment.

Regression coefficients for FPGa level vs OCa level

Crude analysis Adjustedb analysis

Coefficient 95% CI (p-Value) Coefficient 95% CI (p-Value)

FPG at 6 months

OC at 3 months −0.034 −0.067,−0.001
(p = 0.04)

0.009 −0.041, 0.058
(p = 0.73)

OC at 6 months −0.036 −0.066,−0.005
(p = 0.02)

−0.011 −0.060, 0.039
(p = 0.67)

FPG at 12 months

OC at 3 months −0.021 −0.056, 0.015
(p = 0.24)

−0.008 −0.054, 0.039
(p = 0.74)

OC at 6 months −0.027 −0.060, 0.005
(p = 0.10)

−0.004 −0.057, 0.050
(p = 0.89)

OC at 12 months −0.026 −0.055, 0.003
(p = 0.08)

−0.007 − .054, 0.041
(p = 0.77)

Regression coefficients for FPG level vs uOCa level

Crude analysis Adjustedb analysis

Coefficient 95% CI (p-Value) Coefficient 95% CI (p-Value)

FPG at 6 months

uOC at 3 months −0.048 −0.114, 0.018
(p = 0.15)

0.004 −0.075, 0.084
(p = 0.91)

uOC at 6 months −0.052 −0.109, 0.004
(p = 0.07)

0.009 −0.077, 0.096
(p = 0.83)

FPG at 12 months

uOC at 3 months −0.065 −0.129, −0.001
(p = 0.05)

−0.040 −0.122, 0.042
(p = 0.33)

uOC at 6 months −0.041 −0.101, 0.019
(p = 0.18)

0.012 −0.082, 0.106
(p = 0.80)

uOC at 12 months −0.080 −0.129, −0.031
(p = 0.002)

−0.087 −0.160, −0.013
(p = 0.02)

Bold text indicates P significant values.
a Regression models are performed on logarithmic transformation of FPG, OC and uOC.
b Adjusted for treatment.
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[21,22], both directly and indirectly by increasing the gut secretion
of glucagon-like peptide-1 [23];moreover uOC promotesβ-cell prolifer-
ation [2] and increases insulin sensitivity in peripheral tissues [1].
Table 3
Mediation analysis model for OC and uOC measured at 3 and 6 months vs fasting plasma gluco

Direct and indirect effects of treatment on glucose level a
6 months mediated by OC at 3 months (n = 38)

Estimate 95% confidence interval

Natural direct effect −0.056 −0.196, 0.083
Natural indirect effect −0.046 −0.164, 0.072
Total effect −0.102 −0.178, −0.026

Adjusted for Trap and uOC at baseline
Natural direct effect −0.066 −0.199, 0.067
Natural indirect effect −0.019 −0.126, 0.087
Total effect −0.085 −0.169, −0.001

Direct and indirect effects of treatment on glucose level a
12 months mediated by OC at 6 months (n = 37)

Estimate 95% confidence interval

Natural direct effect −0.032 −0.187, 0.124
Natural indirect effect −0.052 −0.187, 0.082
Total effect −0.084 −0.167, −0.001

Adjusted for Trap and uOC at baseline
Natural direct effect −0.033 −0.186, 0.121
Natural indirect effect −0.050 −0.178, 0.078
Total effect −0.082 −0.174, 0.009
However, human studies found conflicting results: in some works uOC
has been found to be related with fasting plasma glucose levels and
to influence insulin sensitivity [24–26], whereas other researchers
found no association [27–29]. The stronger association between insulin
resistance and uOC in humans has been found in obese and/or diabetic
patients [24–26], whereas in lean subjects this relation is less evident
[27]. The suppression of bone turnover with antiresorptive drugs in
humans does not influence glucose metabolism [28,29], whereas the
role of bone turnover in the control of glucose metabolism has been
demonstrated in mice [30].

Here we studied if anabolic treatment with iPTH could influence
glucose metabolism, fat amount and distribution and the production
of adipocitokines by increasing bone turnover.

As expected iPTH significantly increases bone turnover along the 18-
months of treatment, whereas calcium and vitamin D do not. Treatment
with iPTH is effective in increasing the undercarboxylated fraction of OC
as also shown by Schafer et al. [15]; the increase in uOC is evident after
3 months of treatment and last for all the treatment period. As demon-
strated in animal studiesOC and uOC affect glucosemetabolism, hence a
treatment able to influence these parameters may affect glucose ho-
meostasis. Our results show that fasting plasma glucose is decreased
in patients treated with iPTH, but not in patients treated with calcium
and vitamin D alone. A previous study by Anastasilakis et al. [31] showed
an adverse effect of treatmentwith teriparatide onglucosemetabolism. In
particular these authors showed an increased glucose and insulin level
immediately after the injection of teriparatide and 6 months after treat-
ment. To explain the differences between our result and this study, it is
important to consider that Anastasilakis et al. evaluated the effect of the
1–34 fragment of PTH and not of the entire molecule as we did, the two
molecules may have a different effect on glucose metabolism. Further-
more Anastasilakis et al. included in their study patients affected by
diabetes or by impaired glucose tolerance, whereas we enrolled only
non-diabetic patients. In another study from the samegroup the admin-
istration of teriparatide in non-diabetic patients did not affect glucose
metabolism, whereas chronic hypersecretion in primary hyperparathy-
roidism increases insulin secretion after glucose oral load [32].

Schafer et al. [15] showed that the increase in uOC after 3 months of
iPTH treatment correlates with the changes in bodymass and adipokines
after at 12 months, whereas Anastasilakis et al. [31] demonstrated a dif-
ferent effect of acute teriparatide administration with respect to chronic
administration. Our study suggests that the increase in OC and uOC after
3 and 6 months of iPTH partially influences glucose measured at
se (FPG) measured at 6 and 12 months adjusted for basal level of uOC and TRAP5b.

t Direct and indirect effects of treatment on Glucose level at 6
months mediated by uOC at 3 months (n = 38)

Estimate 95% confidence interval

−0.087 −0.216, 0.041
−0.015 −0.119, 0.089
−0.102 −0.178, −0.026

−0.109 −0.226, 0.07
0.026 −0.058, 0.109

−0.084 −0.167, −0.001

t Direct and indirect effects of treatment on glucose level at
12 months mediated by uOC at 6 months (n = 37)

Estimate 95% confidence interval

0.039 −0.188, 0.268
−0.124 −0.340, 0.093
−0.084 −0.169, 0.001

0.013 −0.201, 0.228
−0.085 −0.271, 0.102
−0.071 −0.162, 0.019
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12 months, this delayed effect is in line with the findings by Schafer
et al. [15]. This observation allows us to hypothesize a metabolic
control exerted on a long period more than an acute effect of iPTH,
partially mediated by its effect on OC and uOC.

Literature data on the effect of uOC on insulin secretion are quite
controversial, some animal and human studies show that uOC influences
glucose levels without affecting insulin secretion and sensitivity [14,15],
whereas others suggested an inverse relationship between uOC and
insulin resistance [11,33–36]. Some studies show that uOC influences
β cell proliferation and activity [2,21,22], whereas others do not [37].

A recent paper suggests that OC may be associated specifically with
skeletal muscle insulin action, more than on its hepatic metabolism
[38]; furthermore a study on patients affected by type 1 diabetes dem-
onstrated that OC level is inversely correlated with glycemic control
and BMI independently from residual pancreatic function [39]. The
abovementioned studies could explain our data on the effect of iPTH
on glucose metabolism partially mediated by osteocalcin, and to a less
extent by uOC without influence on insulin secretion. This result is in
contrast with animal data [1,2], whereas it confirms a human study by
Díaz-López et al. [25]. In animal models uOC has a deeper effect on
glucose metabolism with respect to OC [1,2], whereas in humans OC,
but not uOC, was inversely associated with insulin resistance and with
FPG [25].

In this study the higher effect of OC on glucose level could be due to
the higher increase of this molecule following iPTH and to the low
cohort size. The reduction in fasting glucose in our patients has no direct
clinical effect, but this observation may be useful to confirm the role of
the skeleton on glucose metabolism in humans.

The human studies on the effect of uOC on insulin resistance have
been obtainedmainly in diabetic subjects, it is well known that diabetes
influences bone metabolism per se [40] and thus can alter the relation-
ship between bone turnover and glucose metabolism; we enrolled in
the study only lean women (mean BMI 23) without diabetes in order
to exclude the influences of fat and high glucose levels on bone turnover
and density.

In this study the mediation analysis suggests that iPTH has a direct
effect on FPG beyond its effect on bone turnover, previous studies
allow to hypothesize a direct effect of PTH on glucose metabolism as
it has been suggested that continuous increase in PTH levels could
impair glucose tolerance through: (i) increased intracellular free Ca con-
centration, which decreases insulin sensitivity by decreasing insulin-
dependent glucose transport [38,41], (ii) decreased plasma phosphate
levels which decrease insulin sensitivity, as insulin-dependent glucose
uptake is closely related to phosphate uptake [42], and (iii) downregula-
tion of glucose uptake following insulin stimulus [43]. All the
abovementioned data suggested that continuous PTH secretion influ-
ences glucose metabolism by reducing insulin secretion whereas there
are noprevious experimental data on the effect of iPTHon glucosemetab-
olism per se, without the mediation of bone anabolic effect.

Herewe show no effect of iPTH on body fat amount and distribution,
this result disagreeswith the previous human study of Schafer et al. [15]
that shows a decrease in bodyweight and fatmass after iPTH treatment;
on the other hand a recent animal study byHamann et al. [37] shows no
effect of iPTH on rat bodyweight. Differently from Schafer et al. [15] we
included in the study leaner patients (mean BMI was 22.7 in our study
vs 25.3) this may influence the possible effect of iPTH on body weight,
through its possible different effects on uOC. In fact a recent human
study shows that the levels of uOC are influenced by weight, being
lower in overweight and obese women [44]. Differently from Schafer
et al. [15] we control the data on fat mass and distribution by an accurate
dietary intake interview, this excludes any change in dietary habits during
treatment.

We do not find any effect of iPTH on fat production of leptin and
adiponectin whereas Schafer and colleagues [15] show a decrease in
adiponectin after treatment with iPTH; this discrepancy could be
explained by the lack of effect of iPTH on body weight and fat mass in
our study. We also find no correlation betweenmarker of bone turnover,
fat amount and adipokines; previous literature found conflicting results
on this point: some studies suggested an inverse relationship [1,6,10],
whereas others did not find any correlation [40]. The direct correlation
between leptin and fatmass in our study confirms themeasure reliability.

The main limits of our study are the low sample size and the lack of
more direct measure of insulin resistance as, for example, the glucose
clamp technique. Moreover we do not include in the study a placebo
controlled group, anyway it is unlikely that this methodological limita-
tion can influence our results as in other human studies no placebo
group has been included [15,31,32]. The higher level of TRAP5b and
uOCdetected at basal level in the group treatedwith iPTH is presumably
due to chance and to the small sample size, anyway this datumdoes not
influence our results as shown by statistical analyses.

Conclusion

In conclusion here we show that iPTH decreases fasting glucose
without affecting insulin resistance and secretion and has no effect
on fat mass and distribution and on adipokine production.We also sug-
gest that the iPTH effect on glucose metabolism is partially mediated
through its effect on OC production.
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SUMMARY

Primary hyperparathyroidism (PHPT) is a common cause of bone loss that is modeled by 

continuous PTH (cPTH) infusion. Here we show that the inflammatory cytokine IL-17A is 

upregulated by PHPT in humans and cPTH in mice. In humans IL-17A is normalized by 

parathyroidectomy. In mice treatment with anti-IL-17A antibody and silencing of IL-17A receptor 

IL-17RA prevent cPTH induced osteocytic and osteoblastic RANKL production and bone loss. 

Mechanistically, cPTH stimulates conventional T cell production of TNFα (TNF), which increases 

the differentiation of IL-17A producing Th17 cells via TNF receptor 1 (TNFR1) signaling in 

CD4+ cells. Moreover, cPTH enhances the sensitivity of naïve CD4+ cells to TNF via GαS/

cAMP/Ca++ signaling. Accordingly, conditional deletion of GαS in CD4+ cells and treatment 

with the calcium channel blocker diltiazem prevents Th17 cell expansion and blocks cPTH 

induced bone loss. Neutralization of IL-17A and calcium channel blockers may thus represent 

novel therapeutic strategies for hyperparathyroidism.
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INTRODUCTION

Parathyroid hormone (PTH) is a major regulator of calcium metabolism and bone 

homeostasis. PHPT, a condition characterized by chronic overproduction of PTH, is a 

common cause of osteoporosis (Parisien et al., 2001; Potts, 1998; Silverberg et al., 1989) 

that is modeled in animals by continuous PTH (cPTH) infusion. Both PHPT and cPTH 

treatment stimulate bone resorption and, to a lesser extent, bone formation (Qin et al., 2004) 

causing cortical bone loss and often trabecular bone loss (Iida-Klein et al., 2005; Potts, 

1998).

The effects of cPTH on bone result from its binding to the PTH/PTH-related protein 

(PTHrP) receptor (PPR or PTHR1), which is expressed on bone marrow (BM) stromal cells, 

osteoblasts and osteocytes (Calvi et al., 2001; Saini et al., 2013), but also T cells (Terauchi 

et al., 2009) and macrophages (Cho et al., 2014). Early consensus held that the catabolic 

effect of cPTH is mediated by altered production of RANKL and OPG by stromal cells and 

osteoblasts (Ma et al., 2001). Osteocytes have now emerged as essential targets of PTH, as 

osteocyte-produced RANKL is pivotal for cPTH induced bone loss (Ben-awadh et al., 2014; 

Saini et al., 2013; Xiong et al., 2014). cPTH fails to induce bone loss in T cell null mice and 

mice with conditional deletion of PPR in T cells (Gao et al., 2008; Tawfeek et al., 2010), 

thus revealing that T cells contribute to the mechanism of action of PTH in bone. PPR 

activation in T cells stimulates TNF production by BM conventional CD4+ and CD8+ cells 

(Tawfeek et al., 2010) and cPTH fails to induce bone loss in mice specifically lacking TNF 

production by T cells (Tawfeek et al., 2010). TNF upregulates CD40 expression in SCs, 

allowing T cell expressed CD40L to regulate the responsiveness of SCs to cPTH (Gao et al., 

2008). However, TNF is likely to contribute to the bone catabolic activity of cPTH via 

additional effects. Moreover, the mechanisms by which cPTH regulates T cell function, the 

specific population of T cells that mediate the activity of cPTH, and the role of T cells in the 

activity of PTH in humans remain to be determined.

Th17 cells are an osteoclastogenic population of CD4+ cells (Miossec et al., 2009; Sato et 

al., 2006) defined by the capacity to produce IL-17A and other minor members of the IL-17 

family of cytokines (Basu et al., 2013). Th17 cells reside in the BM (Kappel et al., 2009) 

and play a pathogenic role in inflammatory conditions such as psoriasis, rheumatoid 

arthritis, multiple sclerosis and Crohn’s disease (Martinez et al., 2008; Miossec et al., 2009). 

Moreover, Th17 cells contribute to the bone wasting caused by estrogen deficiency in mice 

(DeSelm et al., 2012; Tyagi et al., 2012) and humans (Molnar et al., 2014; Zhang et al., 

2014). Th17 cells potently induce osteoclastogenesis by secreting IL-17A, RANKL, TNF, 

IL-1 and IL-6, along with low levels of IFNγ (Jovanovic et al., 1998; Komatsu and 

Takayanagi, 2012; Waisman, 2011). IL-17A stimulates the release of RANKL by all 

osteoblastic cells including osteocytes (Komatsu and Takayanagi, 2012; Kotake et al., 1999; 
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Sato et al., 2006) and potentiates the osteoclastogenic activity of RANKL by upregulating 

RANK (Adamopoulos et al., 2010).

cPTH stimulates bone and immune cells to release growth factors and cytokines. Among 

them are TGFβ, IL-6, and TNF (Koh et al., 2011; Lowik et al., 1989; Tawfeek et al., 2010), 

factors that direct the differentiation of naïve CD4+ cells into Th17 cells (Basu et al., 2013; 

Bettelli et al., 2006; Nakae et al., 2007; Sugita et al., 2012). Therefore, it is plausible that 

cPTH may induce Th17 cell differentiation in the BM, and that IL-17A produced by BM 

Th17 cells may act as an upstream cytokine that plays a pivotal role in the bone loss induced 

by cPTH and PHPT.

This study was designed to determine the effects of PHPT and cPTH on the production of 

IL-17A in humans and mice and to investigate the contribution of IL-17A to the bone loss 

induced by cPTH in mice. We report that PHPT increases peripheral blood cell expression 

of IL-17A mRNA, which is normalized by parathyroidectomy. We also show that in mice, 

cPTH promotes Th17 cell differentiation via TNFR1 signaling in T cells. In addition, cPTH 

enhances the sensitivity of naïve CD4+ cells to TNF via the GαS/cAMP/Ca++ signaling 

pathway. Attesting to relevance of IL-17A and PTH signaling in T cells, silencing of 

IL-17RA or GαS and treatment with neutralizing anti IL-17A antibody or the calcium 

channel blocker diltiazem prevent cPTH induced bone loss.

RESULTS AND DISCUSSION

Increased production of IL-17A in humans affected by PHPT

To investigate the effects of PHPT on the production of cytokines, unfractionated peripheral 

blood nucleated cells were obtained from 57 healthy controls and 20 subjects affected by 

PHPT of similar gender, age and years since menopause. The demographic characteristics of 

the study population and the serum levels of calcium, phosphorous, PTH and 25-hydroxy 

Vitamin D are shown in table 1. In PHPT patient’s blood samples were obtained before 

surgery and 1 month after successful resolution of PHPT by parathyroidectomy. 

Overproduction of IL-17A has been documented in inflammatory conditions associated with 

local and systemic bone loss such as psoriasis, rheumatoid arthritis and Crohn’s disease 

(Martinez et al., 2008; Miossec et al., 2009) but the effects of PHPT on IL-17A are 

unknown. Analysis by real time RT-PCR revealed that the mRNA levels of IL-17A in 

unfractionated peripheral blood nucleated cells were ~ 3 fold higher in PHPT patients than 

in healthy controls (fig.1a). Moreover, surgical restoration of normal parathyroid function 

was associated with the normalization of IL-17A levels, as demonstrated by the finding at 1 

month after parathyroidectomy of similar IL-17A mRNA levels in healthy subjects and 

former PHPT patients. Furthermore, the mRNA levels of the IL-17-inducing transcription 

factor RORC were ~ 3 fold higher in PHPT patients before surgery than in healthy controls 

(fig.1b) and parathyroidectomy was followed by a decrease in RORC mRNA levels. As a 

result, levels of RORC mRNA in healthy controls and PHPT patients after surgery were not 

significantly different. Whether PHPT increases levels of IL-17A protein in the peripheral 

circulation and in the BM remains to be determined.
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In the entire study population PTH levels were directly correlated with mRNA levels of 

IL-17A (r=0.38, p<0.005) and RORC (r=0.27, p<0.05). Moreover, disease status (healthy or 

PHPT) and age were independent predictors of IL-17A and RORC mRNA levels, whereas 

gender was not (tables S1,S2). These differences in IL-17A and RORC levels between 

healthy controls and PHPT patients remained significant even after adjustment for age and 

gender by a multiple regression model.

These findings suggest that increased IL-17A gene expression in PHPT patients is due to 

increased levels of circulating PTH. However, we cannot exclude the possibility that IL-17A 

might be regulated by factors modified by PTH, such as serum levels of calcium, phosphate 

and calcitriol. A previous cross-sectional study in patients on dialysis with 

hyperparathyroidism secondary to end-stage renal disease revealed a direct correlation 

between phosphate levels and frequency of peripheral blood Th17 cells (Lang et al., 2014). 

By contrast, in our study IL-17A levels were increased in PHPT patients who have 

decreased phosphate levels. Moreover, we found no correlation between IL-17A and RORC 

expression and serum phosphate levels.

PHPT was also associated with increased mRNA levels of TNF and IL-23, which were 

normalized by parathyroidectomy. By contrast all groups had similar mRNA levels of IFNγ 

and IL-4 suggesting that PHPT does not expand Th1 cells, Th2 cells (fig. S1).

Treatment with cPTH expands Th17 cells and IL-17A production in the mouse

To investigate the effect of PTH in mice, human PTH 1–34 was continuously infused at the 

rate of 80 µg/kg/day for 2 weeks, a treatment modality referred to hereafter as cPTH. 

Analysis by flow cytometry of unfractionated peripheral blood nucleated cells harvested at 

sacrifice revealed that cPTH increased the relative and absolute frequency of peripheral 

blood Th17+ cells (fig.2a–c). Moreover, cPTH increased IL-17A mRNA levels in purified 

peripheral blood CD4+ cells (fig. 2d) and unfractionated peripheral blood nucleated cells, 

but not in CD4+ cell-depleted peripheral blood nucleated cells (fig.2e), indicating that CD4+ 

cells represent the major source of IL-17 mRNA in peripheral blood cells.

Mirroring its activity in peripheral blood, cPTH increased by ~2 fold the relative and 

absolute frequency of Th17 cells in the BM (fig.2f,g), by ~5 fold the levels of IL-17A 

mRNA in purified BM CD4+ cells (fig. 2h), and by 2 fold the levels of IL-17A protein in 

the culture media of BM CD4+ cells (fig.2i). Moreover, cPTH increased the expression of 

the Th17-inducing transcription factors RORα and RORγt in BM CD4+ T cells (fig.2j). 

cPTH treatment was also associated with a ~2 fold increase in the relative and absolute 

frequency of splenic Th17 cells (fig.2k,l) and a ~4 fold increase in the levels of IL-17A 

mRNA in purified splenic CD4+ cells (fig. 2m). By contrast, cPTH did not increase the 

relative and absolute frequency of IFNγ+CD4+ cells, IL-4+CD4+ cells, and FoxP3+CD4+ 

cells in the peripheral blood, BM and spleen (fig. S2), indicating that cPTH does not expand 

murine Th1 cells, Th2 cells and regulatory T cells.

Although IL-17A is mostly produced by Th17 cells, γδ T cells, innate lymphoid cells, NK 

cells, NKT cells, neutrophils and eosinophils also produce IL-17 (Korn et al., 2009; 

Lockhart et al., 2006; Sutton et al., 2009). Our data do not support a role for γδ T cell 
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produced IL-17A in the bone catabolic activity of cPTH because TCRβ−/− mice, a strain 

lacking αβ but not γδ T cells are completely protected against cPTH induced bone loss (Gao 

et al., 2008).

Neutralization of IL-17A or silencing of IL-17RA block cPTH induced bone loss

To investigate whether IL-17A contributes to the bone catabolic activity of cPTH, WT mice 

were treated with vehicle or cPTH and either a neutralizing antibody directed against murine 

IL-17A (IL-17A Ab) or isotype matched irrelevant Ab (Irr. Ab), at the dose of 2.5 mg/kg, 

twice per week for 2 weeks. To assess the differential effects of cPTH on cortical and 

trabecular bone, micro-computed tomography (µCT) was utilized to analyze femurs 

harvested at sacrifice. cPTH induced significant loss of cortical thickness (Ct.Th) and 

volume (Ct.Vo) and trabecular bone volume (BV/TV) in mice treated with Irr. Ab, but not in 

those treated with IL-17A Ab (fig.3a). Analysis of indices of trabecular structure revealed 

that cPTH had opposite effects in trabecular number (Tb.N) in mice treated with Irr. Ab and 

those treated with IL-17A Ab. A similar trend was observed for trabecular space (Tb.Sp). By 

contrast, cPTH induced decreased trabecular thickness (Tb.Th) in all mice (fig. S3a–c).

Analysis of femoral cancellous bone by histomorphometry revealed that neutralization of 

IL-17A blunts the bone catabolic activity of cPTH by decreasing bone resorption. In fact, 

cPTH treatment increased two indices of bone resorption, the number of OCs per bone 

surface (N.Oc/BS) and the percentage of surfaces covered by OCs (Oc.S/BS), in mice 

treated with Irr. Ab but not in those treated with IL-17Ab (fig.3b). Analysis of dynamic 

indices of bone formation revealed that cPTH increased mineral apposition rate (MAR) and 

bone formation rate (BFR) in mice treated with Irr. Ab and in those treated with IL-17A Ab 

(fig.3c). Two static indices of bone formation, the number of OBs per bone surface 

(N.Ob/BS) and the percentage of surfaces covered by OBs (Ob.S/BS) increased significantly 

in response to treatment with cPTH in both mice treated with Irr. Ab and those treated with 

IL-17A Ab (fig.3c). These indices were unexpectedly higher in the vehicle/IL-17A Ab 

group as compared to the vehicle/Irr. Ab group.. Confirmation that neutralization of IL-17A 

blunts the bone catabolic activity of cPTH by decreasing bone resorption was provided by 

measurements of serum levels of C-terminal telopeptide of collagen (CTX), a marker of 

bone resorption, and total procollagen type 1 N-terminal propeptide (P1NP), a marker of 

bone formation. These assays revealed that treatment with IL-17A Ab significantly blunted 

the increase in serum CTX levels induced by cPTH, while it did not diminish the cPTH 

induced increase in P1NP levels (fig.3d).

The blockade of bone resorption induced by IL-17 Ab was of greater magnitude when 

estimated by serum levels of CTX than when measured by bone histomorphometry. The 

likely explanation for this phenomenon is that CTX levels reflect both cortical and 

trabecular bone resorption while histomorphometric indices were calculated only in the 

trabecular compartment. This is relevant because cortical bone accounts for most of the total 

bone mass and cPTH affects primarily the cortical compartment of the skeleton.

In summary, the data demonstrate neutralization of IL-17A blunts the capacity of cPTH to 

stimulate bone resorption without affecting bone formation. These changes in bone turnover 
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prevented bone loss but did not cause a significant increase in bone volume presumably 

because of the short duration of the IL-17Ab treatment.

Osteocytes and the pool of RANKL produced by osteocytes are crucial for the activity of 

cPTH. In fact, not only does silencing of PPR expression in osteocytes blunts the bone 

catabolic activity of cPTH (Saini et al., 2013), but increased production of RANKL by 

osteocytes is now known to play a pivotal role in cPTH induced bone loss (Ben-awadh et al., 

2014; Saini et al., 2013; Xiong et al., 2014). Reports from our laboratory have led to the 

hypothesis that T cells are also an important target of PTH (Pacifici, 2013), primarily 

because silencing of PPR in T cells protects against cPTH induced bone loss (Tawfeek et al., 

2010). The fact that silencing of PPR signaling in T cells and osteocytes induces similar 

bone sparing effects is in keeping with a “serial circuit” regulatory model, where signals 

from one population affect the response to cPTH of the other. Since T cells and osteocytes 

have limited physical contacts, the cross talk between these populations is likely mediated 

by a soluble factor. IL-17A is a likely candidate because it is a potent inducer of RANKL in 

organ cultures containing osteoblasts and osteocytes (Nakashima et al., 2000). In support of 

this hypothesis we found IL-17A Ab to completely block the increase in osteocytic RANKL 

mRNA levels induced by cPTH (fig.3e). Further attesting to causal role of IL-17A, we found 

that treatment with IL-17A Ab completely blocked the capacity of cPTH treatment to 

increase the expression of RANKL, TNF, IL-1β and IL-6 mRNAs in purified osteoblasts 

and the increase in the expression of TNF mRNA in purified BM T cells (fig. S4a). These 

data indicate that IL-17A may mediate the bone catabolic activity of cPTH by upregulating 

the production of RANKL by osteocytes and osteoblasts.

IL-17A binds to the heterodimeric receptor IL-17RA/IL-17RC known as IL-17RA (Iwakura 

et al., 2011; Zepp et al., 2011). IL-17A signaling is silenced in IL-17RA−/− mice (Ye et al., 

2001). We made use of IL-17RA−/− mice to further investigate whether IL-17A contributes 

to the bone catabolic activity of cPTH. 16 week-old IL-17RA−/− mice and WT littermates 

were treated with vehicle or cPTH for 2 weeks. In vitro µCT analysis of femurs harvested at 

sacrifice revealed that cPTH induced significant losses of Ct.Th, Ct.Vo and BV/TV in WT 

mice but not in IL-17RA−/−mice (fig.3f). For reasons that remain undetermined, Ct.Th was 

lower in vehicle treated IL-17RA−/− mice as compared to vehicle treated WT mice. 

Parameters of trabecular structure (Tb.N, Tb.Th, and Tb.Sp) were altered by cPTH in WT 

but not in IL-17RA−/− mice (fig. S3d–f).

Serum CTX levels were increased by cPTH in WT but not in IL-17RA−/− mice (fig.3g). By 

contrast serum P1NP levels were increased by cPTH in WT and IL-17RA−/− mice (fig.3g). 

Osteocytic RANKL mRNA levels were increased by cPTH in WT but not in IL-17RA−/− 

mice (fig.3h). Finally, cPTH treatment increased the osteoblastic expression of RANKL, 

TNF, IL-1β and IL-6 mRNAs and the T cell expression of TNF mRNA in in WT but not 

IL-17RA−/− mice (fig. S4b). These findings demonstrate that silencing of IL-17RA prevents 

the loss of cortical and trabecular bone, and the increase in bone resorption and the 

osteoblastic/osteocytic RANKL production induced by cPTH. Importantly, the data confirm 

that IL-17A acts as an upstream cytokine that drives bone loss by increasing the sensitivity 

of osteoblasts and osteocytes to cPTH, thus enabling these lineages to release RANKL when 

stimulated by cPTH. Parallel deletions of PPR in T cells, osteocytes and osteoblasts as well 
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as conditional deletion of IL-17RA in osteocytes and osteoblasts will be necessary to 

conclusively confirm this hypothesis.

cPTH increases the differentiation of Th17 cells via TNF and GαS signaling

IL-6 and TGFβ initiate Th17 differentiation (Basu et al., 2013; Martinez et al., 2008) while 

TNF, IL-1, and IL-23 amplify it (Veldhoen et al., 2006). The relevance of TNF for Th17 cell 

expansion has emerged by investigations on the effects of TNF blockers, which have 

demonstrated that TNF contributes to the expansion of Th17 cells in inflammatory 

conditions in humans and rodents (Nakae et al., 2007; Sugita et al., 2012). Accumulation of 

cAMP in CD4+ cells and the resulting Ca2+ influx further promote Th17 cell differentiation 

and activity (Li et al., 2012). Treatment with cPTH induces the production of IL-6 and TGFβ 

by bone and immune cells (Koh et al., 2011; Lowik et al., 1989) and the release of TNF by 

BM CD4+ and CD8+ cells (Tawfeek et al., 2010). PTH binding to PPR activates the G 

protein-coupled receptor subunit GαS, leading to the generation of cAMP (Datta and Abou-

Samra, 2009). Therefore, several mechanisms could account for the capacity of cPTH to 

expand Th17 cells.

We utilized BM cells, which are essential for the regulation of bone homeostasis, and cells 

from the spleen, an organ not known to regulate bone remodeling to determine the 

mechanism by which cPTH expands Th17 cells. BrdU incorporation studies revealed that 

cPTH did not increase the proliferation of Th17 cells in the BM and the spleen (fig. S5a,b). 

IL-17A–eGFP mice were utilized to investigate the differentiation of naïve CD4+ cells into 

Th17 cells. IL-17A–eGFP reporter mice possess an IRES-eGFP sequence after the stop 

codon of the IL17A gene so that eGFP expression is limited to IL-17A expressing cells, 

allowing Th17 cells to be detected by measuring eGFP by flow cytometry. Splenic naïve 

CD4+ cells (CD4+CD44loCD62LhieGFP-cells) were FACS sorted from IL-17A–eGFP mice 

and transferred into congenic T cell deficient TCRβ−/− mice. Recipient mice were treated 

with vehicle or cPTH for 2 weeks starting 2 weeks after the T cell transfer, and newly 

produced Th17 cells (CD4+eGFP+ cells) counted. Since TCRβ−/− mice were reconstituted 

with eGFP- cells, the number of eGFP+ cells in host mice at sacrifice provides a direct 

quantification of the differentiation of naïve CD4+ cells into Th17 cells. cPTH treated mice 

had a higher number eGFP+ cells than controls in the BM and the spleen (fig. S5c,d) 

demonstrating that cPTH increases Th17 cell differentiation in the BM and the spleen.

TNF expands Th17 cells and mediates the catabolic activity of cPTH (Chen et al., 2011; 

Nakae et al., 2007; Sugita et al., 2012). Therefore, we investigated the overall contribution 

of TNF and the specific role of T cell produced TNF in the expansion of Th17 cells induced 

by cPTH. WT and TNF−/− mice were treated with cPTH for 2 weeks and the relative 

frequency of BM Th17 cells determined. cPTH increased the frequency of Th17 cells in the 

spleen and the BM in WT mice, but not in TNF−/− mice (fig.4a,b). Analysis of purified BM 

CD4+ cells revealed that cPTH increased IL-17A mRNA levels (fig.4c) and the expression 

of RORα and RORγt (fig. 4d,e) in BM CD4+ cells from WT but not in those from TNF−/− 

mice. Thus, cPTH induces Th17 cells via TNF. Next, splenic T cells from WT and TNF−/− 

mice were transferred into TCRβ−/−mice. Recipient mice were treated with vehicle or cPTH 

for 2 weeks starting 2 weeks after the T cell transfer. cPTH increased the number of Th17 

Li et al. Page 7

Cell Metab. Author manuscript; available in PMC 2016 November 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cells (fig.4f), IL-17A mRNA levels in CD4+ cells (fig.4g) and the expression of RORα and 

RORγt in CD4+ cells (fig.4h,i) in the BM of host mice with WT T cells but not in those with 

TNF−/− T cells. These findings demonstrate that the production of TNF by T cells is 

required for cPTH to expand Th17 cells.

To determine whether TNF directly targets Th17 precursors, splenic CD4+ cells from 

TNFR1−/− and TNFR2−/− mice were transferred into TCRβ−/− mice. Host mice were 

treated with vehicle or cPTH for 2 weeks starting 2 weeks after the T cell transfer. cPTH 

expanded BM Th17 cells in mice with TNFR2−/− T cells but not in those with TNFR1−/− T 

cells (fig. 4f). Moreover, cPTH increased IL-17A mRNA levels in BM CD4+ cells (fig.4g) 

and the BM CD4+ cell expression of RORα and RORγt (fig.4h,i) in mice with TNFR2−/− T 

cells but not in those with TNFR1−/− T cells. These findings demonstrate that cPTH 

expands the pool of BM Th17 cells through direct TNFR1 signaling in T cells.

In addition to TNF, several cytokines are known to promote Th17 cell expansion. Among 

them are the T cell produced factor IL-21 and the macrophage/dendritic cell produced 

cytokine IL-23. We found that cPTH treatment increased the mRNA levels of IL-21, and 

IL-23R in BM and spleen CD4+ cells from WT but not TNF−/− mice (fig. S6a,b). 

Moreover, cPTH increased the mRNA levels of IL-23 in BM CD11c+ cells from WT but 

not TNF−/− mice (fig. S6c). These findings suggest that IL-21 and IL-23 may contribute to 

expansion of Th17 cells induced by cPTH. However, cPTH upregulates these factors via 

TNF.

In summary, our human and murine data indicate that TNF acts directly by upregulating the 

Th17 inducing factors IL-21 and IL-23. However, our findings do no exclude the possibility 

that PTH mediated stimulation of IL-6 and TGFβ production may contribute to the 

expansion of Th17 cells induced by cPTH.

Conditional deletion of the G protein-coupled receptor subunit GαS in T cells impairs the 

generation of Th17 cells (Li et al., 2012). Since PTH binding to PPR activates GαS (Datta 

and Abou-Samra, 2009), cPTH could further upregulate Th17 differentiation by activating 

Gα S in naïve CD4+ T cells. To investigate the role of G α S we generated GαSΔCD4,8 mice 

by crossing C57BL6 GαS fl/fl mice with C57BL6 CD4-Cre mice, as previously described 

(Li et al., 2012). The targeted genetic deletion of GαS with CD4-Cre occurs at the 

CD4+CD8+ double positive stage of T cell development (Li et al., 2012). Consequently, 

both CD4+ and CD8+ T cells from GαSΔCD4,8 mice lack G α S expression. GαSΔCD4,8, Gαs 

fl/fl, and WT mice have similar numbers of CD4+ and CD8+ cells, and similar percentages 

of effector, memory, and naïve CD4+ and CD8+ cells (Li et al., 2012).

One mechanism by which activation of GαS in CD4+ cells could promote Th17 cell 

differentiation is increased sensitivity to TNF. To investigate this hypothesis, naïve splenic 

CD4+ cells from vehicle and cPTH treated WT, GαS fl/fl and GαSΔCD4,8 mice were 

cultured in vitro in anti-CD3 Ab and anti-CD28 coated wells for 3 days in the presence of 

TNF at 10–50 ng/ml to induce the conversion of CD4+ cells into Th17 cells. Cultures of 

CD4+ cells from cPTH treated WT and G α S fl/fl mice yielded a higher number of Th17 

cells as compared to those from vehicle treated mice (fig.5a). By contrast cultures of CD4+ 
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cells from vehicle and cPTH treated GαSΔCD4,8 mice yielded similar numbers of Th17 cells, 

demonstrating that cPTH increases the sensitivity of nascent Th17 cells to TNF via GαS 

signaling in CD4+ cells. Mechanistic studies revealed that treatment with cPTH for 2 weeks 

increased the mRNA levels of TNFR1 and the TNFR1 activated signaling molecule TRAF2 

(Qin et al., 2012) in BM CD4+ cells from of WT and Gαs fl/fl mice but not in those from 

GαSΔCD4,8 mice (fig.5b,c) indicating that activation of G α S signaling by cPTH increases 

the sensitivity of nascent Th17 cells to TNF by upregulating TNFR1 expression and TNFR1 

signaling.

Treatment of GαSΔCD4,8 and Gas fl/fl control mice with cPTH for 2 weeks increased the 

frequency of BM Th17 cells (fig.5d), and induced significant losses of Ct.Th, Ct.Vo, and 

BV/TV (fig.5e–g), and Tb.Th (fig. S7a) in GαS fl/fl mice but not GαSΔCD4,8 mice. 

Unexpectedly, cPTH did not affect Tb.Sp and Tb.N in all mice (fig. S7b,c). cPTH also 

increased serum CTX levels in GαS fl/fl but not GαSΔCD4,8 mice (fig. 5h). Serum P1NP and 

osteocalcin (OCN) levels were increased by cPTH in GαS fl/fl and GαSΔCD4,8 mice (fig. 

5i,j). These findings demonstrate that silencing of Gαs in T cells prevents the expansion of 

Th17 cells, the loss of cortical and trabecular bone, and the increase in bone resorption 

induced by cPTH.

Signaling events downstream of GαS include cAMP generation (Li et al., 2012) and 

activation of L-type calcium channels (Hell, 2010). The latter contributes to Th17 cell 

differentiation (Oh-hora, 2009). Accordingly, in vitro treatment with the L-type calcium 

channel blocker diltiazem blunts the differentiation of CD4+ cells into Th17 cells (Li et al., 

2012). We fed mice with or without diltiazem in their drinking water (Mieth et al., 2013; 

Semsarian et al., 2002) and infused them with vehicle or cPTH. Diltiazem blocked the 

increase in the number of BM Th17 cells (fig.6a), the BM mRNA levels of IL-17A (fig.6b), 

and the BM CD4+ cell expression of RORα and RORγt (fig.6c,d) induced by cPTH. 

Moreover, diltiazem completely blocked the decrease in Ct.Vo, Ct.Th and BV/TV induced 

by cPTH (fig.6e–g) and altered the response to cPTH of parameters of trabecular structure 

(fig.6h–j). Diltiazem blocked the increase in serum CTX levels but not the increase in serum 

P1NP induced by cPTH (fig.6k,l). These data demonstrate that diltiazem prevents the loss of 

cortical and trabecular bone induced by cPTH by blunting bone resorption. The finding that 

in vivo treatment with diltiazem blocks Th17 cell expansion and prevents cPTH induced 

bone loss may suggest a potential therapeutic role for L-type calcium channel blockers in the 

treatment of hyperparathyroidism, even though the available data do not exclude the 

possibility of additional effects of diltiazem on immune cells that may contribute to its bone 

sparing activity.

A striking and unexpected finding of this investigation is that neutralization of IL-17A and 

deletion of IL-17RA block the capacity of cPTH to increase the production of RANKL by 

osteocytes and osteoblasts. These findings and the published literature suggest that T cells, 

osteoblasts and osteocytes are all required for the high levels of PTH characteristic of PHPT 

to induce bone loss. By contrast, osteocytes, but not T cells and IL-17A, are required for 

physiologic levels of endogenous PTH to regulate bone remodeling. In fact, mice lacking 

PPR signaling in osteocytes have high baseline bone volume (Saini et al., 2013), while 
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IL-17RA null mice and those lacking PPR signaling in T cells (Bedi et al., 2012; Tawfeek et 

al., 2010) have a normal bone volume.

Direct clinical applications of the current study arise because L-type calcium channel 

blocker are available, while anti-human IL-17A Abs and IL-17 receptor Abs are under 

investigation as therapeutic agents in psoriasis and spondyloarthropathy (Leonardi et al., 

2012; Martin et al., 2013; Mease et al., 2014; Yeremenko et al., 2014). Therefore our 

findings demonstrate a novel role for IL-17A in the mechanism of action of cPTH and 

provide a proof of principle for the use of L-type calcium channel blocker and IL-17A Ab in 

the treatment of primary hyperparathyroidism.

EXPERIMENTAL PROCEDURES

Human Study population

All human studies were approved by the Ethical Committee of the A.O.U. Città della Salute 

e della Scienza - A.O. Ordine Mauriziano - A.S.L. TO1, Turin Italy and informed consent 

was obtained from all participants. The study population was recruited from the patients of 

A.O.U. Città della Salute e della Scienza, Turin Italy and healthy volunteers. The study 

population included 20 patients (16 women and 4 men) affected by primary 

hyperparathyroidism (PHPT) and 57 healthy subjects (25 males and 32 females) comparable 

for age and years since menopause. The demographic characteristics of the study population 

are shown in table 1. The diagnosis of PHPT was established based on the finding of 

elevated circulating levels of calcium and PTH in at least 2 instances and the presence of 

normal renal function. PHPT patients were subjected to parathyroidectomy and restoration 

of normal parathyroid function was demonstrated by the finding of normal serum PTH 

levels 1 month after surgery. Inclusion and exclusion criteria are provided in supplemental 

experimental procedures.

Measurements of IL-17A, TNFα, IL-23, IL-4, IFNγ and RORC mRNAs in human samples

Red cells were lysed in all peripheral blood samples and total nucleated cells collected and 

dissolved in TRIzol reagent (Ambion, Huntingdon, UK) and frozen at −80°C until RNA 

extraction. RNA was isolated using chloroform extraction, and subsequent isopropanol 

precipitation according to the manufacturer’s protocol. 1 µg of RNA was reverse transcribed 

to cDNA using a High Capacity cDNA Reverse Transcription Kit (Applied-Biosystems). 

Real time RT-PCR was performed with IQ SYBR Green Supermix (BIORAD). Relative 

IL-17A, RORC, IFNγ, IL-4, IL-23, and TNFα gene expression was determined using the 

2−ΔΔCT method with normalization to β-Actin. The primers used are listed as supplemental 

information.

Animals

All the animal procedures were approved by the Institutional Animal Care and Use 

Committee of Emory University. Female C57BL6 WT, TNF−/−, TNFR1−/−, TNFR2−/−, 

TCRβ−/− and IL17A–GFP knock-in (IL17atm1Bcgen/J) mice were purchased from Jackson 

Laboratories (Bar Harbor, ME). C57BL6 IL-17RA−/− were provided by Amgen, Inc. 

C57BL6 GαS fl/fl mice were provided by Dr. Lee Weinstein (NIH). C57BL/6 CD4-Cre 
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mice were purchased from Taconic. GαSΔCD4,8 mice were generated by crossing C57BL6 

GαS fl/fl mice with C57BL6 CD4-Cre mice. All mice were maintained under specific 

pathogen free conditions and fed sterilized food and autoclaved water ad libitum.

In vivo cPTH treatment

80 µg/kg/day of hPTH1–34 (Bachem California Inc., Torrance, CA) or vehicle were infused 

for 2 weeks in 16 weeks old female mice by implanting ALZET osmotic pump model-1002 

(DURECT corporation Cupertino, CA) with a delivery rate of 0.24 ml/hr, as previously 

described (Gao et al., 2008; Tawfeek et al., 2010).

IL-17A Ab treatment

16 week-old WT mice were infused with vehicle or PTH for 2 weeks. These mice were also 

injected with mouse IL-17A neutralizing antibody (IL-17A Ab) (R&D Systems, MAB421) 

or isotype matched irrelevant Ab (Irr.Ig) at 2.5 mg/kg, twice per week.

Diltiazem treatment

16 week-old WT mice were infused with vehicle or PTH for 2 weeks. These mice received 

regular water or 100mg/kg body weight/day Diltiazem (Enzo life Science, Inc. Farmingdale, 

NY) with the drinking water.

T cell transfers

Splenic naïve CD4+ cells (CD4+CD44loCD62Lhi) from IL-17A–eGFP- mice were FACS 

sorted. WT, TNF−/−, TNFR1−/− and TNFR2−/− spleen T cells were purified by negative 

immunoselection using MACS Pan T cell isolation kit (Miltenyi Biotech, Auburn, CA). 

These cells were injected (5 × 106 cells per mouse) IV into TCRβ−/− recipient mice 2 weeks 

before treatment. Successful T cell engraftment was confirmed by flow cytometry of the 

spleens of the recipient mice harvested at sacrifice.

BrdU incorporation

Mice were injected IP with 1 mg of BrdU solution 48 hours before sacrifice. The detection 

of BrdU incorporation for proliferating cells was performed by using BrdU Flow Kit (BD 

Biosciences, San Diego, CA) and analyzed by FACS. The percentage of IL-17A+ BrdU+ 

cells was quantified by gating IL-17A+ CD4+ T cells in CD3+ cells.

In vivo and in vitro Th17 cell differentiation and IL-17A ELISA

Sorted splenic naïve (CD62LhiCD44low) CD4+ T cells from IL17A–GFP knock-in mice 

(IL17atm1Bcgen/J mice) were injected IV into 14 weeks old TCRβ−/− mice (2×106 per 

mouse). Host mice were treated with vehicle or cPTH for 2 weeks starting 2 weeks after the 

adoptive transfer of T cells. Mice were then sacrificed and spleen and BM cells were 

harvested and incubated with phorbol 12-myristate 13-acetate (50ng/ml, Sigma) and 

ionomycin (1µg/ml, Sigma) in the presence of GolgiStop (1 µg/ml, Biolegend) for 4 hours. 

The cells were further stained with surface marker and analyzed for GFP expression. For in 

vitro studies, naïve CD4+ T cells from mice treated with vehicle or cPTH for 2 weeks were 

activated with plate bound anti-CD3 (2µg/ml) and anti-CD28 (2µg/ml) in the presence of 
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TNF (10–50 ng/ml) for 3 days. Cells were then harvested for FACS analysis of 

CD4+IL-17A+ cells.

IL-17A ELISA

CD4+ T cells were purified using CD4-specific MACS Microbeads (Miltenyi Biotec) 

following the manufacturer’s instructions. Cells were cultured for 48 hours with 1 µg/ml 

anti-CD28 (Biolegend, San Diego, CA) on anti-CD3–coated plates. Supernatants were 

collected and assayed for IL-17 by ELISA kit (R&D Systems, Minneapolis, MN) according 

to the manufacturer’s directions.

µCT measurements

µCT scanning and analysis was performed as reported previously ((Tawfeek et al., 2010; 

Terauchi et al., 2009)) using a Scanco µCT-40 scanner. Additional information as 

supplemental information.

Quantitative bone histomorphometry

The measurements, terminology and units used for histomorphometric analysis, were those 

recommended by the Nomenclature Committee of the American Society of Bone and 

Mineral Research (Dempster et al., 2013). Non-consecutive longitudinal sections of the 

femur were prepared and analyzed as described previously (Robinson et al., 2015). 

Additional information is provided as supplemental information.

Osteoblast and dendritic cell purification

BM cells were collected at sacrifice and OBs were purified as previously described (Bedi et 

al., 2012; Gao et al., 2008). Additional information is provided as supplemental information.

RNA isolation from enriched osteocytes

The distal end of a tibia was cut off and BM cells were removed by centrifuging at 12000 

rpm for 2 minutes. The surfaces of the bone shafts were scraped l to remove the periosteum 

and the bone was cut into a few small pieces. Bone pieces were then digested with 1 ml of 

Hank’s solution containing 0.1 % bovine serum albumin, 1 mM CaCl2, and 1 mg/ml of 

collagenase (type I:II, ratio 1:3) in a 12-well-plate. A total of 6 digestions for 15 minutes 

were performed at 37°C on a rocking platform at 90 oscillations per minute to remove the 

cells on the bone surface. After the final digestion, bone pieces were washed with PBS and 

frozen in liquid nitrogen. For RNA isolation, bone pieces were transferred into a tube of 1 

mL TRIzol reagent with 5 stainless steel beads and the sample was spun in a refrigerated 

bullet blender centrifuge at 12000 rpm for 10 minutes. The supernatant was transferred into 

a new tube, and RNA extracted.

Markers of bone turnover

Serum CTX, P1NP and Osteocalcin were measured by rodent specific ELISA assays 

(Immunodiagnostic Systems, Scottsdale, AZ).
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Flow cytometry and cell sorting

For surface staining, cells were stained with anti-mouse CD3, CD4, CD62L, and CD44 

antibodies (Biolegend, San Diego, CA). For intracellular staining, cells were incubated with 

phorbol 12-myristate 13-acetate (50ng/ml, Sigma) and ionomycin (1µg/ml, Sigma) in the 

presence of GolgiStop (1 µg/ml, Biolegend) at 37°C for 4 hours. Cells were then stained 

with anti-mouse CD3 and CD4 antibodies followed by intracellular staining with anti-mouse 

IL-17A, IFNγ, IL-4 and Foxp3 antibodies (Biolegend). Cells were then subjected to FACS 

analysis on an LSRII (BD Biosciences, Franklin Lakes, NJ) and analyzed using FlowJo 

software (TreeStar).

Real-time RT-PCR and murine primers

The expression levels of murine IL-17A, I RORα, RORγt, IL-21, IL-23, IL-23R, TNFR1, 

TRAF2, IL-1β, IL-6, RANKL and TNFα mRNAs levels were quantified by real-time RT-

PCR. Murine RNAs levels were measured in BM and spleen CD4+ cells, as well as 

unfractionated nucleated peripheral blood cells. All the primers used were designed by 

Primer Express Express® Software v2.0 (PE Biosystems). Changes in relative gene 

expression between vehicle and cPTH groups were calculated using the 2−ΔΔCT method with 

normalization to 18S rRNA. The primers used are provided in supplemental experimental 

procedures.

Statistical Analysis

Human cytokines and RORC mRNA levels and serum Ca, PTH, and 25OH Vitamin D 

levels were analyzed by Mann Whitney (healthy controls vs. PHPT before surgery and 

healthy controls vs. PHPT after surgery) and Wilcoxon matched pairs signed rank tests 

(PHPT vs. PHPT after surgery), as the data were not normally distributed according to the 

Shapiro-Wilk normality test. Serum levels of phosphorous and the demographic data were 

analyzed by one-way ANOVA, as these data were normally distributed. To evaluate the 

effects of age and gender on IL-17A and RORC levels, multivariate general linear 

regression models (GLMs) on logarithmic scale were fitted for age, gender and IL-17A or 

RORC mRNA levels at baseline and their interactions. The relationship between serum PTH 

levels and IL-17A and RORC mRNA levels were further analyzed by nonparametric 

Spearman correlations.

Murine data were normally distributed according to the Shapiro-Wilk normality test and 

analyzed by unpaired t-tests or two-way analysis-of-variance as appropriate. Additional 

information is provided as supplemental information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard abbreviations used

BM Bone marrow

cPTH Continuous PTH

OBs Osteoblasts

OCYs Osteocytes

PTH Parathyroid hormone

PHPT Primary Hyperparathyroidism

PPR PTH/PTHrP receptor

SCs Stromal Cells

TNF Tumor necrosis factor α
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Figure 1. Primary hyperparathyroidism increases IL-17A and RORC mRNA levels in humans
Levels (Median ± interquartile range) of IL-17A and RORC mRNAs in healthy controls (n = 

57) and subjects with PHPT before (n = 20) and after parathyroidectomy (n = 20). Data were 

analyzed by Mann Whitney (healthy controls vs. PHPT before surgery and healthy controls 

vs. PHPT after surgery) and Wilcoxon matched pairs signed rank tests (PHPT vs. PHPT 

after surgery) as the data were not normally distributed according to the Shapiro-Wilk 

normality test.
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Figure 2. cPTH treatment expands Th17 cells and increases L-17A production
a-c. Frequency of IL-17A producing Th17 cells in unfractionated peripheral blood (PB) cells 

(PBC). Panel a shows representative flow cytometric dot plots from 1 mouse per group. 

Panel b shows the relative frequency of CD4+IL-17A+ PBC. Data are expressed as % of 

CD4+ cells. Panel c shows the absolute number of CD4+IL-17A+ PBCs per sample. d. 

IL-17A mRNA levels in PB CD4+ cells. e. IL-17A mRNA levels in unfractionated PBC and 

CD4+ cell-depleted PBC. f. Relative frequency of Th17 cells in the BM. g. Absolute number 

of BM Th17 cells per sample. h. IL-17A mRNA levels in BM CD4+ cells. i. IL-17A protein 
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levels in BM CD4+ cells. j. mRNA levels of the Th17 cells-inducing transcription factors 

RORα and RORγt in BM CD4+ cells. k. Relative frequency of Th17 cells in the spleen. l. 
Absolute number of Th17 cells in the spleen m. IL-17A mRNA levels in spleen CD4+ cells. 

Data in panels b-m are shown as mean ± SEM. n = 8 mice per group in all panels. All data 

passed the Shapiro-Wilk normality test and were analyzed by unpaired t-tests **=p<0.01 

and ***=p<0.001 compared to the corresponding vehicle group.
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Figure 3. Silencing of IL-17A or IL-17A signaling prevents the bone catabolic effect of cPTH
Effects (mean ± SEM) of cPTH on bone volume, structure and turnover in mice treated with 

IL-17A Ab or lacking IL-1RA. a. In vitro measurements of cortical and trabecular bone 

indices of volume and structure by µCT scanning in WT mice treated with vehicle or cPTH 

and Irrelevant Ab (Irr. Ab) or anti IL-17A Ab. n= 12 mice per group. Representative 3-

dimensional µCT reconstructions of the femurs are shown above the data. b. 

Histomorphometric indices of bone resorption (obtained in the first 10 of the 12 mice per 

group enrolled in the study). The images show TRAP stained sections of the distal femur 
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used to compute the number of OCs per mm bone surface (N.Oc/BS) and the percentage of 

bone surface covered by OCs (Oc.S/BS),which are indices of bone resorption. Original 

magnification × 40. c. Dynamic indices of bone formation. The images show calcein double-

fluorescence labeling used to compute mineral apposition rate (MAR) and bone formation 

rate (BFR), which are indices of bone formation. Original magnification × 20. The number 

of OBs per mm bone surface (N.Ob/BS) and the percentage of bone surface covered by OBs 

(Ob.S/BS), which are static indices of formation, were measured on trichrome-stained 

sections. d. Serum levels of CTX and P1NP. n= 12 mice per group. e. mRNA levels of 

RANKL in purified osteocytes (OCYs). n= 5 mice per group. f. µCT measurements of 

cortical and trabecular bone volume and structure in samples from WT and IL-17RA−/− 

mice. n = 14 mice per group. The images are 3-dimensional reconstructions of the femurs. g. 

Serum levels of CTX and P1NP. n = 14 mice per group. h. mRNA levels of RANKL in 

purified OCYs from WT and IL-17RA−/− mice. n= 5 mice per group. All data passed the 

Shapiro-Wilk normality test and were analyzed by 2-Way ANOVA. * = p < 0.05, ** = 

p<0.01 and *** = p<0.001 compared to the corresponding vehicle treated group. # = p<0.05, 

and ## = p<0.01 compared to IL-17 Ab cPTH. ### = p<0.001 compared to IL-17RA−/− 

cPTH. a= p<0.05 compared to Irr. Ab Veh. b= p<0.05 compared to WT Veh.
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Figure 4. cPTH expands Th17 cells through TNF and TNFR1 signaling
a-b. Relative frequency of Th17 cells in the spleen and BM of WT and TNF−/− mice. c. 

IL-17A mRNA levels in BM CD4+ cells of WT and TNF−/− mice. d,e. ROR α and ROR γ t 

mRNA levels in BM CD4+ cells of WT and TNF−/− mice. f. Relative frequency of Th17 

cells in the BM of TCRβ−/−mice previously subjected to adoptive transfer of WT T cells, 

TNF−/− T cells, TNFR1−/− T cells, or TNFR2−/− T cells. g. IL-17A mRNA levels in BM 

CD4+ cells of TCRβ−/− mice previously subjected to adoptive transfer of WT T cells, TNF

−/− T cells, TNFR1−/− T cells, or TNFR2−/− T cells. h,i. Levels of RORα and RORγt 
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mRNA in BM CD4+ cells of TCRβ−/− mice previously subjected to adoptive transfer of 

WT T cells, TNF−/− T cells, TNFR1−/− T cells, or TNFR2−/− T cells. Data are expressed 

as the mean ± SEM. n = 8 mice per group. All data passed the Shapiro-Wilk normality test 

and were analyzed by 2-Way ANOVA.*=p<0.05, **=p<0.01 and ***=p<0.001 compared to 

the corresponding vehicle group.
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Figure 5. cPTH expands Th17 cells, causes bone loss and stimulates bone resorption through 
activation of G α S in naïve CD4+ cells
a. cPTH increases the sensitivity to TNF of naïve CD4+ cells from WT and G α S fl/fl mice 

but not of those from G α SΔCD4,8 mice. Naïve CD4+ cells were sorted from vehicle and 

cPTH treated mice and cultured with TNF (10–50 ng/ml) to induce their differentiation into 

Th17 cells. b. TNFR1 mRNA levels in BM CD4+ cells. c. TRAF2 mRNA levels in BM 

CD4+ cells d. Frequency of BM Th17 cells. e-g. mCT indices of bone volume and structure. 

h-j. Serum levels of CTX, P1NP and osteocalcin (OCN). Data are shown as mean ± SEM. n 
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= 5 mice per group for panels b-c. n = 16 G α S fl/fl mice per group and 21 G α SΔCD4,8 

mice per group for panels d-j. All data passed the Shapiro-Wilk normality test and were 

analyzed by 2-Way ANOVA. *=p<0.05, **=p<0.01, ***=p<0.001 and ****=p<0.0001 

compared to the corresponding vehicle group. # = p<0.05 compared to the G α SΔCD4,8 

cPTH group.
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Figure 6. The L-type calcium channel blocker diltiazem (DIZ) prevents the effects of cPTH
a relative frequency of BM Th17 cells, b IL-17A mRNA levels in BM CD4+ cells c-d 
expression of RORα and RORγt mRNA in BM CD4+ cells, e-j µCT indices of bone volume 

and structure. k,l. Serum levels of CTX and P1NP. Data are shown as mean ± SEM. n = 12 

mice per group. All data passed the Shapiro-Wilk normality test and were analyzed by 2-

Way ANOVA. *=p<0.05, **=p<0.01, ***=p<0.001 and ****=p<0.0001 compared to the 

corresponding vehicle group. ## = p<0.01 compared to the DIZcPTH group.
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Table 1

Demographic and clinical data of healthy controls and PHPT patients before and after surgery. Data are shown 

as Mean ± SEM for normally distributed variables (serum P and demographic data) and median with 

interquartile range for non-normally distributed variables (serum Ca, PTH, and 25OH Vitamin D). Values in 

squared parenthesis denote normal range.

Healthy
Controls

PHPT before
surgery

PHPT after
surgery

Study Participants (n) 57 20 20

Age (years) 60.1 ± 2.3 57.3 ± 3.4a 57.3 ± 3.4a

Males (n) 25 4 4

Males Age (years) 66.5 ± 3.6 67.5 ± 7.2a 67.5 ± 7.2a

Females (n) 32 16 16

Female Age (years) 56.7 ± 2.9 54.5 ± 3.7a 54.5 ± 3.7a

Postmenopausal females
(n)

23 8a 8a

Years since menopause 15.5 ± 2.3 15.7 ± 3.5a 15.7 ± 3.5a

Serum Ca (mg/dL)
[8.8–10.4 mg/dL]

9.4 (9.1–9.7) 10.8 (10.5–12.0)b 8.8 (8.7–9.1)d,b

Serum P (mg/dL)
[2.5–4.5 mg/dL]

3.3 ±0.07 2.7 ± 0.3c 3.5 ± 0.4e,a

PTH (pg/mL)
[10–65 pg/mL]

53 (32–63) 102 (79–161)b 56.5 (41.8–75.8)d,a

25OH vitamin D
[30–100 ng/mL]

19.6 (5.7–27.2) 17.8 (15.1–22.4)a 23.6 (21.9–30.4)f,a

p values:

a
ns,

b
<0.0001 and

c
0.005 compared to Healthy Controls;

d
<0.0001,

e
<0.05 and

f
<0.01 compared to PHPT.

Cell Metab. Author manuscript; available in PMC 2016 November 03.
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ABSTRACT
The immunoglobulin heavy-chain variable region (IGHV) mutational status is 

a strong determinant of remission duration in chronic lymphocytic leukemia (CLL). 
The aim of this work was to compare the multidrug resistance (MDR) signature of 
IGHV mutated and unmutated CLL cells, identifying biochemical and molecular targets 
potentially amenable to therapeutic intervention.

We found that the mevalonate pathway-dependent Ras/ERK1–2 and RhoA/
RhoA kinase signaling cascades, and the downstream HIF-1α/P-glycoprotein axis 
were more active in IGHV unmutated than in mutated cells, leading to a constitutive 
protection from doxorubicin-induced cytotoxicity. The constitutive MDR phenotype 
of IGHV unmutated cells was partially dependent on B cell receptor signaling, as 
shown by the inhibitory effect exerted by ibrutinib. Stromal cells further protected 
IGHV unmutated cells from doxorubicin by upregulating Ras/ERK1–2, RhoA/RhoA 
kinase, Akt, HIF-1α and P-glycoprotein activities. Mevalonate pathway inhibition 
with simvastatin abrogated these signaling pathways and reversed the resistance of 
IGHV unmutated cells to doxorubicin, also counteracting the protective effect exerted 
by stromal cells. Similar results were obtained via the targeted inhibition of the 
downstream molecules ERK1–2, RhoA kinase and HIF-1α.

Therefore, targeting the mevalonate pathway and its downstream signaling cascades 
is a promising strategy to circumvent the MDR signature of IGHV unmutated CLL cells.

INTRODUCTION

Chronic lymphocytic leukemia (CLL) is chara
cterized by a highly heterogeneous clinical course and a 
poor curability with conventional chemotherapy treatment 
approaches. The immunoglobulin heavychain variable 
region (IGHV) mutational status has emerged as a powerful 

prognosticator: patients with IGHV unmutated (UM) CLL 
cells display inferior survival rates [1, 2] and shorter complete 
remission duration than IGHV mutated (M) patients [3].

Stromal cells (SCs) are known to protect CLL cells 
from spontaneous apoptosis and druginduced cytotoxicity. 
We previously reported that IGHV UM cells are more 
dependent than M cells on microenvironmentmediated 
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signals for their survival [4]. However, whether IGHV M 
and UM CLL cells differ for their ex vivo susceptibility to 
chemotherapy is controversial [5, 6].

Results from clinical trials have shown that 
fludarabine, even when used as a single agent, induced 
higher remission rates than other chemotherapies, such 
as CAP (cyclophosphamide, doxorubicin, prednisone) 
or CHOP (cyclophosphamide, doxorubicin, vincristine, 
prednisone), in previously untreated CLL patients [7, 
8]. However, the reasons accounting for the lower 
effectiveness of anthracyclinecontaining regimens in CLL 
remain largely unexplored.

One of the main mechanisms of chemoresistance 
is the overexpression of membrane transporters which 
actively extrude chemotherapy drugs, a process called 
multidrug resistance (MDR). Anthracyclines, such as 
doxorubicin (Doxo), are substrates of one of the best 
characterized drug efflux pump, the P-glycoprotein (Pgp/
ABCB1), which is encoded by the MDR1 gene [9].

Pgp activity is directly related to the amount of 
cell cholesterol in the plasma membrane [10], and its 
expression is regulated by the transcription factor hypoxia
inducible factor-1 alpha (HIF-1α), whose activation 
is dependent on Ras/ERK1–2 and RhoA/RhoA kinase 
signaling pathways [11].

All these pathways are under the control of the 
mevalonate (Mev) pathway, a highly conserved metabolic 
cascade which produces sterols, such as cholesterol, 
and isoprenoids, such as farnesyl pyrophosphate (FPP) 
and geranylgeranyl pyrophosphate (GGPP). The latter 
are necessary for the isoprenylation of Ras and RhoA 
GTPases, and for the activation of their downstream 
signaling pathways [12].

The Mev pathway can be pharmacologically 
inhibited using statins (e.g. simvastatin, SIM) or amino
bisphosphonates (e.g. zoledronic acid, ZA) [13], and we 
have already shown that ZA can restore the sensitivity of 
MDR positive (MDR+) solid tumor cell lines to Doxo [14].

CLL cells carrying IGHV UM genes have 
significantly higher levels of Mev pathway activity, which 
are thought amenable to pharmacological manipulation 
by SIM and ZA [15]. It is currently unknown whether 
the higher activity of the Mev pathway in IGHV UM 
cells translates into a MDR+ phenotype, and whether the 
targeted inhibition of the Mev pathway or downstream 
signaling can eventually counteract the MDR+ signature 
of CLL cells.

The aim of this study was twofold: 1) to 
characterize the MDR status of IGHV M and UM 
cells, by evaluating the activity of Ras/ERK1–2, 
RhoA/RhoA kinases, and HIF-1α/Pgp axis under basal 
conditions and after exposure to SCs; 2) to determine 
whether targeting the Mev pathway and its downstream 
signaling eventually restores the sensitivity of MDR+ 
CLL cells to Doxo.

RESULTS 

The Ras/ERK1–2 and RhoA/RhoA kinase 
signaling pathways and the HIF-1α/Pgp axis are 
more active in IGHV UM than M CLL cells

The activity of Ras and RhoAdependent 
signaling pathways was analyzed in IGHV M and UM 
CLL cells (>90% pure as described below) after ex 
vivo culture for 24 hours. Both type of cells exhibited 
detectable amounts of nonisoprenylated cytosolic Ras 
and unphosphorylated ERK1–2, but only IGHV UM cells 
showed high intracellular levels of the Ras GTPbound 
active form and the Rasdownstream effector kinase 
phospho-ERK1–2 (Figure 1A, left), in keeping with their 
accelerated Mev pathway activity [15]. Similarly, the 
amount of active GTPbound RhoA and the activity of 
the downstream RhoA kinase were significantly higher in 
IGHV UM than M cells (p always = 0.001) (Figure 1A, 
right).

Both ERK1–2 and RhoA kinase phosphorylate 
and activate the transcription factor HIF-1α [16, 17]. 
Accordingly, the activation of Ras/ERK1–2 and RhoA/
RhoA kinase signalling pathways in IGHV UM cells led 
to the phosphorylation of HIF-1α (Supplementary Figure 
S1) and to the increase of its transcriptional activity, as 
shown by the significantly higher amounts of nuclear 
HIF-1α bound to its specific DNA target sequence (p = 
0.002) (Figure 1B, left). As a consequence, IGHV UM 
cells showed higher MDR1 mRNA expression (Figure 1B, 
right) and lower Doxo accumulation than IGHV M cells (p 
always = 0.001) (Figure 1C).

In agreement with our previous data [4], both 
untreated IGHV M and UM cells showed high levels of 
viability after ex vivo culture for 48 hours, whereas Doxo 
treatment induced a significant decrease of viability in 
IGHV M compared to UM CLL cells (p = 0.001) (Figure 
1D and Supplementary Figure S2).

The constitutive MDR phenotype of IGHV UM 
cells depends on BCR signaling and is further 
upregulated by SC-mediated extrinsic signals

IGHV UM cells display an increased signaling 
through the B cell receptor (BCR) compared to IGHV M 
cells [18]. To study the effect of BCR signaling on Mev
regulated pathways and MDR phenotype we incubated 
IGHV M and UM cells with antiIgM antibody, in the 
presence or absence of the Bruton tyrosine kinase (BTK) 
inhibitor ibrutinib. AntiIgMmediated BCR stimulation 
did not increase the baseline production of cholesterol 
and FPP (Figure 2A), the amount of GTPbound 
RhoA and the activity of RhoA kinase (Figure 2B), the 
transcriptional activity of HIF-1α and the expression of 
its target gene MDR1 (Figure 2C) in both IGHV M and 
UM cells. Of note, ibrutinibmediated BCR inhibition 
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significantly decreased the constitutively higher levels of 
cholesterol and FPP production, RhoA and RhoA kinase 
activity, HIF-1α transcriptional activity and MDR1 
expression in IGHV UM cells (p always ≤ 0.05), whereas 
it did not affect the Mev pathway and Mevregulated 
signaling in IGHV M cells.

SCs are known to confer a chemoresistant phenotype 
to CLL cells [19–21]. Therefore, we also sought whether 
IGHV M and UM cells cocultured with the murine 
stromal cell line M2–10B4 upregulated the Mev pathway 
and the RhoA/RhoA kinase signaling pathways. IGHV M 
and UM cells showed high and comparable levels of cell 
viability after 24hour ex vivo culture, both in the presence 
and in the absence of SCs (data not shown). After exposure 
to M2–10B4 SCs, the production of cholesterol and FPP 
(Figure 3A), the amount of GTPbound RhoA and the 
activity of RhoA kinase (Figure 3B), the transcriptional 
activity of HIF-1α, and the expression of its target gene 
MDR1 (Figure 3C) were significantly increased in IGHV 
UM but not in M CLL cells (p always ≤ 0.03).

SIM effectively reverses the MDR phenotype 
of IGHV UM cells and restores Doxo-induced 
cytotoxicity

We next examined whether SIM, which switches off 
the Mev pathway downstream to the ratecontrolling enzyme 
3hydroxy3methylglutarylCoA reductase, was effective in 
reversing the MDR phenotype of IGHV UM cells.

In IGHV UM cells, SIM significantly reduced 
cholesterol and FPP production (p always ≤ 0.05) (Figure 4A), 
the amounts of GTP-bound Ras and phospho-ERK1–2 kinases 
(Figure 4B), the amounts of GTPbound RhoA and the activity 
of RhoA kinase (Figure 4C), also abrogating the upregulating 
effect exerted by M2–10B4 SCs (p always ≤ 0.0005).

This SIMmediated inhibition of the Mev pathway 
and downstream signaling pathways was paralleled by a 
lower HIF-1α phosphorylation (Supplementary Figure S3) 
and a statistically significant decrease in HIF-1α activity and 
MDR1 expression in IGHV UM cells, both in the presence 
or absence of SCs (p always < 0.003) (Figure 5A, 5B). Thus, 

Figure 1: The Ras/ERK1–2 and RhoA/RhoA kinase signaling pathways and the HIF-1α/Pgp axis are more active in 
IGHV UM than M CLL cells. The activity of the Ras/ERK1–2 and RhoA/RhoA kinase signaling cascades and the HIF-1α/Pgp axis 
were measured in CLL cells isolated from the peripheral blood of IGHV M and UM patients after 24hour ex vivo culture. A. Ras and 
ERK1–2 kinase activities were measured by Western Blot (WB) (left side). IGHV UM cells have a higher expression of the active forms of 
Ras (Ras GTP) and ERK1–2 (pERK1–2), than IGHV M cells. Results are from 3 representative experiments for both M and UM patients 
(UPN, unique patient number). RhoA GTP and RhoA Kinase activities were measured by ELISA assays (right side). IGHV UM cells have 
higher activities of RhoA GTP and RhoA Kinase compared to M cells (*p = 0.001). B. HIF-1α activity and MDR1 mRNA expression. IGHV 
UM cells have higher HIF-1α activity compared to M cells (*p = 0.002) after 24 hours of culture. At the same time-point, significantly 
higher MDR1 levels were observed in IGHV UM cells than in M cells (*p = 0.001). C. Intracellular Doxo accumulation. Significantly lower 
concentrations of Doxo were detected after 48hour ex vivo exposure in IGHV UM than in M cells (*p = 0.001). D. Viability of CD19+/
CD5+ cells was determined by Annexin-V (Ann-V) staining and cytofluorimetric analysis after 48-hour Doxo exposure. IGHV UM cells 
showed higher levels of viability than M cells (*p = 0.001). Results are from 7 experiments for both M and UM patients. In all panels, bars 
represent mean values ± SEM.
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SIM significantly increased the accumulation of intracellular 
Doxo, even in the presence of SCs (p always ≤ 0.002) (Figure 
5C). The SIMinduced increase in Doxo accumulation 
determined an enhanced cytotoxic death of IGHV UM cells 
after exposure to the combination SIM+Doxo for 48 hours (p 
≤ 0.0001). Interestingly, SIM was also effective in reversing 
the protective effect exerted by M2–10B4 SCs (p ≤ 0.0001) 
(Figure 5D and Supplementary Figure S4).

SIM effectively abrogates SC-induced Akt 
upregulation in IGHV UM cells

We next examined the effect of another Mev pathway 
inhibitor, ZA, which switches off the pathway downstream 
to FPP-synthase. ZA significantly abrogated cholesterol and 
FPP synthesis in IGHV UM cells cultured alone (p ≤ 0.05), 

and also in IGHV UM cells cultured with M2–10B4 SCs (p 
≤ 0.03) (Supplementary Figure S5A, S5B). Moreover, ZA 
was effective in reducing the amount of the active GTP
bound form of Ras and phospho-ERK1–2, even in the 
presence of the M2–10B4 SCs (Supplementary Figure S5C, 
S5D). Similarly, the exposure of IGHV UM cells to ZA 
significantly reduced the amount of the active GTP-bound 
form of RhoA and the activity of the downstream RhoA 
kinase, irrespective of the presence or absence of SCs (p 
always ≤ 0.01) (Supplementary Figure S5E, S5F).

The inhibition of Ras/ERK1–2 and RhoA/RhoA 
kinase signaling was paralleled by a reduction of HIF
1α phosphorylation (Supplementary Figure S6), and 
a significant decrease in HIF-1α activity and MDR1 
expression in the presence or absence of SCs (p always ≤ 
0.05) (Supplementary Figure S7A, S7B).

Figure 2: Ibrutinib inhibits the Mev pathway activity, the RhoA/RhoA kinase cascade and the HIF-1α/Pgp axis in 
IGHV UM but not in IGHV M cells. IGHV M and UM cells were stimulated for 24 hours with anti-IgM (10 μg/well) in the absence 
or presence of 30-minute pre-incubation with ibrutinib (1 μM). A. Cholesterol and FPP production. AntiIgM stimulation did not increase 
cholesterol and FPP production in IGHV M and UM cells. IgM+ibrutinib significantly reduced the levels of cholesterol and FPP in IGHV 
UM cells (*p = 0.04 and *p = 0.05, respectively). B. RhoA and RhoA kinase activity. AntiIgM stimulation had no effect on RhoAGTP 
expression and RhoA kinase activity in IGHV M and UM cells. The amount of GTPbound RhoA and the activity of the RhoA kinase were 
significantly reduced by IgM+ibrutinib in IGHV UM cells (*p = 0.0015 and *p = 0.0021, respectively), but not in IGHV M cells. C. HIF-1α 
activity and MDR1 expression. Anti-IgM stimulation did not increase HIF-1α activity and MDR1 expression in IGHV M and UM cells. 
The activity of HIF-1α and MDR1 expression were significantly reduced by IgM+ibrutinib in IGHV UM cells (*p = 0.01 and *p = 0.0012, 
respectively), but not in IGHV M cells. In all panels, bars represent mean values ± SEM of side-by-side experiments performed in replicates.
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Unlike SIM, ZA was unable to increase Doxo 
accumulation and Doxoinduced cytotoxicity in IGHV 
UM cells cultured in the presence or in the absence of 
M2–10B4 SCs (Supplementary Figure S7C, S7D).

To further elucidate the difference between ZA 
and SIM, we also evaluated the effects on Akt and NF-
kB, which are wellknown prosurvival factors for CLL 
cells [22]. The baseline activity of Akt, but not that of NF-
kB, was significantly higher in IGHV UM than M cells  
(p ≤0.001) (Figure 6A, 6B). The same results were 
confirmed by evaluating the expression of the active 
phosphorylated form of Akt and the nuclear translocation 
of the NF-kB components p50 and p65 by western blot 
analyses (Supplementary Figure S8A, S8B).

Akt activity was further upregulated by the presence 
of M2–10B4 SCs (Figure 5C and Supplementary Figure 
S9A), whereas NF-kB activity was not, as previously 
reported [4]. ZA significantly increased Akt activity in 
IGHV UM cells (p ≤ 0.009), and this effect was particularly 
evident when ZA and SCs were used in combination (p 
≤ 0.03) (Supplementary Figure S9A). Of note, ZA also 
increased NF-kB activity in IGHV UM cells, both in the 
absence and in the presence of SCs (p ≤ 0.05 and p ≤ 0.04, 
respectively) (Supplementary Figure S9B). Unlike ZA, SIM 

reduced the baseline Akt and NF-kB activities (p ≤ 0.02), 
and significantly abrogated the SC-induced up-regulation 
of Akt and NF-kB activity (p ≤ 0.03; Figure 6C, 6D), Akt 
phosphorylation (Supplementary Figure S8C) and NF-kB 
nuclear translocation (Supplementary Figure S8D).

Specific inhibitors of ERK1–2, RhoA kinase 
and HIF-1α reverse the MDR phenotype of  
IGHV UM cells

We also tested the activity of specific inhibitors 
targeting ERK1–2 kinases (PD98059, PD), RhoA kinase 
(Y27632, Y276) and HIF-1α (YC-1) in IGHV UM cells 
cultured alone or in the presence of SCs. Of note, the three 
inhibitors, as well as the upstream Mev pathway inhibitor 
SIM, had no impact on SCs viability after 48 hours of 
culture and did not increase the cytotoxic activity of Doxo 
toward SCs (Supplementary Figure S10).

In IGHV UM CLL cells, PD and Y276 markedly 
reduced HIF-1α phosphorylation (Supplementary Figure 
S11). Moreover, PD, Y276 and YC-1 reduced HIF-1α 
activity (Figure 7A) and MDR1 expression (Figure 7B), 
and increased intracellular Doxo accumulation (p always 
≤ 0.0048) (Figure 7C) and Doxo-mediated cytotoxicity  

Figure 3: SCs upregulate the Mev pathway activity, the RhoA/RhoA kinase cascade and the HIF-1α/Pgp axis in IGHV 
UM but not in IGHV M CLL cells. The production of cholesterol and FPP A. the amount of GTPbound RhoA and the activity of the 
RhoA kinase B. the transcriptional activity of HIF-1α and the expression of the MDR1 gene C. were higher in IGHV UM cells cultured for 
24 hours with M2–10B4 SCs compared to IGHV UM cells cultured alone (*p always ≤ 0.002). SCs did not have a significant impact on the 
activity of the Mev pathway and downstream molecules in IGHV M cells. In all panels, bars represent mean values ± SEM of side-by-side 
experiments performed in replicates.
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(p ≤ 0.0001) (Figure 7D and Supplementary Figure S12–
S13) in IGHV UM cells, both in the absence and in the 
presence of SCs.

These results provided the proofinprinciple that 
inhibition of the Ras/ERK1–2/HIF-1α and RhoA/RhoA 
kinase/HIF-1α cascades, and the down-regulation of 
MDR1 gene expression and Pgp activity are mechanisms 
exploited by SIM to restore the chemosensitivity of 
MDR+ IGHV UM cells.

DISCUSSION

This study shows that IGHV UM cells are endowed 
with a MDR phenotype which grants them a greater 
resistance to Doxoinduced cytotoxicity compared with 
IGHV M cells. Mechanistic insights have shown that 
IGHV UM cells, according to their accelerated Mev 
pathway activity [15], had significantly higher activity of 
the Mev-regulated Ras/ERK1–2 and RhoA/RhoA kinase 
signaling cascades, increased HIF-1α phosphorylation 
and activity, higher MDR1 gene expression, very effective 

Doxo extrusion and enhanced survival compared with 
IGHV M cells. The MDR signature of IGHV UM cells is 
at least partially dependent on BCR signaling, as shown 
by the inhibitory effect exerted by ibrutinib on the Mev 
pathway and Mevregulated signaling.

The constitutive MDR features of IGHV UM cells 
are further exacerbated by the incubation with SCs, which 
stimulates the Mev pathway and its downstream signaling 
cascades. Mev pathway manipulation with SIM, and 
specific ERK1–2, RhoA kinase or HIF-1α inhibitors reset 
the chemosensitivity of IGHV UM cells to the same levels 
of IGHV M cells, and neutralize the MDRenhancing 
effect operated by SCs.

A role for MDR1 in CLL chemoresistance has 
previously been suggested by the association of Pgp 
expression with IGHV UM genes and poor prognosis 
cytogenetics [23]. Our data confirm that the MDR1 
gene, which is a primary transcriptional target of HIF-1α 
[24, 25], is constitutively more expressed in IGHV UM 
than in M cells. HIF1 is a heterodimeric transcription 
factor composed of an oxygen-induced HIF-1α and a 

Figure 4: SIM-mediated inhibition of Ras/ERK1–2 and RhoA/RhoA kinase signaling pathways. IGHV UM cells, cultured 
alone or in the presence of the murine stromal cell line M2–10B4, were exposed to 1 μM SIM. A. Cholesterol and FPP production. The 
amount of cholesterol and FPP produced by IGHV UM cells was significantly increased after 24-hour co-culture with SCs (p = 0.007 and 
p = 0.009, respectively). SIM significantly reduced the levels of cholesterol and FPP in IGHV UM cells both in the absence (p = 0.04 and 
p = 0.05, respectively) and in the presence (p = 0.03 and p = 0.01, respectively) of M2–10B4 SCs. B. Ras and ERK1–2 kinase activity. 
Co-culture with M2–10B4 SCs increased the levels of Ras-GTP and phospho-ERK1–2 kinase. SIM reduced the expression of the active 
forms of Ras and phospho-ERK1–2 kinase in IGHV UM cells, both in the absence and in the presence of SCs. Results are from two 
representative experiments (UPN, unique patient number). C. RhoA and RhoA kinase activity. Twenty four-hour co-culture with M2–10B4 
SCs significantly increased the levels of expression of RhoA GTP and RhoA Kinase (p = 0.0005 and p = 0.0024, respectively). The 
expression of RhoA-GTP and RhoA kinase was significantly reduced by SIM, both in the absence (p < 0.0001 and p < 0.0001, respectively) 
and in the presence (p < 0.0001 and p < 0.0001, respectively) of SCs. In panels A and C results are from 8 sidebyside experiments. Box 
and whiskers plots represent median values, first and third quartiles, and minimum and maximum values for each dataset.



Oncotarget29839www.impactjournals.com/oncotarget

constitutively expressed HIF-1β subunit. During hypoxia, 
HIF-1α is positively regulated by the activation of the 
RhoAdependent signaling cascade [16]. Under non
hypoxic conditions, the expression and transcriptional 
activity of HIF-1α are regulated by growth factors and 
cytokines through the activation of kinase pathways, 
such as the Ras/ERK1–2 and the PI3k/Akt pathways 
[17]. Unlike their normal counterparts, CLL cells express 
HIF-1α even under normoxia [26], and its transcriptional 
activity regulates CLL cells survival by inducing the 
expression of growth factors, such as VEGF, and the 
cytokines macrophage migrationinhibition factor (MIF) 
and midkine [26–28]. This is the first report showing 
that HIF-1α activity is significantly higher in IGHV UM 
than in M cells, due to the higher activity of the upstream 
Ras/ERK1–2 and RhoA/RhoA kinase signaling cascades 
in these cells. The MDR signature of IGHV UM cells is 
partially dependent on their tonic BCR signaling, as shown 

by the inhibitory effect exerted by ibrutinib but the lack of 
stimulatory effect exerted by antiIgM.

Differently from antiIgMmediated BCR stimulation, 
SCs exposure further increase the activity of Ras/ERK1–2 
and RhoA/RhoA kinase signaling pathways and HIF-1α 
in IGHV UM cells. As a result, the target gene MDR1 is 
over-expressed, Doxo is more efficiently extruded and 
IGHV UM cells are further protected from Doxoinduced 
cytotoxicity. SCs are known to confer chemoresistance to 
CLL cells. One of the main players of the SCinduced MDR 
is the CXCL12/CXCR4 axis, which is known to activate 
the signal transducers ERK1–2 and Akt, and trigger LFA1 
affinity to the integrin ICAM-1, through a RhoA-mediated 
mechanism [29]. It is already known that the BCR signaling 
modulates the activity of the CXCL12/CXCR4 axis, in fact 
the blockade of the BCR signaling with a BTK inhibitor 
decreases the migration of CXCR4expressing CLL cells 
toward CXCL12 produced by SCs [30].

Figure 5: SIM-mediated inhibition of HIF-1α activity and MDR1 gene expression improves Doxo-induced 
cytotoxicity. IGHV UM cells, cultured alone or in the presence of the murine stromal cell line M2–10B4, were exposed to 1 μM SIM. 
A. HIF-1α activity. The activity of HIF-1α was significantly increased by 24-hour co-culture with M2–10B4 SCs (p = 0.0007). SIM 
significantly reduced HIF-1α activity in IGHV UM cells, both in the absence (p = 0.003) and in the presence (p < 0.0001) of M2–10B4 
SCs. B. MDR1 expression. Co-culture with M2–10B4 SCs significantly increased the levels of expression of MDR1 in IGHV UM cells (p 
< 0.0001). After 24-hour exposure to SIM, a significant decrease in MDR1 expression was observed in IGHV UM cells, both in the absence 
(p < 0.0001) and in the presence (p < 0.0001) of SCs. C. Doxo intracellular accumulation. The amount of intracellular Doxo in IGHV UM 
cells was significantly reduced by co-culture with M2–10B4 SCs (p = 0.010). SIM significantly increased 48-hour Doxo accumulation in 
IGHV UM cells cultured alone (p = 0.0026) or in the presence of SCs (p = 0.0002). D. Percentage of CD19+/CD5+ viable cells. IGHV 
UM cells were exposed to 1 μM Doxo, 1 μM SIM, and the combination SIM+Doxo for 48 hours, both in the absence and in the presence 
of M2–10B4 SCs. Cell viability was determined by Ann-V staining and cytofluorimetric analysis on CD19+/CD5+ cells. No decrease in 
viability was observed when IGHV UM cells were exposed to SIM and Doxo used alone (91% ± 2% and 90% ± 1% of CD19+/CD5+ 
viable cells, respectively). By contrast, a significant reduction in cell viability was induced by the combination SIM+Doxo, both in the 
absence (19, 5% ± 7% CD19+/CD5+ viable cells, p < 0.0001) and in the presence (10% ± 3% CD19+/CD5+ viable cells, p < 0.0001) of 
SCs. In panels A-D results are from 8 side-by-side experiments. Box and whiskers plot represent median values, first and third quartiles, 
and minimum and maximum values for each dataset.
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The Mev pathway and the CXCL12/CXCR4 axis 
may reciprocally affect their activity, as shown by at least 
two observations: 1) for optimal signaling CXCR4 must be 
incorporated into membrane lipid rafts, whose formation 
require membrane cholesterol, and which orchestrate the 
interaction of the small GTPases Rac and Rho with their 
downstream transducers [31]; 2) hypercholesterolemia 
induces the secretion of CXCL12 and drives the migration 
of CD19+/CXCR4+ B lymphocytes from the bone marrow 
to the peripheral blood by interfering with the CXCL12/
CXCR4 axis [32]. Further studies aiming at elucidating the 
connections between the Mev pathway and the CXCL12/
CXCR4 axis in CLL are currently ongoing in our laboratory.

Statins and aminobisphosphonates, by targeting 
key enzymes in the Mev pathway, cause the intracellular 
deprivation of isoprenoid moieties such as FPP and 
GGPP, thus preventing Ras and RhoA prenylation and the 
activation of their downstream signaling pathways [33]. 
We have recently reported that ZA effectively interrupts 
Ras and RhoAdependent downstream signalling 
pathways, abrogates Pgp expression, and restores Doxo
induced cytotoxicity in MDR+ human cancer cell lines 
derived from solid tumors [14]. In CLL, ZA was not an 
ideal chemosensitizing agent since it inhibited Ras/ERK1–
2 and RhoA/RhoA kinase signaling pathways, HIF-1α 

activity, and MDR1 expression, but did not increase Doxo
induced cytotoxicity. By contrast, SIM was effective in 
reversing the resistance of IGHV UM cells to Doxo, also 
in the presence of the protective effect exerted by SCs. 
This different efficacy was due to a stronger ability of SIM 
to increase the intracellular amount of Doxo, especially in 
the presence of SCs, but also to a differential regulatory 
effect exerted by the two compounds on the prosurvival 
factors Akt and NF-kB. We have already reported 
that ZA induces the activation of NF-kB in tumor-
associated macrophages, reverting their phenotype from 
tumorpermissive into tumoricidal cells [34]. A similar 
upregulation of the Akt/NF-kB pathway was observed in 
IGHV UM cells after ZA, but not after SIM exposure. This 
at least partially accounted for a ZAmediated prosurvival 
activity which most likely prevailed on the death signals 
triggered by Doxo.

Among the chemosensitizing agents that we have 
tested, statins are the best candidate for clinical translation, 
since they are commonly used in the clinical practice as 
cholesterollowering agents. Previous data have shown that 
SIM, although potently effective in blocking the proliferation 
and inducing apoptosis of CLL cells in vitro [35–37], is not 
capable of significantly reducing the tumor burden when 
administered as a single agent in previously untreated 

Figure 6: SIM effectively counteracts SC-induced Akt upregulation in IGHV UM cells. IGHV UM cells had constitutive 
higher levels of Akt activity (p < 0.001) compared to IGHV M cells A. By contrast, there was no difference in baseline NF-kB activity 
between IGHV M and UM cells B. The Akt activity was further upregulated by the co-culture of IGHV UM cells with M2–10B4 SCs  
(p < 0.0001). SIM reduced baseline levels of Akt activity (p = 0.0082), and significantly counteracted SC-induced Akt upregulation  
(p = 0.0004) C. NF-kB activity was not upregulated by SCs, but it was significantly reduced by SIM exposure, both in the absence (p = 0.02) 
or presence of SCs (p = 0.034) D. In panels A and B bars represent mean values ± SEM. In panels C and D results are from 8 side-by-side 
experiments, and box and whiskers plot represent median values, first and third quartiles, and minimum and maximum values for each 
dataset.
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CLL patients [37]. By contrast, statins effectively increase 
the susceptibility of both drugsensitive and drugresistant 
CLL and lymphoma cells to dexamethasone and cytotoxic 
drugs [38], even synergizing with purine analogs to induce 
apoptosis of CLL cells [35]. Schmidmaier et al. have already 
reported that the Mev pathway and the downstream RhoA/
RhoA kinase signaling pathway mediate SCinduced MDR, 
and that targeting of this pathway by SIM may improve 
the efficacy of anti-myeloma therapies by reduction of SC-
induced MDR [39]. The same authors showed in a phase II 
clinical trial that SIM could overcome MDR in refractory 
myeloma receiving chemotherapy with bortezomib or 
bendamustine [40]. In the CLL setting, Chae et al. recently 
reported data on a retrospective analysis showing that 
the use of statin and aspirin is associated with improved 
outcome in CLL patients receiving salvage fludarabine, 
cyclophosphamide and rituximab (FCR) chemotherapy 

[41], providing the rationale for a prospective study aimed 
at evaluating the effects of statins in CLL patients receiving 
chemoimmunotherapy. Since none of the drugs included in 
the FCR regimen are substrates of the Pgp, further studies 
aimed at determining the role and mechanism of action of 
statins in chemosensitizing CLL cells are warranted.

Doxo accumulation as a readout assay to test Pgp 
activity could be considered a limitation of our study, due 
to previous data showing that the addition of anthracyclines 
to alkylating agents did not improve the clinical outcome of 
CLL patients [8]. More recently, however, the addition of 
mitoxantrone or epirubicine to fludarabine-based regimens 
has been shown to improve response rates [42–44]. Skribek 
et al. have reported that anthracyclines can have direct 
cytotoxic effects on CLL cells in vitro irrespectively to 
age, clinical stage or cytogenetic markers like del(17p) 
[45]. These observations and our data are strong incentives 

Figure 7: Specific inhibitors of RhoA, ERK1–2 and HIF-1α effectively reverse the MDR phenotype of IGHV UM 
cells. IGHV UM cells were left untreated or treated with the ERK1–2 kinase inhibitor PD (10 μM), the RhoA kinase inhibitor Y276 (10 
μM) and the HIF-1α inhibitor YC-1 (10 μM), both in the absence and in the presence of M2–10B4 SCs. A. HIF-1α activity. Co-culture with 
M2–10B4 SCs significantly increased the activity of HIF-1α (p = 0.0014). PD, Y276 and YC-1 significantly reduced the activity of HIF-
1α in IGHV UM cells after 24 hours of culture, both in the absence (p always ≤ 0.0048) and in the presence (p always ≤ 0.0052) of SCs.  
B. MDR1 expression. Twenty four-hour co-culture with M2–10B4 SCs significantly increased the expression of MDR1 in IGHV UM cells  
(p < 0, 0001). After PD, Y276 and YC-1 treatment a significant decrease in MDR1 expression was observed in IGHV UM cells cultured 
alone (p always ≤ 0.001) and in the presence of SCs (p always ≤ 0.0001). C. Doxo intracellular accumulation. Intracellular Doxo was 
significantly lower in IGHV UM cells cultured with SCs than in IGHV UM cells cultured alone (p = 0.02). After 48hour exposure to PD, 
Y276 and YC-1, Doxo accumulation was significantly increased, both in the absence (p always ≤ 0.003) and in the presence of M2–10B4 
SCs (p always ≤ 0.0012). D. Percentage of CD19+/CD5+ viable cells. IGHV UM cells were exposed to 1 μM Doxo, used alone and in 
combination with each inhibitor (i.e. PD+Doxo, Y276+Doxo, YC-1+Doxo), both in the absence and in the presence of the M2–10B4 SCs. 
Cell viability was determined by Ann-V staining and cytofluorimetric analysis on CD19+/CD5+ cells after 48-hours of culture. Doxo alone, 
as well as the three inhibitors used as single agents, did not induce a decrease in cell viability. By contrast, the combinations PD+Doxo, 
Y276+Doxo and YC-1+Doxo significantly reduced the viability of IGHV UM cells both in the absence and in the presence (p always < 
0.0001) of SCs. In panels A–D results are from 7 side-by-side experiments. Box and whiskers plot represent median values, first and third 
quartiles, and minimum and maximum values for each dataset.
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to reconsider the therapeutic potential of anthracyclines in 
CLL, especially when used in combination with chemo
sensitizing agents targeting the Mev pathway such as 
statins, to treat specific subsets of high-risk CLL patients 
(e.g. IGHV UM patients). Moreover, the chemosensitizing 
effects that we observed by targeting ERK1–2 and RhoA 
kinase, as well as the transcription factor HIF-1α, in 
addition to providing a confirmatory evidence about the 
mechanistic role played by these pathways in the MDR+ 
phenotype of IGHV UM cells, opens new perspectives on 
innovative targets amenable to therapeutic interventions.

Interestingly, recent data have shown that Pgp may 
be involved in the decreased anti-cancer efficiency and 
modified pharmacological properties of novel targeted 
agents, such as imatinib [46] and secondgeneration 
tyrosine kinase inhibitors [47]. Therefore, the study of Pgp 
activity and its modulation might have a broad impact in 
the current era of targeted therapies, providing important 
information on the pharmacokinetic and the anticancer 
effects of these novel agents.

MATERIALS AND METHODS

Patients

Peripheral blood (PB) samples were collected 
from 63 untreated CLL patients between March 2008 
and November 2012 after informed consent. Patient 
demographics and clinical characteristics are reported in 
Supplementary Table S1. CLL was defined by clinical 
examination, PB cell count and immunophenotypic 
criteria. Tumor IGHV rearrangements were amplified 
starting from genomic DNA and sequences with deviations 
of < 2% or ≥ 2% from the germline IGHV sequence were 
considered IGHV UM or M as previously reported [48].

Cell purification and cell lines

Peripheral blood mononuclear cells (PBMC) from 
IGHV M and UM patients were isolated from fresh samples 
by density gradient centrifugation (Ficoll-Histopaque, PAA 
Laboratories GmbH, Linz, Austria). PBMC were used 
without further manipulation when they contained more 
than 90% of CLL cells (CD19+/CD5+). When CLL cells 
were ≤ 90% they were purified by negative selection using 
a Magnetic BeadActivated Cell Sorting (MACS®) with a 
B Cell Isolation Kit II (Miltenyi Biotec, Bologna, Italy).

In selected experiments, the murine marrowderived 
stromal cell line M2–10B4 (ATCC # CRL-1972) was used.

Chemicals

Electrophoresis reagents were obtained from Bio-
Rad Laboratories (Hercules, CA, USA). The protein 
content of cell lysates was assessed with the bicinchoninic 
acid kit from Sigma Chemical Co (St. Louis, MO, USA). 
ZA was a kind gift from Novartis (Basel, Switzerland). 

SIM and Y276 were purchased from Calbiochem (San 
Diego, CA, USA). When not otherwise specified, all the 
other reagents were purchased from Sigma Chemical Co.

Culture and co-culture conditions

CLL cells were cultured in 24well plates (Costar, 
Cambridge, MA, USA) (106 cells/well) at 37°C in a 5% 
CO2 humidified incubator. The standard culture medium 
was RPMI 1640 (Euroclone, Milano, Italy) supplemented 
with 10% FCS (Euroclone), 2 mM L-glutamine, 100 U/ml 
penicillin and 100 μg/ml streptomycin.

For co-culture experiments, the M2–10B4 murine 
SCs were harvested through Trypsin-EDTA (Sigma-Aldrich, 
Milano, Italy) digestion and plated (150 × 103 cells/well) 
in complete culture medium for 24 hours. CLL cells (1 × 
106 cells/well) were added to the culture the following day. 
In selected experiments, IGHV M and UM CLL cells were 
exposed to ZA 1 μM, SIM 1 μM, ERK1–2 kinase inhibitor 
PD 10 μM, HIF-1α inhibitor YC-1 10 μM, RhoA kinase 
inhibitor Y276 10 μM, in the absence and in the presence 
of Doxo 1 μM. In selected experiments, CLL cells (5 × 106 
cells/well) were pre-incubated in complete RPMI medium 
with or without ibrutinib (1 μM) for 30 minutes at 37°C, 
and then stimulated for 24 hours with 10 μg/well anti-
IgM polyclonal goat F(ab’)2 (Southern Biotechnologies 
Birmingham, AL, USA) immobilized on 24wells plates.

Mev pathway activity

After 24 hours of culture, 1 × 106 CLL cells were 
incubated for another 24 hours with 1 μCi of [3H]acetate 
(3600 mCi/mmol; Amersham International, Piscataway, 
NJ, USA) to measure the intracellular synthesis of 
cholesterol and FPP. Lipids were extracted in methanol/
hexane, resolved by thin layer chromatography and 
quantified by liquid scintillation counting as reported 
in [15]. According to the titration curve, the results are 
expressed as fmol/1 × 106 cells.

Ras and RhoA activity

To evaluate Ras and RhoA activity, their GTPbound 
fraction, taken as an index of the Gprotein activation [49], 
was measured after 24 hours of culture. RasGTP was detected 
in a pulldown assay as previously reported [50]; RhoAGTP 
binding was measured with the GLISA RhoA Activation 
Assay Biochem Kit (Cytoskeleton Inc, Denver, CO, USA), 
according to the manufacturer’s instructions. For each set 
of experiments a titration curve was prepared using serial 
dilution of the RhoAGTP positive control of the kit. Data are 
expressed as U absorbance/mg cell proteins (U mg/prot).

RhoA kinase activity

RhoA kinase activity was measured after 24 hours of 
culture on 2 × 106 cells with the CycLex Rho Kinase Assay 
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Kit (CycLex Co., Nagano, Japan), as already described 
[50]. For each set of experiments a titration curve was set 
using serial dilution of recombinant RhoA kinase (Rock2, 
MBL Inc., Woburn, MA, USA). Data are expressed as U 
absorbance/mg cell proteins (U mg/prot).

Western blot (WB)

After 24 hours of culture 2 × 106 cells were lysed 
in MLB buffer (125 mM Tris-HCl, 750 mM NaCl, 1% 
v/v NP40, 10% v/v glycerol, 50 mM MgCl2, 5 mM 
EDTA, 25 mM NaF, 1 mM NaVO4, 10 μg/ml leupeptin, 
10 μg/ml pepstatin, 10 μg/ml aprotinin, 1 mmol/L 
phenylmethylsulfonyl fluoride, pH 7.5), sonicated 
(with two bursts of 10 s; Labsonic sonicator, Sartorius 
Stedim Biotech S.A., Aubagne Cedex, France), and 
centrifuged at 13000 × g for 10 min at 4°C. Ten μg cell 
lysates were subjected to SDS-PAGE, transferred to 
polyvinylidene fluoride membrane sheets (Immobilon-P, 
Millipore, Billerica, MA, USA) and probed with the 
following antibodies: anti phospho-(Thr202/Tyr204, 
Thr185/Tyr187)-ERK1–2 (Millipore); anti-ERK1–2 
(Millipore); antiphospho(Ser473)Akt (Millipore); 
antiAkt (Millipore); anti glyceraldehyde3phosphate 
dehydrogenase (GAPDH, used as control of equal protein 
loading; Santa Cruz Biotechnology Inc., Santa Cruz, CA, 
USA), followed by the secondary peroxidaseconjugated 
antibodies (BioRad). Proteins were detected by enhanced 
chemiluminescence (PerkinElmer, Waltham, MA, USA).

HIF-1α activity

Nuclear proteins from 2 × 106 cells were extracted 
after 24-hour culture using the Nuclear Extract Kit (Active 
Motif, Rixensart, Belgium), and quantified. The activity 
of HIF-1α was assessed on 10 μg nuclear extracts using 
the TransAM™ HIF-1α Transcription Factor Assay Kit 
(Active Motif), according to manufacturer’s instructions. 
To assess the procedure specificity, a competition assay 
was performed by adding an excess (20 pmol) of HIF-1α 
consensus oligonucleotide to nuclear extracts derived from 
CLL cells. Data are expressed as U absorbance/mg cell 
proteins (U mg/prot).

Real-time polymerase chain reaction (RT-PCR)

After 24 hours of ex vivo culture, total RNA was 
extracted from 1 × 106 cells and reversetranscribed 
using the QuantiTect Reverse Transcription Kit 
(Qiagen, Hilden, Germany). RTPCR was carried 
out using IQ− SYBR Green Supermix (BioRad), 
according to the manufacturer’s instructions. The 
sequences of MDR1 primers were 5′-TGCTGGAGCGG 
TTCTACG-3′, 5′-ATAGGCAATGTTCTCAGCAATG-3′. 
The sequences of GAPDH primers were 5′-GA 
AGGTGAAGGTCGGAGT-3′, 5′-CATGGTGGAAT 
CATATTGGAA-3′. The relative expression of each sample 

was performed comparing the MDR1 PCR product with the 
GAPDH product, used as a housekeeping gene, with the 
Bio-Rad Software Gene Expression Quantitation (Bio-Rad).

NF-kB and Akt activity

NF-kB activity was measured on 10 μg nuclear 
extracts using the TransAM Flexi NF-kB Family assay 
kit (Active Motif), according to the manufacturer’s 
instructions. To assess the procedure specificity, a 
competition assay was performed by adding an excess 
(20 pmol) of the probe containing the NF-kB consensus 
sequence to the positive control nuclear extracts provided 
by the kit.

Akt activity was measured on 2 × 106 cells with the 
CycLex Akt/PKB Kinase Assay/Inhibitor screening kit 
(CycLex Co.) in 96well plates precoated with the Akt 
substrate AkTide2T, according to the manufacturer’s 
instructions. The titration curve was prepared using serial 
dilutions of recombinant Akt (CycLex Co.).

NF-kB and Akt activity are expressed as U 
absorbance/mg cell proteins (U mg/prot).

Intracellular doxorubicin accumulation

To evaluate the activity of Pgp the intracellular 
accumulation of the Pgp substrate Doxo was measured. 
To this aim, 1 × 106 cells were incubated with 1 μM Doxo 
cultured alone or in presence of inhibitors for 48 hours; 
intracellular Doxo was measured spectrofluorimetrically, at 
excitation and emission wavelengths of 475 and 553 nm, as 
reported earlier [50]. A blank was prepared in the absence 
of cells in each set of experiments, and its fluorescence was 
subtracted from that measured in each sample. Fluorescence 
was converted in nmol Doxo/mg cell proteins (nmol/mg 
prot) using a previously prepared calibration curve.

Quantification of apoptotic and viable cells

After 48 hours of culture, cells were harvested, 
washed in PBS and stained with antiCD19 PerCP 
(Beckman Coulter, Milano, Italy) and antiCD5 APC 
(Dako SpA, Milano, Italy) monoclonal antibodies. 
The percentage of apoptotic cells was determined by 
Annexin-V (Ann-V) staining with the MEBCYTO-
Apoptosis Kit (MBL Medical and Biological Laboratories, 
Naka-ku Nagoya, Japan). Flow cytometry was performed 
with a FACSCalibur and CELLQuest software (Becton 
Dickinson, Mountain View, CA, USA).

Statistical analysis

Statistical analysis was performed with the SigmaStat 
3.5 software (Systat Software Inc., Chicago, IL, USA) and 
with GraphPad Prism version 5.01 for Windows (GraphPad 
Software, San Diego, CA, USA). All datasets were evaluated 
with a normality test: data with Gaussian or approximately 
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Gaussian distribution were compared by ttest, in all other 
cases a MannWhitney rank sum test was used. When 
experiments involved different culture conditions of the same 
sample a repeatedmeasures analysis was done.

Results are expressed as mean ± SEM, unless 
otherwise specified.

Statistical significance was defined as p value < 0.05.
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Abstract

Background

Multidrug resistant cancer cells are hard to eradicate for the inefficacy of conventional anti-

cancer drugs. Besides escaping the cytotoxic effects of chemotherapy, they also bypass

the pro-immunogenic effects induced by anticancer drugs: indeed they are not well recog-

nized by host dendritic cells and do not elicit a durable anti-tumor immunity. It has not yet

been investigated whether multidrug resistant cells have a different ability to induce immu-

nosuppression than chemosensitive ones. We addressed this issue in human and murine

chemosensitive and multidrug resistant cancer cells.

Results

We found that the activity and expression of indoleamine 2,3-dioxygenase 1 (IDO1), which

catalyzes the conversion of tryptophan into the immunosuppressive metabolite kynurenine,

was higher in all the multidrug resistant cells analyzed and that IDO1 inhibition reduced the

growth of drug-resistant tumors in immunocompetent animals. In chemoresistant cells the

basal activity of JAK1/STAT1 and JAK1/STAT3 signaling was higher, the STAT3 inhibitor

PIAS3 was down-regulated, and the autocrine production of STAT3-target and IDO1-induc-

ers cytokines IL-6, IL-4, IL-1β, IL-13, TNF-α and CD40L, was increased. The disruption of

the JAK/STAT signaling lowered the IDO1 activity and reversed the kynurenine-induced

pro-immunosuppressive effects, as revealed by the restored proliferation of T-lymphocytes

in STAT-silenced chemoresistant cells.

Conclusions

Our work shows that multidrug resistant cells have a stronger immunosuppressive attitude

than chemosensitive cells, due to the constitutive activation of the JAK/STAT/IDO1 axis,

thus resulting chemo- and immune-evasive. Disrupting this axis may significantly improve

the efficacy of chemo-immunotherapy protocols against resistant tumors.
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Introduction
Achieving a good chemotherapy efficacy and inducing a durable anti-tumor immune response
are the main challenges of chemoimmunotherapy. Chemoresistance, in particular the simulta-
neous resistance towards different chemotherapeutic agents known as multidrug resistance
(MDR), is one of the biggest problems encountered by chemotherapy [1]. MDR can be present
at the diagnosis or induced by the selective pressure of chemotherapy; it often relies on the
overexpression of ATP binding cassette (ABC) transporters responsible for the anticancer drug
efflux, such as P-glycoprotein (Pgp), MDR related proteins (MRPs) and breast cancer resis-
tance protein (BCRP). Together, they efflux both classical chemotherapeutic agents (e.g.
anthracyclines, taxanes, Vinca alkaloids, epipodophyllotoxins, topotecan, methotrexate) and
new targeted drugs (e.g. imatinib, dasatinib, lapatinib, gefitinib, sorafenib, erlotinib), limiting
their cytotoxic effects [2].

Specific chemotherapeutic agents, such as anthracyclines and oxaliplatin, induce also pro-im-
munogenic effects, by inducing the translocation on the plasma membrane of specific “eat me”
signals, like the chaperon calreticulin, which triggers the tumor cell phagocytosis and the subse-
quent activation of antitumor CD8+ T-lymphocytes [3]. This mechanism does not operate in
cells overexpressing Pgp [4–6], which result at the same time chemo- and immune-resistant.

Moreover, tumor cells may evade the host immunosurveillance by suppressing the activity of
the host immune system. A plethora of mechanisms mediate the tumor-induced immunosup-
pression, including: changes in tumor surface antigens; release of immunosuppressive cytokines
in the tumor microenvironment; expansion of T-helper 2 lymphocytes, T-regulatory (Treg)
cells, myeloid derived suppressor cells and type 2-tumor associated macrophages, which
favor the tumor growth and impair the activity of anti-tumor populations, such as T-helper 1
lymphocytes, CD8+ T-lymphocytes, type 1-tumor associated macrophages, natural killer
cells [7].

One of the strongest mediators of the tumor-induced immunosuppression is kynurenine, the
product of tryptophan catabolism via tryptophan dioxygenase (TDO) [8] and indoleamine
2,3-dioxygenase enzymes (IDO1 and IDO2) [9], which are induced by interferon- γ (IFN-γ)
[10, 11], nitric oxide (NO) [12] and iron [13]. Tryptophan is an essential amino acid for the pro-
liferation and survival of CD8+ and CD4+ T-lymphocytes; moreover the increased kynurenine/
tryptophan ratio severely compromises the efficiency of the host cellular immunity, because
kynurenine inhibits the activation of T-lymphocytes [7, 14]. IDO1 is expressed in tumor-infiltrat-
ing dendritic cells [15] and in tumor stromal cells [16], and it has been found constitutively ex-
pressed or up-regulated in several tumor cells [14, 17]. An increased serum kynurenine/
tryptophan ratio has been correlated to a faster progression of lung cancer [18] and the IDO posi-
tivity in tumor samples is usually associated with a poor clinical prognosis [19–21]. IDO1 over-
expression supports tumor growth and progression of lung cancers [22], leading to hypothesize
that kynurenine, besides its immunosuppressive effects, may directly enhance the
tumor development.

We previously demonstrated that multidrug resistant cells are resistant to the immunogenic
death operated by dendritic cells-mediated phagocytosis [4–6]. It has not been investigated
whether multidrug resistant cells differ from chemosensitive ones also for the ability to induce
immunosuppression: we found that multidrug resistant cells had a basally higher production
of the immunosuppressive metabolite kynurenine than chemosensitive cells and we investigat-
ed the molecular basis of this phenotype.

Kynurenine Is Increased in Multidrug Resistant Cells
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Materials and Methods

Chemicals
The plasticware for cell cultures was from Falcon (Becton Dickinson, Franklin Lakes, NJ). The
electrophoresis reagents were obtained from Bio-Rad Laboratories (Hercules, CA). The human
recombinant IFN-γ was obtained from R&D Systems (Minneapolis, MN). 5-Br-brassinin was
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). The protein content of cell lysates was
assessed with the BCA kit from Sigma Chemicals Co (St. Louis, MO). When not otherwise
specified, all the other reagents were purchased from Sigma Chemicals Co. Stock solutions of
3 mmol/L ferric nitrilotriacetate (FeNTA) were prepared by mixing 1 volume of 6 mmol/L
nitrilotriacetic acid in 1 eq/L NaOH, and 1 volume of 6 mmol/L FeCl3 in 1 eq/L HCl; the pH
was adjusted to neutrality with NaOH.

Cells
The human chemosensitive non small cell lung cancer A549 cells were purchased from Istituto
Zooprofilattico Sperimentale "Bruno Umbertini" (Brescia, Italy). The human chemosensitive
colon cancer HT29 cells, the human chemosensitive chronic myelogenous leukemia K562 cells,
the human chemosensitive mesothelial Met5A cells and the murine constitutively chemoresis-
tant mammary JC cells were from ATCC (Manassas, VA) The resistant sublines A549/dx,
HT29/dx, K562/dx were generated in our laboratory by culturing the above mentioned paren-
tal cells in a medium containing increasing concentrations of doxorubicin, used as a MDR in-
ducer, as reported earlier [4]. The human constitutively chemoresistant malignant
mesothelioma (HMM) cells were collected, after informed written consent from the patients,
by the Biologic Bank of Malignant Mesothelioma (S.S. Antonio e Biagio Hospital, Alessandria,
Italy), where the histological characterization was performed [23]. The experimental protocol
(code: TASK3) was approved on 09/11/2011 by the Bioethics Committee (“Comitato Etico
Interaziendale”) of the S.S. Antonio e Biagio Hospital, Alessandria, Italy. The cells were grown
in the respective culture medium supplemented with 10% v/v fetal bovine serum (FBS), 1% v/v
penicillin-streptomycin, 1% v/v L-glutamine and were maintained in a humidified atmosphere
at 37°C and 5% CO2.

Kynurenine measurement
The IDO activity was determined according to [24], with minor modifications: 200 μL of cell
culture supernatants were added to 100 μL of 30% w/v trichloroacetic acid (TCA) and incubat-
ed for 30 min at 50°C to hydrolyze N-formylkynurenine to kynurenine. After centrifugation at
10,000 x g for 10 min, 100 μL of the supernatant were transferred into a 96-well plate, mixed
with 100 μL of 2% w/v p-dimethylamino benzaldehyde in 99.8% v/v acetic acid, and incubated
for 10 min at room temperature. Kynurenine was detected by measuring the absorbance at 490
nm, using a Synergy HTMulti-Detection Microplate Reader (BioTek, Winooski, VT). The ab-
sorbance of the culture medium alone was considered as a blank and was subtracted from the
values obtained in the presence of the cells. The results were expressed as nmol kynurenine/mg
cell proteins, according to a titration curve previously set. Kynurenine levels in the cell culture
supernatants were measured in parallel by high pressure liquid chromatography (HPLC), as re-
ported in [25], with minor modifications: 400 μL of the cell culture supernatants were added to
100 μL of 30% w/v TCA, incubated for 30 min at 50°C and centrifuged at 15,000 x g for 10
min. The clear supernatant was filtered through 0.45 μm PTFE filters (Alltech, Nicholasville,
KY) and analyzed by an Agilent LC system (Palo Alto, CA), equipped with vacuum degasser
(G1322A), quaternary pump (G1311A), manual-injector (Rheodyne, Cotati, CA) and multiple
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wavelength detector (G1365A) integrated in the HP1200 system. The data were acquired and
processed with the Agilent ChemStation software. The injection volume was 20 μL. An Agilent
Eclipse XDB-C18 column (125 mm × 4.0 mm, 5μm) was used for the analysis at 30°C. The
chromatographic separation was carried out using the mobile phase consisting of 15 mmol/L
acetate buffer (pH 4.0) and acetonitrile (90:10, v/v) at a flow rate of 0.8 mL/min. The eluate was
monitored at 365 nm, referenced against a 700 nm wavelength. The calibration samples were
prepared by adding kynurenine standards (Sigma Chemical Co.) in the concentration range of
0.50–50 μmol/L to the culture medium. The results were expressed as nmol kynurenine/mg
cell proteins.

qRT-PCR and PCR arrays
The total RNA was extracted and reverse-transcribed using the iScript cDNA Synthesis Kit
(Bio-Rad Laboratories). The qRT-PCR was performed with the iTaq Universal SYBR Green
Supermix (Bio-Rad Laboratories). The same cDNA preparation was used to quantify the gene
of interest and the housekeeping gene β-actin. The primer sequences, designed with the qPri-
merDepot software (http://primerdepot.nci.nih.gov/), were: for IDO1: 5’- CAGGCAGATGTT
TAGCAATGA -3’; 5’- GATGAAGAAGTGGGCTTTGC -3’; for β-actin: 5’- GCTATCCAG
GCTGTGCTATC-3’; 5’- TGTCACGCACGATTTCC-3’. The amount of IDO1mRNA was
normalized versus the amount of β-actinmRNA, chosen as housekeeping gene, and was ex-
pressed as IDO1/β-actin ratio, using the Bio-Rad Software Gene Expression Quantitation (Bio-
Rad Laboratories). The PCR arrays were performed on 1 μg cDNA, using the Human JAK/
STAT Signaling Pathway RT² Profiler PCR Array and the Human IL-6/STAT3 Signaling Path-
way Plus RT² Profiler PCR Array (Qiagen, Hilden, Germany), following the manufacturer’s in-
structions. The analysis of data was performed with the RT² Profiler PCR Array Data Analysis
(Qiagen).

Western blotting
The cells were rinsed with the lysis buffer (125 mmol/L Tris-HCl, 750 mmol/L NaCl, 1% v/v
NP40, 10% v/v glycerol, 50 mmol/L MgCl2, 5 mmol/L EDTA, 25 mmol/L NaF, 1 mmol/L
NaVO4, 10 μg/mL leupeptin, 10 μg/mL pepstatin, 10 μg/mL aprotinin, 1 mmol/L phenyl-
methylsulfonyl fluoride; pH 7.5), sonicated and centrifuged at 13,000 x g for 10 min at 4°C.
20 μg of proteins from cell lysates were subjected to Western blotting and probed with the fol-
lowing antibodies against: IDO1 (rabbit polyclonal, diluted 1:2,000, AG-25A-0029, Adipogen,
San Diego, CA); IDO2 (mouse monoclonal, diluted 1:500, SAB3701447, Sigma Chemical Co.);
TDO (rabbit polyclonal, diluted 1:1,000, SAB2102400, Sigma Chemical Co.); phospho(Tyr
1022/1023)-JAK1 (rabbit polyclonal, diluted 1:1,000, #3331, Cell Signaling Technology, Dan-
vers, MA); JAK1 (rabbit polyclonal, diluted 1:1,000, #3344, Cell Signaling Technology); phos-
pho(Tyr701)-STAT1 (rabbit polyclonal, diluted 1:1,000, #9167, Cell Signaling Technology);
STAT1 (mouse monoclonal, diluted 1:1,000, clone 15H3, Thermo Scientific, Rockford, IL);
phospho(Tyr705)-STAT3 (rabbit polyclonal, diluted 1:2,000, #9145, Cell Signaling Technolo-
gy); STAT3 (mouse monoclonal, diluted 1:5,000, clone 9D8, Thermo Scientific); Pgp (rabbit
polyclonal, diluted 1:250, sc-8313, Santa Cruz Biotechnology Inc.); MRP1 (mouse monoclonal,
diluted 1:100, ab32574, Abcam, Cambridge, UK); MRP2 (mouse monoclonal, diluted 1:100,
ab3373, Abcam); MRP3 (goat polyclonal, diluted 1:250, sc-5776, Santa Cruz Biotechnology
Inc.); MRP4 (goat polyclonal, diluted 1:250, ab77184, Abcam); MRP5 (goat polyclonal, diluted
1:250, sc-5781, Santa Cruz Biotechnology Inc.); BCRP (rabbit polyclonal, diluted 1:500, sc-
25882, Santa Cruz Biotechnology Inc.); β-tubulin (mouse monoclonal, diluted 1:500, sc-5274,
Santa Cruz Biotechnology Inc.), followed by a secondary peroxidase-conjugated antibody (Bio-
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Rad Laboratories). The proteins were detected by enhanced chemiluminescence (Bio-Rad Lab-
oratories). Nuclear extracts were prepared with the Nuclear Extract Kit (Active Motif, Rixen-
sart, Belgium); 10 μg of nuclear proteins were resolved by SDS-PAGE and probed with the
following antibodies against: PIAS1 (rabbit monoclonal, diluted 1:1,000, ab109388, Abcam);
PIAS3 (rabbit polyclonal, diluted 1:1,000, ab22856, Abcam); phospho(Tyr701)-STAT1;
STAT1; phospho(Tyr705)-STAT3; STAT3; TATA-binding protein (TBP; rabbit polyclonal, di-
luted 1.500, sc-273, Santa Cruz Biotechnology Inc.). To exclude any cytosolic contamination of
nuclear extracts, we verified that β-tubulin was undetectable in nuclear samples (not shown).

In Vivo Tumor Growth
1 x 105 human A549, A549/dx, HT29, HT29/dx cells in 20 μL of culture medium, mixed with
20 μL of Cultrex BME (Trevigen, Gaithersburg, MD), were implanted subcutaneously in the
right flank of 6–8 weeks old female nude BALB/c mice, housed under 12 h light/dark cycle,
with food and drinking provided ad libitum. 1 x 105 murine chemoresistant JC cells, syngeneic
with BALB/c mice [26], were implanted in immunocompetent animals. In a second experi-
mental set, when A549/dx, HT29/dx and JC tumors reached the volume of 100 mm3, the ani-
mals were randomized into two groups: “Control” group (treated with 100 μL of saline
solution per os, 5 days/week for three weeks); “Brassinin” group (treated with 400 mg/kg of the
IDO1 inhibitor 5-Br-brassinin per os, 5 days/week for three weeks), as described in [27]. In
both experimental sets, the tumor growth was measured daily by caliper and was calculated ac-
cording to the equation (LxW2)/2, where L = tumor length and W = tumor width. Mice were
euthanized at day 21. The experimental procedures were approved by the Bioethics Committee
(“Comitato Etico di Ateneo”) of the University of Torino, Italy.

Cytokine production
The production of cytokines was measured in the cell culture supernatant using the following
commercial kits: Human interleukin-6 (IL-6) Duo Set Development Kit (R&D Systems),
Human interleukin-4 (IL-4) DuoSet Development Kit (R&D Systems), Human IL1-beta (IL-
1β) platinum ELISA kit (eBioscience, San Diego, CA), Human interleukin-13 (IL-13) ELISA
Development Kit (Peprotech, London, UK), Human soluble CD40 Ligand (sCD40L) ELISA
Development Kit (Peprotech), Human tumor necrosis factor- α (TNF-α) DuoSet Development
Kit (R&D Systems), Human IFN-γDuoSet Development Kit (R&D Systems). Results were ex-
pressed as ng/mg cell proteins or pg/mg cell proteins, according to the calibration curve of
each kit.

Cell silencing
200,000 cells were transfected with 400 nmol/L of 19–25 nucleotide non targeting scrambled
siRNAs (Control siRNA-A, Santa Cruz Biotechnology Inc.), with a STAT1- or STAT3-specific
siRNAs pool (Santa Cruz Biotechnology Inc.), according to the manufacturer’s instructions. To
verify the silencing efficacy, the cells were lysed and checked for the expression of STAT1 and
STAT3 by Western blotting, as described above.

Immunological assays
1 x 106/mL of human peripheral blood mononuclear cells (PBMC), isolated from buffy coats of
healthy donors (Blood Bank, A.O.U. Città della Salute e della Scienza di Torino Hospital, To-
rino, Italy) by centrifugation on Ficoll-Hypaque density gradient, were treated with anti-CD3
(OKT3, BioLegend, San Diego, CA) and anti-CD28 (BioLegend) antibodies, to induce the
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specific proliferation of T-lymphocytes, and co-cultured with target cells (previously irradiated
with 30 Gy for 15 min) for 72 h at an effector/target ratio of 10:1. The expansion of T-lympho-
cytes, the only PBMC population able to proliferate in these experimental conditions, was as-
sessed by adding 1 μCi of [3H]thymidine (PerkinElmer, Waltham, MA) 18 h before the end of
the co-cultures, then harvesting the plates and counting the radioactivity. To analyze the lym-
phocyte phenotype after the incubation with tumor cells, the cells were harvested, washed and
re-suspended in phosphate buffer saline (PBS) containing 5% v/v FBS. A 3- and 4-color flow
cytometry analysis was performed with the appropriate combinations of fluorescein isothiocya-
nate-, r-phycoerythrin-, tricolor-, peridinin chlorophyll protein complex—or allophycocyanin-
conjugated antibodies for CD3, CD4, CD8, CD25 (all fromMiltenyi Biotech, Bergisch Glad-
bach, Germany), and CD127 (BioLegend). Isotype controls were run for each sample. The sam-
ples were read with a FACS Calibur flow cytometer equipped with a CELLQuestPro software
(Becton Dickinson). The use of PBMC from healthy donors and the experimental protocols
were approved by the Bioethics Committee (“Comitato Etico Interaziendale”) of the A.O.U.
Città della Salute e della Scienza di Torino Hospital, Torino, Italy.

Cell viability assay
The neutral red staining was performed to measure the cell viability, as previously detailed
[28]. The absorbance at 540 nm was read using a Synergy HT Multi-Detection Microplate
Reader. The absorbance of untreated cells was considered as 100% viability; the results were ex-
pressed as percentage of viable cells versus untreated cells.

Nitrite measurement
The level of nitrite, a stable derivative of NO, in the cell culture supernatants was measured by
the Griess method [29]. The results were expressed as nmol nitrite/mg cell proteins.

Iron measurement
100 x 106 cells were washed with PBS, detached with trypsin/EDTA, centrifuged at 12,000 x g
for 2 min, re-suspended in 1 mL PBS and sonicated. The intracellular iron was measured using
a AAnalyst 200 Atomic Absorption Spectrometer (PerkinElmer). The results were expressed as
ng iron/ml cell suspension.

Statistical analysis
All data in text and figures are provided as means ± SD. The results were analyzed by a one-
way analysis of variance (ANOVA). A p< 0.05 was considered significant.

Results

Kynurenine synthesis is higher in multidrug resistant cells and is
modulated by 5-Br-brassinin, methyl-DL-tryptophan and interferon-γ
We first analyzed the kynurenine production in a panel of chemosensitive and multidrug resis-
tant cancer cells, showing a different pattern of ABC transporters (S1 Fig): HT29, A549, K562,
Met5A were human chemosensitive cells; HT29/dx, A549/dx and K562/dx were models of ac-
quired MDR; HMM and JC were human and murine constitutively chemoresistant cells, re-
spectively. The multidrug resistant cell lines had higher kynurenine levels—detected by HPLC
(S2 Fig) and spectrophotometric assay (Fig 1A)—and increased levels of IDO1 protein com-
pared to chemosensitive cells (Fig 1B). IDO2 was detected at variable amounts in chemosensi-
tive and chemoresistant cells; TDO was detected in all the cell lines analyzed, except in A549/

Kynurenine Is Increased in Multidrug Resistant Cells

PLOS ONE | DOI:10.1371/journal.pone.0126159 May 8, 2015 6 / 20



Fig 1. Kynurenine production and IDO1 expression in chemosensitive andmultidrug resistant cells.
Human chemosensitive lung cancer A549 cells and chemoresistant A549/dx cells, human chemosensitive
colon cancer HT29 cells and chemoresistant HT29/dx cells, human chemosensitive chronic myelogenous
leukemia K562 cells and chemoresistant K562/dx cells, human chemosensitive mesothelial Met5A cells and
human chemoresistant malignant mesothelioma HMM cells, murine chemoresistant mammary JC cells were
subjected to the following investigations. A. The kynurenine levels in the cell culture supernatants were
measured spectrophotometrically. Data are presented as means ± SD (n = 4). * p < 0.05, ** p < 0.01, ***
p < 0.001: chemoresistant cells (MDR-positive) versus the corresponding chemosensitive (MDR-negative)
cells.B. Western blot analysis of IDO1, IDO2 and TDO expression. The β-tubulin expression was used as
control of equal protein loading. The figure is representative of 3 experiments with similar results. C. The
expression level of IDO1mRNA was measured by qRT-PCR. Data are presented as means ± SD (n = 4). *
p < 0.01, ** p < 0.002: chemoresistant cells (MDR-positive) versus the corresponding chemosensitive (MDR-
negative) cells.

doi:10.1371/journal.pone.0126159.g001
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dx cells (Fig 1B). IDO1mRNA resulted also higher in multidrug resistant cells than in chemo-
sensitive ones (Fig 1C).

Human chemoresistant A549/dx cells and HT29/dx cells grew faster than the chemosensi-
tive A549 and HT29 cells implanted in nude BALB/c mice (Fig 2A). The murine chemoresis-
tant JC cells had the highest rate of growth (Fig 2A). Interestingly, the IDO1 inhibitor
5-Br-brassinin [27] did not inhibit the growth of A549/dx and HT29/dx tumors, implanted in
immunodeficient mice, but it significantly reduced the progression of JC tumors, implanted in
immunocompetent animals (Fig 2B). These data suggest that IDO activity may support the fast
growth of chemoresistant tumors in immunocompetent hosts.

We next investigated the reason of the difference in kynurenine production between chemo-
sensitive and chemoresistant cells. For sake of simplicity, we focused on the A549 and A549/dx
cells as models of chemosensitive and multidrug resistant cells, respectively, since in these cells
the difference in kynurenine levels and IDO1 expression was very evident. Since the HPLC
measurement and the spectrophotometric assay gave superimposable results for A549 and
A549/dx cells (S2 Fig and Fig 1A), we used the latter assay as a reliable method to evaluate the
differences in the kynurenine levels between these two cell lines.

We analyzed whether kynurenine levels varied differently in response to chemotherapeutic
drugs—to which multidrug resistant cells are insensitive—, to IDO1 activators, such as NO,

Fig 2. Effects of IDO1 inhibition on the growth of multidrug resistant tumors. A. 1 x 105 human A549, A549/dx, HT29, HT29/dx cells were implanted
subcutaneously in 6–8 weeks old female nude BALB/c mice, 1 x 105 murine JC cells were implanted in immunocompetent BALB/c mice. Tumor growth was
monitored daily by caliper measurement. Data are presented as means ± SD of 10 mice/group. * p < 0.02, ** p < 0.005, *** p < 0.001: A549/dx or HT29/dx
cells versus A549 or HT29 cells, at the corresponding time points. B. Animals bearing A549/dx-, HT29/dx-, JC-tumors were randomized into two groups
when tumors reached the volume of 100 mm3: “Control” group (treated with 100 μL of saline solution per os, 5 days/week for three weeks; CTRL); “Brassinin”
group (treated with 400 mg/kg of the IDO1 inhibitor 5-Br-brassinin per os, 5 days/week for three weeks; BRA). Tumor growth was monitored daily by caliper
measurement. Data are presented as means ± SD of 6 mice/group. ** p < 0.005: BRA-group versus CTRL-group, at the corresponding time points.

doi:10.1371/journal.pone.0126159.g002
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iron and IFN-γ, and to IDO1 inhibitors, such as 5-Br-brassinin and methyl-DL-tryptophan
[30].

Doxorubicin, cisplatin, gemcitabine and mitoxantrone, used at concentrations that reduced
to 50% the viability of sensitive A549 cells without affecting the viability of resistant A549/dx
cells (S3A Fig), did not change the kynurenine levels, which remained significantly higher in
A549/dx cells than in A549 cells, either in the absence or in the presence of the chemotherapeu-
tic agents (S3B Fig). Similarly, the NO donors S-nitrosoglutathione and S-nitroso-N-acetylpe-
nicillamine, which increased the levels of NO in chemosensitive and multidrug resistant cells
(S4A Fig), did not modify the kynurenine synthesis compared to untreated cells in both cell
populations (S4B Fig). To modulate the intracellular iron, we treated A549 and A549/dx cells
with the cell permeable iron-releasing compound FeNTA and with the iron chelator desferrox-
amine, which respectively increased and decreased the amount of cell iron (S5A Fig): again,
neither FeNTA nor desferroxamine varied the kynurenine production (S5B Fig).

IFN-γ increased the kynurenine levels in both chemosensitive and multidrug resistant cells,
but the extent of such increase was greater in A549/dx cells (Fig 3A). The effect of IFN-γ,
which was reduced by the inhibitors methyl-DL-tryptophan and 5-Br-brassinin (Fig 3A), was
associated to the increase of IDO1mRNA (Fig 3B) and protein (Fig 3C). Also in this case, the
increase elicited by IFN-γ was more pronounced in A549/dx than in A549 cells (Fig 3B and
3C), suggesting that the multidrug resistant cells were more responsive to the cytokine. Similar
effects of IFN-γ, methyl-DL-tryptophan and 5-Br-brassinin were detected in HT29 and HT29/
dx cells, K562 and K562/dx cells, Met5A and HMM cells (data not shown).

Multidrug resistant cells have a higher activity of JAK/STAT signaling
and an increased autocrine production of STAT3-dependent cytokines
than chemosensitive cells
Since IFN-γ activates the JAK/STAT1-3 signaling [31], and STAT1 and STAT3 are potent tran-
scriptional activators of the IDO1 gene in most mammalian cells [32, 33], we analyzed the ex-
pression levels of key genes of JAK/STAT pathway by a high-throughput PCR screening. As
shown in S1 Table and Fig 4A, A549/dx cells did not differ from A549 cells for the expression
of JAK1-2-3, but exhibited higher expression of STAT1 and STAT3. In keeping with this trend,
classical STAT1- and STAT3-target genes (A2M, BCL2L1, CDKN1A, CRP, CXCL9, FAS, IRF1,
JUNB,MMP3,MYC, NOS2, SOCS1) were up-regulated in the multidrug resistant cells (S1
Table). In Western blotting validation, we found similar levels of total JAK1 protein in whole
cell lysates of A549 and A549/dx cells, but higher levels of the active tyrosine-phosphorylated
JAK1 in the multidrug resistant cells (Fig 4B). The amounts of STAT1, phospho(Tyr701)-
STAT1, STAT3, phospho(Tyr705)-STAT3 were also higher in the chemoresistant cells (Fig
4B). The mRNA level of the STAT1 inhibitor PIAS1 was not significantly different between
A549 and A549/dx cells (S1 Table and Fig 4A), and the level of PIAS1 protein was the same in
the nuclear extracts (Fig 4C). By contrast, the nuclear amount of the STAT3 inhibitor PIAS3
was lower in A549/dx cells (Fig 4C); this was in line with the lower level of PIAS3mRNA (S2
Table). Interestingly, STAT1, phospho(Tyr701)-STAT1, STAT3, phospho(Tyr705)-STAT3
were all more translocated into the nucleus of multidrug resistant cells (Fig 4C). This pattern,
which is likely due to the higher amount and phosphorylation of STAT1/STAT3 and to the
lower expression of PIAS3, led us to hypothesize that STAT1- and, in particular, STAT3-target
genes should be up-regulated in the multidrug resistant cells.

Indeed a global up-regulation of the STAT3-dependent genes was detected in A549/dx cells
(S2 Table and Fig 5A). Of note, the mRNAs of the STAT3-target cytokines IL-6, IL-4, IL-1β,
IL-13, CD40L, TNF-α—that are IDO1 inducers [34–38]—were up-regulated more than two-

Kynurenine Is Increased in Multidrug Resistant Cells

PLOS ONE | DOI:10.1371/journal.pone.0126159 May 8, 2015 9 / 20



fold in A549/dx cells (S2 Table and Fig 5A). The ELISA assays confirmed the higher autocrine
production of these cytokines in the multidrug resistant cells (Fig 5B), except in the case of
TNF-α, whose level was below the detection limit of the kit (data not shown). Also the IFN-γ
mRNA (S1 Table and Fig 4A) and protein (Fig 5B) were higher in A549/dx cells, increasing the
number of the IDO-inducer cytokines produced by these cells.

STAT1/STAT3 silencing decreases the up-regulation of IDO1 and the
kynurenine-induced immunosuppression in multidrug resistant cells
To validate the functional role of STAT1 and STAT3 as IDO1 inducers in multidrug resistant
cells, we produced A549/dx clones transiently silenced for each protein (Fig 6A). STAT3- and,

Fig 3. Effects of IFN-γ on kynurenine synthesis and IDO1 expression in chemosensitive andmultidrug resistant cells. A549 and A549/dx cells were
incubated for 48 h in fresh medium (CTRL) or in medium containing the IDO1 inhibitors methyl-DL-tryptophan (1 mmol/L, mTrp) or 5-Br-brassinin (100 μmol/
L, BRA), and the IDO1 inducer IFN-γ (100 ng/mL, IFNγ), alone or in combination.A. The kynurenine levels in the cell culture supernatants were measured
spectrophotometrically. Data are presented as means ± SD (n = 4). * p < 0.01: versus A549 CTRL cells; °°° p < 0.001: versus A549/dx CTRL; ^^ p < 0.005:
IFN-γ + mTrp-treated, IFN-γ + BRA-treated A549 and A549/dx cells versus the corresponding cells treated with IFN-γ alone.B. The expression level of IDO1
mRNA was measured by qRT-PCR. Data are presented as means ± SD (n = 4). *** p < 0.001: versus A549 CTRL cells; °°° p < 0.001: versus A549/dx CTRL
cells.C. Western blot analysis of IDO1 expression. The β-tubulin expression was used as control of equal protein loading. The figure is representative of 3
experiments with similar results.

doi:10.1371/journal.pone.0126159.g003
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Fig 4. Multidrug resistant cells have a higher activity of JAK/STAT signaling than chemosensitive cells. A. The cDNA from A549 and A549/dx cells
was analyzed by a PCR array specific for JAK/STAT signaling, as reported under Materials and methods. The fold regulation of the 83 genes analyzed,
expressed in logarithmic scale, is represented in a colorimetric scale. The figure is the mean of 4 experiments. B. The cells were lysed and subjected to the
Western blot analysis for phospho(Tyr 1022/1023)-JAK1, JAK1, phospho(Tyr701)-STAT1, STAT1, phospho(Tyr705)-STAT3, STAT3. The β-tubulin
expression was used as control of equal protein loading. The figure is representative of 3 experiments with similar results. C. The expression of PIAS1,
PIAS3, phospho(Tyr701)-STAT1, STAT1, phospho(Tyr705)-STAT3, STAT3 in nuclear extracts was measured byWestern blotting. The TBP expression was
used as control of equal protein loading. The figure is representative of 3 experiments with similar results.

doi:10.1371/journal.pone.0126159.g004
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Fig 5. Multidrug resistant cells have a higher activity of IL-6/STAT3 signaling than chemosensitive cells. A. The cDNA from A549 and A549/dx cells
was analyzed by a PCR array specific for IL-6/STAT3 signaling, as reported under Materials and methods. The fold regulation of the 83 genes analyzed,
expressed in logarithmic scale, was represented in a colorimetric scale. The figure is the mean of 4 experiments. B. The levels of IL-6, IL-4, IL-1β, IL-13,
CD40L, IFN-γ were measured in the cell culture supernatants by specific ELISAs. Data are presented as means ± SD (n = 3). * p < 0.02, ** p < 0.005, ***
p < 0.001: A549/dx cells versus A549 cells.

doi:10.1371/journal.pone.0126159.g005
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to a lower extent, STAT1-silenced cells showed lower levels of IDO1 protein, without changes
in IDO2 and TDO amount (Fig 6A). Silenced cells also had a reduced kynurenine synthesis,
which in STAT3-silenced A549/dx cells was superimposable to the one of A549 cells (Fig 6B).

In keeping with the different expression of IDO1 and kynurenine levels, the chemosensitive
A549 cells stimulated the proliferation of T-lymphocytes more than the multidrug resistant

Fig 6. The inhibition of the STAT1/STAT3 signaling reverses the kynurenine-dependent immunosuppression in multidrug resistant cells. A549/dx
cells were grown for 48 h in fresh medium (CTRL), treated with a non-targeting scrambled siRNA (scr) or with a specific siRNAs pool targeting STAT1 or
STAT3, respectively (si STAT1, si STAT3). Untreated chemosensitive A549 cells were used as control.A. The expression of STAT1, STAT3, IDO1, IDO2
and TDO was measured in whole cell lysates byWestern blotting, 48 h after the transfection. The β-tubulin expression was used as control of equal protein
loading. The figure is representative of 3 experiments with similar results.B. The kynurenine levels in the cell culture supernatants were measured
spectrophotometrically. Data are presented as means ± SD (n = 4). * p < 0.01: versus A549 CTRL; ° p < 0.005, °° p < 0.001: versus A549/dx CTRL.C. The
proliferation of activated T-lymphocytes collected from PBMC after a 72 h co-incubation with A549 and A549/dx cells was measured with the [3H]thymidine
assay. In the presence of anti-CD3 and anti-CD28 stimulatory antibodies without tumor cells (positive control), the [3H]thymidine incorporation was
28,926 ± 1,426 cpm; in the presence of RPMI medium alone (negative control), the [3H]thymidine incorporation was 4,312 ± 529 cpm. Data are presented as
means ± SD (n = 6). * p < 0.05: versus A549 CTRL; ° p < 0.01, °° p < 0.005: versus A549/dx CTRL.D. The percentage of CD3+ T-lymphocytes collected from
PBMC, co-incubated with tumor cells as reported inC, was measured by flow cytometry. Data are presented as means ± SD (n = 6). * p < 0.01: versus A549
CTRL; ° p < 0.01, °° p < 0.002: versus A549/dx CTRL.

doi:10.1371/journal.pone.0126159.g006
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A549/dx cells; the silencing of STAT1 and, in particular, of STAT3 in A549/dx cells restored
the proliferation of T-cells to the same level of A549 cells (Fig 6C), which produced less kynur-
enine. In line with these results, the percentages of CD3+ cells recovered at the end of the co-in-
cubation of PBMC with tumor cells was lower with A549/dx cells than with A549 cells, but the
silencing of STAT1 and STAT3 significantly increased it (Fig 6D). No changes occurred in the
proportion of CD4+ T-helper cells, CD8+ T-cytotoxic cells (S6A Fig) and Treg cells (S6B Fig), a
typical subpopulation of T lymphocytes involved in immunotolerance and immunosuppres-
sion [39]. The same increase in T-lymphocyte proliferation (S7A Fig) and CD3+ expansion
(S7B Fig) obtained after STAT-silencing was produced by treating A549/dx cells with the
IDO1 inhibitor 5-Br-brassinin. These data suggest that the high kynurenine levels can be re-
sponsible for the reduced expansion of CD3+ T-lymphocytes induced by multidrug
resistant cells.

Discussion
In this work we report for the first time that kynurenine production was higher in multidrug
resistant than in chemosensitive cancer cells, independently from the type of chemoresistance
(i.e. chemotherapy-induced or constitutive MDR) and the type of tumor. According to the ex-
pression pattern of IDO1, IDO2 and TDO in chemosensitive and chemoresistant cell lines, the
higher synthesis of kynurenine in resistant cells was mainly due to the higher amount of IDO1.

It has been recently reported that a high intratumor amount of IDO1 favors the growth of
lung cancers [22]. This observation is in keeping with our in vivo experiments, where the che-
moresistant tumors expressing high levels of IDO1 grew faster than the chemosensitive coun-
terparts with low levels of the enzyme. The pharmacological inhibition of IDO1 with 5-Br-
brassinin significantly reduced the growth of chemoresistant tumors in immunocompetent an-
imals, but not in immunodeficient mice. This result, which was in agreement with previous ob-
servations [27], led to the hypothesis that the antitumor effects of IDO1 inhibition require an
active immune system and are mediated by the reduction of immunosuppressive cells and/or
by the restoration of immune cells active against multidrug resistant tumors.

To clarify the molecular mechanisms at the basis of IDO1 overexpression in multidrug re-
sistant cells, we focused on the model of non small cell lung cancer A549 and A549/dx cells,
where the difference of IDO1 expression between sensitive and resistant cells was particularly
pronounced. A recent study demonstrated that the serum kynurenine/tryptophan ratio is
higher in patients affected by non small cell lung cancer compared with healthy controls and
that such difference was further increased by radio-chemotherapy [40]. Differently from what
it was observed in patients, we did not detect any increase of kynurenine production in cells ex-
posed to one dose of chemotherapeutic drugs. We cannot exclude however that repeated expo-
sures to chemotherapeutic agents, as it occurs in patients, might further increase the
kynurenine synthesis also in our in vitromodel.

The most striking difference between chemosensitive and multidrug resistant cells was the
constitutive activation of the JAK/STAT axis in resistant cells. Although the expression of
JAK1, a documented activator of STAT1 and STAT3 [31, 41], was not different, the multidrug
resistant cells showed a higher basal amount of STAT1 and STAT3, and of the activated tyro-
sine-phosphorylated forms of JAK1, STAT1 and STAT3. The phosphorylation on tyrosine of
STATs is necessary for their homodimerization and translocation into the nucleus [31]: indeed
nuclear phospho(Tyr701)-STAT1 and phospho(Tyr705)-STAT3, which were undetectable in
chemosensitive cells, were abundant in multidrug resistant ones. These results suggest that
both the increased transcription of STAT1 and STAT3, as revealed by the PCR array analysis,
and the increased activity of the JAK/STAT axis, as indicated by the higher phosphorylation of

Kynurenine Is Increased in Multidrug Resistant Cells

PLOS ONE | DOI:10.1371/journal.pone.0126159 May 8, 2015 14 / 20



STAT1/3, contribute to the increased activation of STATs in multidrug resistant cells and to
the transcriptional activation of IDO1 gene. Whereas the expression of the STAT1 inhibitor
PIAS1 was equal in A549 and A549/dx cells, the amount of the STAT3 inhibitor PIAS3 was
lower in A549/dx cells. According to this pattern, STAT3 more than STAT1 should have the
higher transcriptional activity in our multidrug resistant cells. Indeed we found several
STAT3-target genes significantly up-regulated in A549/dx cells; moreover, the selective silenc-
ing of STAT1 or STAT3 demonstrated that both factors were involved in IDO1 transcription
in multidrug resistant cells, but STAT3 had a slightly prominent role in this process.

The STAT1 and STAT3 activity is promoted by IFN-γ [31], a known IDO1 inducer [10]. In
A549/dx cells the exogenous IFN-γ elicited a strong induction of IDO1, more evident than in
A549 cells. This result suggests that the IFN-γ-dependent signaling was more promptly activat-
ed in multidrug resistant than in chemosensitive cells: this may be explained by the higher ac-
tivity of JAK/STAT axis in A549/dx cells. Interestingly, we detected an autocrine production of
IFN-γ, higher in A549/dx than in A549 cells: although the amount of IFN-γ was significantly
lower than the one produced by activated immune system cells [42], it might be sufficient to in-
duce the transcription of IDO1 in multidrug resistant cells, owing to their constitutively activat-
ed JAK/STAT axis. Therefore, an autocrine IFN-γ/JAK/STAT loop may be the driving force
for the induction of IDO1 in A549/dx cells. The maximal induction of IDO1, however, is often
produced by the cooperation of IFN-γ with other cytokines [15]: IL-6, IL-4, IL-1β, IL-13, TNF-
α and CD40L are documented inducers of IDO1, alone or together with IFN-γ [34–38]. Ac-
cording to the PCR array analysis, these cytokines were at least two-fold up-regulated in A549/
dx cells, where they may contribute to the transcription of IDO. All the above-mentioned cyto-
kines are STAT3-target genes; moreover, IL-6, IL-4 and IL-13 activate the JAK1/STAT3 axis
with a feed-forward mechanism [43–45]. We might speculate that the higher basal production
of these cytokines feeds multiple autocrine “cytokine/JAK/STAT3” loops, which sustain the
transcription of IDO1 in multidrug resistant cells.

The expression of IDO1 in non small cell lung cancer cells has been already related to the
constitutive activation of the IL-6/STAT3 signaling: kynurenine activates the transcription fac-
tor aryl hydrocarbon receptor, that in turn increases the autocrine synthesis of IL-6 and the
subsequent activation of STAT3 [34]. Although in this work it has not been investigated
whether the cells were chemosensitive or chemoresistant, it is conceivable that a similar loop
works in A549/dx cells. On the other hand, with a feedback mechanism, IL-6 increases the
STAT3-signaling inhibitor protein SOCS3, which induces the proteasomal degradation of
IDO1 [46]. SOCS3mRNA was indeed up-regulated in A549/dx cells: this up-regulation may
perhaps buffer the effect of IL-6 on STAT3 activity and IDO1 transcription, limiting the maxi-
mal activation of the enzyme. We believe that the concomitant production of multiple cyto-
kines, more than a single cytokine, contributes to the activation of STAT3 and IDO1 in A549/
dx cells.

To the best of our knowledge, only indirect evidences have correlated the activity of STAT3
and IDO1 to the chemoresistance. For instance, the disruption of the STAT3 signaling has re-
duced tumor proliferation and angiogenesis [47], and has sensitized resistant breast cancer
cells to doxorubicin [48]. A high production of kynurenine has been associated with resistance
to olaparib, a poly(ADP-ribose) polymerase inhibitor, gamma radiations and cisplatin [49]. On
the other hand, the IDO1 inhibitor methyl-DL-tryptophan has increased the efficacy of pacli-
taxel in endometrial cancer xenografts [50], suggesting that the inhibition of IDO1 may im-
prove the chemosensitivity. Our assays suggest an additional benefit of inhibiting the STAT3/
IDO1 axis in resistant cells, i.e. the restoration of a significant expansion of T-lymphocytes that
would be otherwise suppressed in the presence of multidrug resistant tumor cells.
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Our work is the first demonstration that multidrug resistant cells have a higher endogenous
production of kynurenine, sustained by the constitutive activation of a “cytokine/JAK/STAT3/
IDO1” axis. Such phenotype is paralleled by the reduced expansion of the global population of
T-lymphocytes, a feature that might favor the immune-evasion of multidrug resistant cells.
Some pharmacological inhibitors of IDO1 [51] and the vaccination against IDO1 [52] are
under evaluation in immunotherapy protocols to contrast the development of tumors refracto-
ry to the conventional therapies. In our multidrug resistant cells IDO1, although over-express-
ed, was sensitive to classical inhibitors such as methyl-DL-tryptophan and 5-Br-brassinin. This
observation may be useful in a translational perspective and may represent a strong indication
for the inclusion of IDO1 inhibitors in chemo-immunotherapy protocols against chemoresis-
tant cancers, in order to limit the immunosuppressive attitude of these tumors.

Supporting Information
S1 Fig. Expression of ABC transporters in chemosensitive and multidrug resistant cells.
Human chemosensitive lung cancer A549 cells and chemoresistant A549/dx cells, human che-
mosensitive colon cancer HT29 cells and chemoresistant HT29/dx cells, human chemosensi-
tive chronic myelogenous leukemia K562 cells and chemoresistant K562/dx cells, human
chemosensitive mesothelial Met5A cells and human chemoresistant malignant mesothelioma
HMM cells, murine chemoresistant mammary JC cells were lysed and subjected to the Western
blot analysis for Pgp, MRP1, MRP2, MRP3, MRP4, MRP5, BCRP. The β-tubulin expression
was used as control of equal protein loading. The figure is representative of 3 experiments with
similar results. MDR-: chemosensitive cell lines; MDR +: chemoresistant cell lines.
(TIF)

S2 Fig. HPLC measurement of kynurenine levels in chemosensitive and multidrug resistant
cells. The amount of kynurenine was measured by HPLC in the culture supernatants of human
chemosensitive lung cancer A549 cells and chemoresistant A549/dx cells, human chemosensi-
tive colon cancer HT29 cells and chemoresistant HT29/dx cells, human chemosensitive chron-
ic myelogenous leukemia K562 cells and chemoresistant K562/dx cells, human chemosensitive
mesothelial Met5A cells and human chemoresistant malignant mesothelioma HMM cells, mu-
rine chemoresistant mammary JC cells. Data are presented as means ± SD (n = 3). � p< 0.05,
�� p< 0.01, ��� p< 0.001: chemoresistant cells (MDR-positive) versus the corresponding che-
mosensitive (MDR-negative) cells.
(TIF)

S3 Fig. Effects of chemotherapeutic drugs on kynurenine synthesis. A549 and A549/dx cells
were incubated for 48 h in fresh medium (CTRL) or in medium containing 1 μmol/L doxorubi-
cin (DOX), 10 μmol/L cisplatin (Pt), 100 nmol/L gemcitabine (GEM), 10 μmol/L mitoxantrone
(MXR). A. Cell viability was assessed by the neutral red staining, as reported under Materials
and methods. Data are presented as means ± SD (n = 4). �� p< 0.005: versus A549 CTRL cells;
° p< 0.05: A549/dx versus A549 cells. B. The kynurenine levels in the cell culture supernatants
were measured spectrophotometrically. Data are presented as means ± SD (n = 4). � p< 0.01:
A549/dx cells versus A549 cells.
(TIF)

S4 Fig. Effects of nitric oxide on kynurenine synthesis. A549 and A549/dx cells were incubat-
ed for 24 h in the absence (CTRL) or in the presence of 100 μmol/L S-nitrosoglutathione
(GSNO) or S-nitroso-N-acetylpenicillamine (SNAP), chosen as NO donors. A. The amount of
nitrite in the cell culture supernatants was measured spectrophotometrically by the Griess
method. Data are presented as means ± SD (n = 3). �� p< 0.005: A549- or A549/dx-treated
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cells versus the respective CTRL cells. B. The kynurenine levels in the cell culture supernatants
were measured spectrophotometrically. Data are presented as means ± SD (n = 3). ���

p< 0.001: A549/dx cells versus A549 cells.
(TIF)

S5 Fig. Effects of iron on kynurenine synthesis. A549 and A549/dx cells were incubated for
24 h with fresh medium (CTRL), with the cell permeable iron-releasing compound ferric nitri-
lotriacetate (60 μmol/L, FeNTA) or with the iron chelator desferroxamine (100 μmol/L, DFX).
A. The amount of intracellular iron was measured by atomic absorption spectroscopy in the
cell lysate. Data are presented as means ± SD (n = 3). ��� p< 0.001: A549- or A549/dx-treated
cells versus the respective CTRL cells. B. The kynurenine levels in the cell culture supernatants
were measured spectrophotometrically. Data are presented as means ± SD (n = 3). � p< 0.05:
A549/dx cells versus A549 cells.
(TIF)

S6 Fig. T-lymphocytes subclasses after co-incubation with chemosensitive and multidrug
resistant cells. A549/dx cells were grown for 48 h in fresh medium (CTRL), treated with a
non-targeting scrambled siRNA (scr) or with a specific siRNAs pool targeting STAT1 or
STAT3, respectively (si STAT1, si STAT3). Untreated chemosensitive A549 cells were used as
control. The percentage of each subclass of CD3+ T-lymphocytes collected from PBMC, after a
72 h co-incubation with A549 and A549/dx cells, was measured by flow cytometry. A. Percent-
age of T-helper (CD3+CD4+) and T-cytotoxic (CD3+CD8+) lymphocytes. Data are presented
as means ± SD (n = 4). B. Percentage of Treg (CD4+CD25+CD127low) lymphocytes. Data are
presented as means ± SD (n = 4).
(TIF)

S7 Fig. Effects of IDO1 inhibition in multidrug resistant cells on the proliferation of T-
lymphocytes. A. The proliferation of activated T-lymphocytes collected from PBMC after a 72
h co-incubation with A549/dx cells, grown in the absence (CTRL) or in the presence of the
IDO1 inhibitor 5-Br-brassinin (100 μmol/L, BRA), was measured with the [3H]thymidine
assay. In the presence of anti-CD3 and anti-CD28 stimulatory antibodies without tumor cells
(positive control), the [3H]thymidine incorporation was 27,876 ± 2,349 cpm; in the presence of
RPMI medium alone (negative control), the [3H]thymidine incorporation was 3,981 ± 705
cpm. Data are presented as means ± SD (n = 4). ��� p< 0.005: BRA-treated cells versus CTRL
cells. B. The percentage of CD3+ T-lymphocytes collected from PBMC, co-incubated with
A549/dx cells as reported in A, was measured by flow cytometry. Data are presented as
means ± SD (n = 4). ��� p< 0.005: BRA-treated cells versus CTRL cells.
(TIF)

S1 Table. PCR array of JAK/STAT-signaling genes in A549 and A549-dx cells.
(DOC)

S2 Table. PCR array of IL6/STAT3-signaling genes in A549 and A549-dx cells.
(DOC)
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Abstract
Summary We evaluated the effect of parathyroid hormone
(PTH) on Wnt10b production by immune system cells in
humans. We showed that bone anabolic effect of intermittent
PTH treatment may be amplified by T cells through increased
production of Wnt10b. Chronic increase in PTH as in primary
hyperparathyroidism does not increase Wnt10b expression.
Introduction The aim of this study is to assess the effect of
PTH on Wnt10b production by immune system cells in
humans. We assessed both the effect of intermittent PTH ad-
ministration (iPTH) and of chronic PTH hypersecretion in
primary hyperparathyroidism (PHP).
Methods Eighty-two women affected by post-menopausal os-
teoporosis were randomly assigned to treatment with calcium
and vitamin D alone (22) or plus 1-84 PTH (42), or intrave-
nous ibandronate (18). Wnt10b production by unfractioned
blood nucleated cells and by T, B cells and monocytes was
assessed by real-time RT-PCR and ELISA at baseline, 3, 6, 12
and 18 months of treatment. The effect of chronic elevation of
PTH was evaluated in 20 patients affected by PHP at diagno-
sis and after surgical removal of parathyroid adenoma.

WNT10b from both osteoporotic and PHP patients was
compared to healthy subjects matched for age and sex.

Results iPTH increases Wnt10b production by Tcells, where-
as PHP does not. After surgical restoration of normal parathy-
roid function, WNT10b decreases, although it is still compa-
rable with healthy subjects’ level. Thus, chronic elevation of
PTH does not significantly increase WNT10b production as
respect to control.
Conclusions This is the first work showing the effect of both
intermittent and chronic PTH increase on Wnt10b production
by immune system cells. We suggest that, in humans, T cells
amplified the anabolic effect of PTH on bone, by increasing
Wnt10b production, which stimulates osteoblast activity.

Keywords Immune system . Osteoporosis . Primary
hyperparathyroidism . PTH . Tcells .Wnt10b

Introduction

Parathyroid hormone (PTH) regulates calcium and phosphate
homeostasis and has profound effects on bone turnover. PTH
chronic increase, as in primary or secondary hyperparathy-
roidism, has catabolic effects on bone, causes bone loss and
increases fracture risk [1]. In contrast, intermittent PTH injec-
tion has anabolic effects on bone [2] and prevents fragility
fractures; indeed, intermittent PTH is currently used for the
treatment of post-menopausal osteoporosis [3, 4].

The PTH receptor (PPR) is mainly expressed in the bone
and kidney, but its expression has also been reported in other
tissues where it likely reflects the local paracrine role of PTH-
related protein [5–7]. In the bone, PPR is expressed in osteo-
clasts [8] and mainly in cells of osteoblastic lineage as osteo-
cytes [9]. A recent work by Saini et al. [9] suggests that oste-
ocytes are necessary for intermittent PTH anabolic effects.
Treatment with intermittent PTH activates Wnt signalling
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pathway in osteoblast by suppressing sclerostin production by
osteocytes [10–16].

PPR is also expressed by T cells [17], which are required
for intermittent PTH to exert its bone anabolic effect as recent-
ly demonstrated in mice [17–19]. The bone anabolic response
to intermittent PTH is blunted in the absence of T cells and is
restored by adoptive transfer of these cells [17, 18]. T cells
mediate intermittent PTH anabolic effect on bone through the
upregulation of Wnt10b on their surface [18]; Wnt10b inter-
acts with osteoblasts upregulating Wnt pathway and induces
bone formation.

Unlike intermittent PTH, continuous PTH infusion, a con-
dition that mimics primary hyperparathyroidism (PHP) in
humans, does not affect Wnt10b expression by Tcells in mice
[17, 18], whereas in humans no data are available.

Here, we show that PTH affects Wnt10b production by
immune system cells in humans, potentially explaining its
anabolic effect.

Materials and methods

Patients

The study was approved by the Ethical Committee of the
A.O.U. Città della Salute e della Scienza - A.O. Ordine
Mauriziano - A.S.L. TO1, Turin, Italy, and informed consent
was obtained from all participants. The study population was
recruited from the patients of A.O.U. Città della Salute e della
Scienza, Turin, Italy, and healthy volunteers. The study in-
cluded patients affected by post-menopausal osteoporosis
and patients affected by PHP.

Post-menopausal osteoporosis

Eighty-two women affected by post-menopausal osteoporosis
without fractures were randomly allocated to treatment with:

i. intermittent PTH (PTH 1-84 100 mcg/day s.c.—
Preotact®, kindly provided by Nycomed—plus calcium
1200 mg/day and colecalcipherol 800 UI/day, referred to
hereafter as iPTH), 42 patients,

ii. calcium and vitamin D 1200 mg/day and colecalcipherol
800 UI/day (referred to hereafter as calcium and vitamin
D), 22 patients, and

iii. intravenous ibandronate 3 mg every 3 months, plus cal-
cium and vitamin D (referred to hereafter as IB), 18
patients.

This is a parallel, randomized controlled, open-label, trial
(registered as PTH1-84 EudraCT 2009-012397-12). The ran-
domization was done by computer-generated tables to allocate
treatments. Randomization was done by the principal

investigator, patients were enrolled by participants in the study
and lab measurement and statistical analyses were done in
blind to treatment.

Patients affected by secondary osteoporosis or taking drugs
active on bone metabolism were not considered eligible for
the study.

Blood samples from patients were collected at baseline and
after 3, 6, 12 and 18 months of treatment.

Primary hyperparathyroidism

We enrolled in the study 20 patients (16 women and 4 men)
affected by PHP, none of them were affected by diseases af-
fecting bone health other than PHP. Subjects with secondary
hyperparathyroidism, severe vitamin D deficiency, chronic
renal disease (GFR<60) and any other condition known to
affect PTH levels were excluded.

The diagnosis of PHP was established on the finding of
elevated circulating levels of calcium and PTH in at least
two instances and the presence of normal renal function.
PHP patients were subjected to parathyroidectomy and resto-
ration of normal parathyroid function was demonstrated by
the finding of normal serum PTH and calcium levels 1 month
after surgery. Blood samples were collected at baseline and
1 month after parathyroidectomy.

Healthy controls

Two groups of healthy subjects were enrolled as controls for
post-menopausal women (31 healthy post-menopausal wom-
en) and for PHP patients (42 healthy men and women in post-
menopausal period or in fertile age). Patients and controls
were matched for sex, age and years since menopause.

The study design is summarized in Fig. 1. The demograph-
ic characteristics of the study population are shown in Table 1.

Measurements of Wnt10b mRNA

Wnt10b mRNA was measured in unfractioned peripheral
blood nucleated cells in osteoporotic patients, in PHP and in
healthy controls. Unfractioned peripheral blood nucleated
cells were obtained by red blood cells lyses, the obtained cells
were frozen at −80 °C until RNA extraction. In 36 osteopo-
rotic patients (18 treated with iPTH and 18 with IB), T cells, B
cells and monocytes were separated by immunomagnetic
beads separation (Stemcells Technology) to evaluate which
cell produces Wnt10b (Fig. 1).

Real-Time PCR (RT-PCR) was used to evaluate Wnt10b
expression. RNAwas isolated using TRIzol reagent (Ambion,
Huntingdon, UK), chloroform extraction and subsequent
isopropanol precipitation according to the manufacturer’s pro-
tocol. One microgram of RNA was converted up to single-
stranded cDNA by the High Capacity cDNA Reverse
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Transcription Kit (Applied Biosystems). RT-PCR was per-
formed with IQ SYBR Green Supermix (BIORAD). The
housekeeping control gene was β-Actin and gene expression
was quantified through 2−ΔΔCt method. The primers used
were the following:

5′- CCATGACATGGACTTTGGAGAG -3′ (forward),
5′- CTGGAATCCAAGAAATCCCG -3′ (reverse) for
Wnt10b and 5′- CCTAAAAGCCACCCCACTTCT -3′
(forward) and 5′- CACCTCCCCTGTGTGGACTT -3′
(reverse) for β-Actin.

Post-menopausal osteoporosis

82 patients

46 

calcium 1200 mg/day 

and colecalcipherol

800 UI/day (22)

calcium 1200 mg/day and 

colecalcipherol 800 UI/day 

+ iPTH (24)

Measurement of:  Wnt10b on 

unfractioned peripheral blood

nucleated cells

3 months

6 months

12 months

18 months

2 drop-out

3 drop-out2 drop-out

baseline

24

2120

2120

1920

2422

22

36 

calcium 1200 mg/day 

and colecalcipherol

800 UI/day + IB (18)

calcium 1200 mg/day and 

colecalcipherol 800 UI/day 

+ iPTH (18)

Separation of T, B and monocytes

and measurement of Wnt10b at

12 months

18 months

6 months

18

1818

1818

18

Measurement of Wnt10b on 

unfractioned peripheral

blood nucleated cells on 31 

healthy controls

1 month after surgery

(20 patients)

Baseline

PHP

20 patients

Measurement of Wnt10b on 

unfractioned peripheral blood

nucleated cells on 42 healthy

controls

Measurement of:  Wnt10b on 

unfractioned peripheral blood

nucleated cells

Fig. 1 The diagram shows the study design. The number of patients in each group and the experiments done in each visit are specified

Table 1 The demographic
characteristics of the study
population

A. Characteristics of osteoporotic patients and healthy controls

Post-menopausal osteoporotic patients Controls p value

Treatment iPTH Calcium and vitamin D IB None

Patients (n) 42 22 18 31

Women (%) 100 % 100 % 100 % 100 %

Men (%) 0 % 0 % 0 % 0 %

Age (years) 68.1±9.5 66.6±6.2 64.7±9.2 69±15.2 0.263

Years since menopause 18.6±10 14.8±9.3 17.7±10 17.0±10.6 0.186

B. Characteristics of PHP patients and healthy controls

PHP patients Controls p value

Patients (n) 20 42

Women (%) 80 70 0.366

Women in after menopause (%) 56 47 0.191

Men (%) 20 40 0.366

Age (years) 57.3±15.4 50.5±21.5 0.214

Years since menopause 16±9.4 20.5±14.7 0.400

Mean and standard deviations are shown for continuous variables, % for non-continuous one. P values were
calculated by one-way ANOVA for continuous variable and by χ2 for non-continuous one
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Protein detection

Wnt10b protein was measured on cell lysates by ELISA tech-
nique (USCN Life Science) after correction for total amount
of protein.

Statistical analyses

Wnt10b values were not normally distributed according
to kurtosis normality test; hence, the effect of treatment
on its expression was evaluated by repeated measure
tests, after logarithmic transformation. Wnt10b mRNA
levels were analysed by Mann-Whitney (healthy controls
vs. osteoporotic or PHP) and Wilcoxon matched pairs
signed-rank tests (PHP vs. PHP after surgery and differ-
ent cell types).

The sample size provided an 80 % power, assuming a two-
sided significance level of 0.05, to detect differences in
Wnt10b of 3-fold, according with the results obtained in mice
[18].

The statistical analyses were performed through SPSS 21.0
and graphs were designed through Prism Graph Pad 6.0.

Results

Osteoporosis does not affect Wnt10b production by blood
nucleated cells

To evaluate whether Wnt10b expression was decreased
in osteoporosis, we compared its expression in
unfractioned blood nucleated cells from osteoporotic pa-
tients and healthy women, matched for age and post-
menopausal period. Wnt10b was not significantly differ-
ent between patients and controls (Fig. 2a), suggesting
that it is not involved in the pathogenesis of post-
menopausal osteoporosis.

iPTH increases Wnt10b production by T cells

Treatment with iPTH in osteoporotic women increases
Wnt10b gene expression in peripheral blood nucleated cells,
whereas calcium and vitamin D alone do not (Fig. 2b). In
particular Wnt10b increases of approximately 21-fold after
6 months of treatment and returned to baseline values after
18 months (Fig. 2b).
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Fig. 2 Wnt 10b expression in osteoporosis and during treatment. a
Levels (median mean±SE) of Wnt10b mRNA in healthy controls (n=
31) and osteoporotic subjects (n=46). Data were analysed by Mann-
Whitney as the data were not normally distributed according to the
kurtosis normality test. b Wnt10b mRNA fold change versus baseline
in osteoporotic patients treated with iPTH (n=21) or calcium and
vitamin D (n=20). Data were analysed by multiple measurement test
after logarithmic transformation, as the data were not normally

distributed according to the kurtosis normality test. c Wnt10b protein
production by unfractioned blood nucleated cells in osteoporotic
patients treated with iPTH (n=21) or calcium and vitamin D (n=20).
Data were analysed by multiple measurement test after logarithmic
transformation, as the data were not normally distributed according to
the kurtosis normality test. d Serum BAP in osteoporotic patients
treated with iPTH (n=21) or calcium and vitamin D (n=20). Data were
analysed by multiple measurement test

Osteoporos Int



Wnt10b protein level, detected by ELISA, confirmed an
increase of Wnt10b production during treatment with iPTH
(Fig. 2c), according to the RT-PCR results. The increase in
Wnt10b mimics the observed rise in bone alkaline phosphatase
(BAP, Fig. 2d) that is a well-known bone formation marker.

The analyses of separated T, B cells and monocytes as
compared to unfractioned blood nucleated cells revealed that
T cells are the main responsible for Wnt10b expression in
osteoporotic patients without treatment, whereas B cells and
monocytes only express a small amount of this molecule
(Fig. 3a). Further evaluation of T cells during iPTH treatment
compared to IB reveals that the increase ofWnt10b expression
depend on iPTH; indeed, IB does not induce any significant
variation (Fig. 3b). B cells and monocytes do not increase
Wnt10b expression during treatment (Fig. 3c, d).

Chronic elevation of PTH did not increase Wnt10b
expression

Wnt10b was not increased in unfractioned peripheral blood
nucleated cells from patients affected by PHP compared to
healthy controls (Fig. 4); nevertheless, surgical restoration of

normal parathyroid function decreased Wnt10b expression of
about 36 %.

Even though surgical intervention decreased Wnt10b, its
expression remains not significantly different as respect to
healthy controls (Fig. 4).
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Fig. 3 Wnt 10b expression by T cells. a Wnt10b mRNA expression
relative to unfractioned blood nucleated cells (median mean±SE) in
monocytes, T and B cells from osteoporotic patients without treatment
(n=36). Data were analysed by Wilcoxon matched pairs signed-rank test
as the data were not normally distributed according to the kurtosis nor-
mality test. b T cells Wnt10b mRNA fold change versus baseline in
osteoporotic patients treated with iPTH (n=18) or IB (n=18). Data were
analysed by multiple measurement test after logarithmic transformation,
as the data were not normally distributed according to the kurtosis

normality test. c B cells Wnt10b mRNA fold change versus baseline in
osteoporotic patients treated with iPTH (n=18) or IB (n=18). Data were
analysed by multiple measurement test after logarithmic transformation,
as the data were not normally distributed according to the kurtosis nor-
mality test. d Monocytes Wnt10b mRNA fold change versus baseline in
osteoporotic patients treated with iPTH (n=18) or IB (n=18). Data were
analysed by multiple measurement test after logarithmic transformation,
as the data were not normally distributed according to the kurtosis nor-
mality test
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Fig. 4 Wnt 10b expression in PHP. Levels (median mean±SE) of
Wnt10b mRNA in healthy controls (n=42) and PHP before (n=20) and
after parathyroidectomy (n=20). Data were analysed by Mann-Whitney
(healthy controls vs. PHP) andWilcoxon matched pairs signed-rank tests
(PHP vs. PHP after surgery) as the data were not normally distributed
according to the kurtosis normality test
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All the surgical intervention were completely successful as
demonstrated by the fall in PTH level from 136±26 to 68±
8 ng/mL, p=0.008.

Discussion

This study explores the effect of iPTH and PHP on Wnt10b
production by T cells in humans, we show that T cells are the
main producers of Wnt10b amongst peripheral blood nucleat-
ed cells, and Wnt10b expression increases during iPTH treat-
ment. These data suggest that Tcells maymediate the anabolic
action of iPTH in humans as they do in mice [17, 18]. Accord-
ing to this hypothesis, literature data derived from animal
models report that the anabolic activity of iPTH depends on
T cells, which increase the expression of Wnt10b [17, 18].
Indeed, treatment with iPTH in mice stimulates T cell produc-
tion of Wnt10b that increases osteoblastogenesis. T cell-
deficient mice or mice with T cell-knock out for Wnt10b dis-
play a blunted bone anabolism after treatment with iPTH [17].

The analysis of Wnt10b expression in peripheral blood
nucleated cells, at different time during iPTH treatment, al-
lows us to create a Wnt10b curve that reveals an increase in
its expression that is maximal 6 months after treatment. This
increase was not observed in patients treated with calcium and
vitamin D alone. The Wnt10b curve in response to iPTH
mimics the well-known bone anabolic markers curve [3, 4],
confirming Wnt10b role in mediating iPTH anabolic action.

Differently from iPTH, chronic elevation of PTH, as in
PHP, does not increaseWnt10b expression. However, 1month
after surgical intervention, Wnt10b expression results signifi-
cantly decreased, but comparable to healthy subjects. This
result may depend on the small size of the cohort analysed,
but we speculate a possible effect of chronic elevation in PTH
on Wnt10b that is not sufficient to increase it above normal
range. To support this hypothesis, literature data report that
chronic elevation of PTH in PHP modulates Wnt signalling
pathway also by suppressing SOST in humans [20, 21] as well
as in mice [22].

This observation may explain the anabolic effect on trabec-
ular bone of PHP; indeed, PHP preferentially involves cortical
bone with preservation of cancellous areas, as demonstrated
by histomorphometric analysis. In particular, the majority of
patients with PHP showed reductions in cortical width, where-
as the cancellous compartment of the bone biopsy specimen
showed greater than average values for trabecular bone vol-
ume, trabecular number, connectivity and separation, indicat-
ing preservation of this bone compartment in most patients
with PHP [23–26]. Here, we describe a decrease in Wnt10b,
after surgical restoration of normal parathyroid function,
which may partially explain the anabolic effect of PHP on
trabecular bone.

Our study has a number of strengths: to our knowledge, this
work represents the first study in humans to evaluate the effect
of PTH on peripheral blood nucleated cells with particular
regard to T cells. In addition, we attempted to do so without
in vitro culture of the cells, which could substantially alter
their gene expression and other characteristics. Patients and
controls have been carefully matched for potential con-
founders and randomized to different treatment group. How-
ever, one major limitation of our work is the small sample size
especially of PHP cohort.

In conclusion, this study reports that PTH induces an in-
crease of Wnt10b production by T cells in humans. Thus, our
data suggest that T cells amplify the anabolic effect of PTH on
bone.
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Abstract

Background: Allogeneic hematopoietic stem cell transplantation (HSCT) is potentially curative in a variety of hematological
malignancies. Graft-vs.-host disease (GvHD) remains a life-threatening complication. Standard treatment is high-dose
(HD) corticosteroids. Steroid-refractory (SR) GvHD is associated with poor prognosis. At present, second-line treatment is
ill-defined and includes a number of agents. Novel insights into the pathophysiology of acute GvHD (aGvHD) highlight
the relevant role of the host inflammatory response governed by several kinase families, including Janus kinases (JAK)
1/2. Ruxolitinib, a JAK1/2 inhibitor approved for intermediate-2/high-risk myelofibrosis, was recently employed in
SR-GvHD with encouraging overall response rates. Clinical experience however remains limited.

Case presentation: A 51-year-old male with refractory anemia with excess blast type-2 underwent a myeloablative
allogeneic HSCT from a 9/10 HLA-matched unrelated donor after conditioning with busulfan and cyclophosphamide.
GvHD prophylaxis consisted of cyclosporine, methotrexate, and thymoglobulin. CD34+ cells/kg infused were 8.69 ×
106 kg. On day 29, the patient developed overall grade IV aGvHD with biopsy proven stage IV gastrointestinal (GI)
GvHD refractory to HD corticosteroids. Patient conditions rapidly deteriorated and became critical despite the addition
of mycophenolate mofetil and budesonide. On day 33, Ruxolitinib was started, and on day 39 the patient clinical
conditions gradually improved. Complete resolution of aGvHD was also confirmed by histology on day 54.

Conclusions: At 5 months from HSCT, the patient is well and in continuous hematological complete remission
without flare of GvHD. Ruxolitinib was discontinued on day 156. Ruxolitinib is feasible and effective in SR-aGvHD
though large prospective clinical trials are warranted.

Keywords: Allogeneic hematopoietic stem cell transplant (HSCT), Steroid-refractory graft-vs.-host disease (SR-GvHD),
Ruxolitinib, Regulatory T cells (Treg), Proinflammatory cytokines, Case report

Background
Allogeneic hematopoietic stem cell transplantation (HSCT)
is potentially curative for several hematopoietic malig-
nancies. Acute graft-vs.-host disease (aGvHD) remains
the major cause of morbidity and mortality. High-dose
corticosteroids (methylprednisolone, 1–2 mg/kg per day)
are currently considered standard first-line treatment.
However, a remarkable number of patients do not respond
[1]. Estimated incidence of steroid-refractory aGvHD
(SR-GvHD) is some 40 %, and it is associated with poor

long-term survival of 5–30 % [2–4]. At present, there are
no well-defined treatment approaches although several
second-line therapies aimed at inactivating alloreactive
donor T cells, pro-inflammatory cytokines or their
receptors have been investigated. The weighted average
6-month survival from 25 retrospective studies or
phase II trials was 49 % [2]. Among others, agents used
included anti-thymocyte globulin, mycophenolate mo-
fetil, anti-CD25 monoclonal antibody (basiliximab),
anti-tumor necrosis factor alpha (infliximab and etaner-
cept), anti-interleukin 2 receptor-alpha (inolimomab),
anti-CD52 (alemtuzumab), pentostatin, m-Tor inhibitors
and extracorporeal photoapheresis [5–13]. Since clinical
trials in SR-GvHD are difficult to design given the hetero-
geneity of treatment policies, direct comparisons of differ-
ent agents have not been possible.
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Case presentation
A 51-year-old male without significant comorbidities and
irrelevant past medical history was diagnosed with refrac-
tory anemia with excess blast type-1 (RAEB-1) in 2013
and evolved to RAEB-2 after 24 months. Overall, the pa-
tient had a high risk score both by the International (IPSS)
and by the WHO prognostic scoring systems (WPSS).
Blast count was 15 % on bone marrow biopsy and 11 %
on marrow aspirate. Other features included trisomy 8 by
cytogenetic analysis and two cytopenias—neutropenia and
thrombocytopenia—in the peripheral blood. He never
required red blood cell or platelet transfusions. He was
initially treated with 2 cycles of induction chemotherapy
with fludarabine (30 mg/m2, days 1–5), high-dose cytara-
bine (2000 mg/m2, days 1–5), and idarubicin (10 mg/m2,
days 1–3). Complete remission by histology and by flow
cytometry was obtained. However, FISH analysis showed
persistent trisomy 8. The patient underwent an allogeneic
HSCT with mobilized peripheral blood stem cells from
a 9/10 HLA-matched (antigenic mismatch at HLA-A)
unrelated donor. Conditioning regimen was busulfan
(3.2 mg/kg/day; days −7 to −4) and cyclophosphamide
(60 mg/kg/day; days −3 and −2). GvHD prophylaxis
consisted of cyclosporine (CsA) (1.5 mg/kg twice daily,
from day −1), methotrexate (15 mg/m2, 24 h after trans-
plant, then 10 mg/m2 on days 3, 6, and 11), and thymoglo-
bulin (2.5 mg/kg on days −3 and −2). CD34+ cells/kg
infused were 8.69 × 106. Gut decontamination with antibi-
otics after HSCT was not scheduled. On day 13, the pa-
tient stopped oral intake because of grade III mucositis.
On day 22, he developed a maculo-papular rash on 50 %
of his body surface area (stage 2) and mild (500 ml/24 h)
watery diarrhea (stage 1), without fever and/or liver
function tests abnormalities suggestive of aGVHD. Stool
cultures ruled out gastrointestinal (GI) bacterial, viral or
parasitic infections. A chest X-ray ruled out pulmonary
infiltrates. Diagnosis of overall grade II aGVHD was made
and intravenous (i.v.) corticosteroids at 2 mg/kg/day were
promptly started on the same day. However, diarrhea
worsened rapidly over the following days to stage 4 GI
aGvHD with over 2500 mL/24 h of diarrhea and increas-
ing painful abdominal cramps (Table 1). Clinical condi-
tions did not improve despite the combination of
cyclosporine, high-dose steroids and the addition of oral
budesonide (3 mg three times per day) on day 28 and i.v.
mycophenolate mofetil (MMF) (1 g three times per
day) on day 29. An endoscopic evaluation of the upper
GI tract with multiple biopsies on day 33 confirmed the
diagnosis of aGvHD (Fig. 1a–c). Patient's clinical condi-
tions rapidly deteriorated. Oral Ruxolitinib was started
at 5 mg twice per day on day 33. Stools volume pro-
gressively and steadily decreased to less than 1000 mL
on day 39. MMF was stopped on the same day given its
unlikely clinical efficacy and to reduce immunosuppression.

Clinical conditions gradually improved. Neutrophil and
platelet engraftment (defined as the first of 3 consecutive
days of neutrophils ≥500/uL and as the first of 7 consecu-
tive days with platelet counts ≥20,000/uL without transfu-
sion support, respectively) occurred at days 17 and 19.
Platelet counts were ≥300.000/uL on day 28 and then
dropped below 100,000/uL on day 49 and remained stable
around 40,000–50,000/uL until discharge (with concurrent
oral Ruxolitinib at 5 mg twice daily). Hemoglobin values
peaked at 136 g/L on day 31 and dropped below 100 g/L
on day 35. Overall, 4 units of red blood cells were required
during hospitalization. Skin lesions disappeared completely
by day 50. On day 45, the patient resumed oral food intake
without nausea and/or vomiting and by day 61 stools were
formed. A second endoscopy with multiple biopsies on day
54 revealed no residual signs of aGvHD in the GI tract
(Fig. 1d). Bone marrow biopsy on day 64 showed a hypo-
cellular marrow with normal myeloid maturation without
evidence of disease recurrence and full donor engraft-
ment by mixed-chimerism analysis. On day 70, the patient
was discharged. Ruxolitinib was initially reduced be-
cause of progressive pancytopenia to 5 mg per day on
day 100 and to 5 mg every other day on day 107. It was

Table 1 Patient timeline clinical history

Days from HSCT Clinical condition/therapeutic intervention

0 HSCT

17 Neutrophil recovery

19 Platelet recovery

22 aGvHD onset: diarrhea (st.I) and skin (st.II). Started
PDN-equivalent 2 mg/kg/iv

28 Diarrhea exceeded 1500 mL/day (st.III) and started
budesonide 3 mg tid po

29 Diarrhea exceeded 2000 mL/day (st.IV) and started
MMF 1 g tid iv

33 EGDS with biopsies (GvHD confirmation). Started
Ruxolitinib 5 mg bid

36 Steroid taper

39 Diarrhea below 1000 mL and Ruxolitinib 5 +
10 mg/day. Stop MMF

45 Resumed oral food intake

49 Switch to oral CsA

54 EGDS with biopsies: no signs of GvHD

61 Switch PDN po

66 Reduced Ruxolitinib to 5 mg bid

70 Patient discharged

100 Reduced Ruxolitinib to 5 mg/day

135 Steroid stopped

156 Ruxolitinib stopped

abbreviations: HSCT hematopoietic stem cell transplantation, aGvHD acute
graft-vs.-host disease, PDN prednisone, iv intravenously, po orally, MMF
mycophenolic acid, EGDS esophagous-gastro-duodenoscopy, CsA cyclosporine
A, bid twice daily, tid three times a day, st stage
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resumed at 5 mg per day on day 113 because of soften
stools and abdominal discomfort with prompt improve-
ment of GI symptoms. Platelet counts progressively
raised to ≥80,000/uL.

Cytokine measurement
Serum levels of tumor necrosis factor alpha (TNF-α) and
interleukin-6 (IL-6) were measured in serum samples from
day +27 (before the start of Ruxolitinib) and day +56 (after
23 days of treatment), by Becton Dickinson Biosciences
Human Inflammatory Cytokine kit. Interestingly, we ob-
served a decrease of both these pro-inflammatory markers
during Ruxolitinib treatment (Fig. 2). We cannot, however,
rule out a potential effect of glucocorticoids and mycophe-
nolic acid [14, 15].

Conclusions
Donor T cell immune response to recipient antigens
represents a key mechanism of GvHD and is combined
with a massive production of inflammatory cytokines
such as TNF-α, IL-1, IL-6 and IL-2-R. Cytokine-induced
activation of the various effector cells—including T cells,
dendritic cells, and neutrophils—is mediated by the inter-
play between cytokine receptors and a number of special-
ized kinases [16]. Family members of Janus kinases (JAK)
are among the most studied. Ruxolitinib is a selective oral
JAK1/2 inhibitor approved for the treatment of patients
with intermediate-2 or high-risk primary myelofibrosis
[17, 18]. Spleen size reduction and improvement of consti-
tutional symptoms are directly correlated with inhibition
of JAK-STAT signal transducer hyperactivity and with re-
duction of both effector cells activity and flogistic cytokine
signature [19]. Apart from its ability to depress the
pro-inflammatory environment of GvHD, Ruxolitinib
shapes T cell mediated immune response toward a FoxP3+

regulatory T cell (Treg) polarization mostly by a sparing
mechanism of the JAK3-STAT5 pathway [18]. Tregs im-
prove signs and symptoms of aGvHD and promote immu-
notolerance [19–23]. These mechanisms have been shown
on murine models [14] and also form the rationale for the
potential efficacy of Ruxolitinib in the treatment of GvHD
in man.
Only a few clinical experiences have been reported so

far. Spoerl et al. [24] explored JAK1/2 inhibition during
aGvHD both in a major HLA-mismatched murine model
and in a cohort of 6 HSCT recipients who developed

a

c d

b

Fig. 1 Histology studies (H&E). a–c Gastrointestinal acute grade I GVHD:
focal apoptosis of crypt epithelial cells (white arrows) without abscess or
crypt destruction. A clear lymphocytic infiltration of the lamina propria is
not present. Moderate mucosal atrophy can be observed. d Duodenum
at day +54 post-transplant: complete reconstitution of the mucosa with
disappearance of apoptotic crypt cells (courtesy of D. Novero, Pathology,
University of Turin)

Fig. 2 Serum levels of TNF-α and IL-6. TNF-α decreased from
10 pg/mL at day 27 (while on high-dose steroids) to 5 pg/mL at
day 54, while IL-6 decreased from 2.3 to 1.5 pg/mL (values are
expressed as percentage)
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SR-aGvHD (GI in 2 and skin in 4). In the murine
model, Ruxolitinib was associated with a significantly
prolonged survival with reduced weight loss and GvHD
severity by histology studies and suppression of the
serum inflammatory cytokine profile. Moreover, a reduc-
tion of donor alloreactive T cells with a concomitant ex-
pansion of CD4+ FoxP3+ Treg in GvHD target organs
demonstrated the ability of Ruxolitinib to shift T cell
phenotype. In HSCT recipients, response rates were opti-
mal with clinical regression in all and a marked reduction
of pro-inflammatory cytokines such as IL-6 and soluble
IL-2 receptor. Ruxolitinib was employed at a starting dose
of 5 mg twice per day daily with a dose increase to 10 mg
twice per day. Neither thrombocytopenia nor anemia were
reported. A recent retrospective multi-center survey on 95
HSCT recipients with SR-GVHD—54 acute and 51
chronic GvHD (cGvHD), reported the most significant
clinical experience so far completed [25]. Median prior
lines of treatment were three (range: 1–7 for aGvHD;
1–10 for cGvHD). Overall response rate was 81.5 % in
the aGvHD group (44/54) with 57 % (25/44) complete
remissions and of 85.4 % (35/41) in the cGvHD group,
respectively. Overall survival was 79 and 97.4 %. Among
responders, GvHD flare was 6.8 % for aGvHD and 5.7 %
for cGvHD patients. Side effects such as cytopenia (55.6
and 17.1 % in the aGvHD and cGvHD group, respectively)
and cytomegalovirus (CMV) reactivation (33.3 and
14.6 %) were comparable to those reported with other
agents including steroids, infliximab, alemtuzumab, my-
cophenolate mofetil, or cyclosporine. Overall, one of
the concerns was the loss of a graft-vs.-leukemia effect,
given the pharmacological interference with the JAK1/2
signal pathway; however, the reported rate of disease
recurrence after Ruxolitinib was of 9.3 and 2.4 % of the
patients in the aGVHD and cGVHD groups, respectively.
Initial signs of improvement (partial response) of GVHD
symptoms were observed 6 days from the start of Ruxoliti-
nib and complete resolution after 3 weeks of treatment.
These findings are similar to those reported by Zeiser et
al. (median time to response 1.5 weeks, range 1–11). A
possible synergistic role with budesonide and MMF can-
not be completely ruled out even though these agents
were administered only for a very few days. The most ef-
fective Ruxolitinib tapering schedule remains to be de-
fined, given the limited clinical experience. Our schedule
was purely based on clinical grounds in the light of GvHD
signs/symptoms, worsening of cytopenias, or viral reacti-
vation. A steroid-sparing effect in chronic GvHD has also
recently been proposed [26] with encouraging results. A
similar role in aGvHD has not yet been reported. Ruxoliti-
nib dose-dependent cytopenias are usually expected dur-
ing treatment [27] even though, in our patient, other
factors such as GvHD itself and prolonged immunosup-
pressive therapy with several agents may have been

involved [28]. At 5 months from HSCT, the patient is
doing well, with full donor mixed chimerism and in con-
tinuous complete remission (confirmed at bone marrow
biopsy on day 148) with no signs and/or symptoms of
GvHD on CsA taper. Prednisone was stopped on day
135 and Ruxolitinib on day 156. Of note, there was no
CMV (though both donor and recipient were CMV
seronegative)- nor Epstein Barr Virus-DNAemia break-
through. Overall, our clinical findings suggest that Rux-
olitinib played a fundamental role in the successful GvHD
treatment of our patient. SR-GvHD is a challenging
complication with no current standard treatment. GI
tract involvement is life-threatening also in the light of
the long process required for a complete repair of the
intestinal mucosa. Therapeutic efficacy of Ruxolitinib is
underlined by recent biological insights into the rele-
vant role played by the JAK-STAT signaling pathway in
aGvHD. However, treatment duration and possible im-
pacts on graft-vs.-leukemia and immune-responses
against infections remain a matter of debate. Thus, lar-
ger clinical phase II–III controlled trials and compari-
sons with best available treatments are warranted. A
German multi-center phase II clinical trial on Ruxoliti-
nib in SR-aGvHD is due to start accrual this fall
(NCT02396628).
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ABSTRACT. Doxorubicin (DOXO) is one of the most effective antineoplastic agents in clinical 

practice. Its use is limited by acute and chronic side effects, in particular by its cardiotoxicity and 

by the rapid development of resistance to it. As part of a program aimed at developing new 

DOXO derivatives endowed with reduced cardiotoxicity, and active against DOXO-resistant 

tumor cells, a series of H2S-releasing DOXOs (H2S-DOXOs) were obtained by combining 

DOXO with appropriate H2S-donor substructures. The resulting compounds were studied on 

H9c2 cardiomyocytes and in DOXO-sensitive U-2OS osteosarcoma cells, as well as in related 
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 2

cell variants with increasing degrees of DOXO-resistance. Differently from DOXO, most of the 

products were not toxic at 5µM concentration on H9c2 cells. A few of them triggered high 

activity on the cancer cells. H2S-DOXOs 10 and 11 emerged as the most interesting members of 

the series. The capacity of 10 to impair Pgp transporter is also discussed. 

Introduction 

Doxorubicin (DOXO) 1 (Chart 1), known also as Adriamicin, is a potent broad-spectrum 

antineoplastic antibiotic, isolated from Streptomices species, widely used as single agent or in 

combination with other anticancer drugs in treating of hematological cancers and solid tumors, 

lymphomas and sarcomas.1 Its use is accompanied by a number of clinical toxicities, of which 

cardiomyopathy is the most important. Clinically, there are two kinds of cardiomyopathy: an 

acute form, with rapid onset after the administration of a single dose of antibiotic, and a chronic, 

cumulative, dose-related form.2,3 The former is characterized by abnormal electrocardiographic 

changes, and is rarely a serious problem; the latter can lead to congestive heart failure that is 

unresponsive to digitalis. The mortality rate in patients with congestive heart failure is close to 

50%. The production of high levels of reactive oxygen species (ROS), including peroxide anion 

(O2
-·), hydrogen peroxide (H2O2), and hydroxyl radical (OH·), by induction of the antibiotic’s 

redox cycle at complex 1 of the mitochondrial electron transport chain, is the most likely of the 

mechanisms proposed to explain this cardiotoxicity.4,5 The heart is very sensitive to oxidative 

stress because of its poor antioxidant defenses compared to other organs.6,7 The cardiomyocyte 

damage appears to be principally due to impairment of mitochondrial functioning.4,7,8 

Several synthetic DOXOs characterized by lower cardiotoxicity have been described. For 

instance, the DOXO’s analogs N-trifluoroacetyladriamycin-14-valerate (AD32), N-

trifluoroacetyladriamycin-14-O-hemiadipate (AD143) and N-benzyladriamycin-14-valerate 
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 3

(AD198), induce lower toxicity in rat hearts thanks to their different effects on mitochondrial 

energy metabolism.9 Semi-synthetic DOXOs conjugated with the antioxidant ferulic or caffeic 

acids were less cardiotoxic but still retain their antitumor efficacy.10 Similarly, a synthetic 

doxorubicin targeting mitochondria, which is effective against ovarian cancer cells, induces at 

the same time a lower mitochondria-dependent cardiac damage.11 A critical issue in the 

production of DOXO analogs with lower cardiotoxicity is to prevent the loss of their cytotoxicity 

against tumors with low sensitivity to the drug. Indeed, DOXO’s efficacy in cancer therapy is 

also hampered by the ease with which resistance to it develops. This occurs through a number of 

mechanisms, principally the increased capacity of the cancer cells to efflux the drug, thus 

limiting its cellular accumulation and reducing its toxicity.12 Interestingly, DOXO resistance is 

decreased by nitric oxide (NO)-donors, namely compounds able to increase the intracellular NO 

concentration.13-17  

Hydrogen sulfide (H2S) is a colorless gas with a characteristic smell of rotten eggs that, as a 

biochemical agent, has long only been considered as a poisonous and toxic pollutant. It is a weak 

acid (pKa1 ≈ 6.9, pKa2 ˃ 12 at 25 °C) and at physiological pH (7.4) the two species present in 

equilibrium are HS- and H2S, in a ratio of about 3:1. At 37 °C its water solubility is about 80 

mM.18 It is able to cross lipid membranes by simple diffusion, and does not require facilitation by 

membrane channels.19 A huge amount of experimental evidence has accumulated in the past 

fifteen years to show that hydrogen sulfide is an endogenous gasotransmitter produced from L-

cysteine by the action of two pyridoxal-5’-phosphate (PLP)-dependent enzymes: cystathionine β-

synthase (CBS), and cystathionine γ-lyase, also called cystathionase (CSE).20 

Like the other two gasotransmitters, NO and carbon monoxide (CO), H2S performs a variety of 

homeostatic functions, especially in the nervous and cardiovascular systems.20-25 Several reports 
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 4

indicate that there is cross-talk between H2S and NO. This relation is complex, and requires 

further investigation. It has been suggested that these two species may interact producing an 

unidentified nitrosothiol, which triggers a weak vasorelaxing effect, if any.26,27 In addition, H2S 

plays roles in modulating the cellular S-nitrosothiol profile, probably through the formation of 

thionitrous acid (HSNO), which is a source of nitrosonium ion (NO+), NO, and nitroxyl 

(HNO).28,29 H2S exhibits strong cytoprotective effects through a combination of antioxidant and 

antiapoptotic signals.30-33 It is able to scavenge ROS and reactive nitrogen species (RNS).33 In 

particular it is able to suppress peroxinitrite (HOONO) induced cell damage, owing to its ability 

to react with HOONO, giving rise to sulfinyl nitrite (HSNO2), a new NO-donor.34 A number of 

recent reports show that sodium hydrosulfide (NaSH), which at physiological pH is in 

equilibrium with H2S, attenuates doxorubicin-induced cardiotoxicity in H9c2 embryonic rat 

cardiac cells, by inhibiting endoplasmatic reticulum (ER) stress and oxidative stress.35 Inhibition 

of the p38 MAPK pathway, activated by DOXO, seems to be an important mechanism 

underlying this protection.36 Exogenous H2S has also recently been shown to attenuate DOXO-

induced cardiotoxicity in H9c2 cells, by inhibiting calreticulin (CRT) expression.37 On the basis 

of this rationale, DOXO linked to H2S donors (H2S-DOXO), namely compounds capable of 

releasing H2S in physiological conditions,38-40 might be expected to give rise to chimeras 

endowed with improved biochemical profiles than the antibiotic lead. 

This paper describes a number of such compounds (Scheme 1) obtained by combining DOXO 

with H2S donors through an ester linkage at C-14. They are shown to be less cardiotoxic than the 

lead, and maintain high levels of activity against DOXO-resistant cancer cell lines. 

Results and Discussion 
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 5

Synthesis. The H2S-DOXOs 10-16 were obtained by the reaction of 14-bromo/chloro 

daunomicin hydrobromide 2 with the appropriate H2S-donor acids 3-9 (Scheme 1). The reaction 

was performed in dry DMF in the presence of KF at room temperature. The resulting products 

were purified by flash chromatography, successively suspended/dissolved in dry THF, and 

treated with 1 eq. of HCl in dry dioxane to obtain the corresponding hydrochlorides. The purity 

of the compounds was evaluated by RP-HPLC techniques. 

Stability of the H2S-DOXOs. Stability of all the new DOXO derivatives was evaluated by 

high-performance liquid chromatography (HPLC) in Dulbecco's Modified Eagle Medium 

(DMEM), in Iscove's Modified Dulbecco's Medium (IMDM) as well as in human serum. The 

products hydrolyzed following pseudo-first-order kinetics. The half-lives (t1/2), determined by 

fitting the data to one-phase exponential decay equation, are reported in Table 1. 

In DMEM, the compounds may be separated into four clusters: compounds possessing high 

(10, 11, t1/2 > 20 h), medium (15, 16, t1/2 = 3-6 h), low (12, 13, t1/2 = 16-17 min) and very low 

(14, t1/2 < 1 min) stability (Table 1).  

Similar results (data not shown) were obtained in IMDM. In human serum, the products 12-14 

and 16 showed t1/2 < 38 min, while more stable 10, 11 and 15 showed t1/2 values in the range 2.8-

4.6 h. The t1/2 values measured in the different media principally reflect the presence of two 

vulnerable moieties in the H2S-DOXOs: the ester group, and the H2S donor substructure. HPLC 

analysis (see Supplementary) showed that both these moieties contribute to determining this 

parameter, in different degrees depending on the specific product. 

Hydrogen sulfide release from the H2S-DOXOs. H2S release was assessed using a 

fluorometric assay based upon the reaction of H2S with dansyl azide (DNS-Az) to give the 

fluorescent related amide, which was detected with a HPLC system equipped with a fluorimetric 
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 6

detector.41 The results of H2S release in DMEM are reported in Figure 1. The most potent H2S 

donor was 11, a derivative of benzoic acid bearing, in para-position, the 3-thioxo-3H-1,2-dithiol-

5-yl group. Introduction into 11 of a phenyl substituent at the 4-position of the thione ring (10) 

reduced this capacity. Substitution of the thione ring with a thiocarbamoyl group (16), and in 

particular manipulation of the ester bridge (13), but also transformation of 2-thioxo-1,3-dithiole-

4-carboxylic acid into the ester (12), decreased H2S release. Compounds 14 and 15, two aliphatic 

esters, were markedly less potent H2S-donors than 11. Very similar results were obtained when 

the experiments were performed in IMDM (data not shown). In human serum, H2S release was 

increased, except in the case of compound 14 (Supplementary Figure 1). 

Biological assays 

Accumulation of H2S-DOXOs and their cytotoxic effects in H9c2 cardiomyocytes. We 

compared the effect of DOXO and H2S-DOXOs at 5 µM concentration, that we previously found 

to be cytotoxic in H9c2 cardiomyocytes10,16,17 and in DOXO-sensitive cancer cells, but not in 

DOXO-resistant ones.13,16,42,43 The accumulation of H2S-DOXOs within H9c2-cardiomyocytes 

was measured by a fluorimetric assay, and their cytotoxic effects were assayed by detecting the 

activity of lactic dehydrogenase (LDH) in the extracellular medium, considered as an index of 

doxorubicin-induced damage.13,15 As shown in Figure 2A, H2S DOXOs were retained within 

H9c2 cells at similar concentrations as DOXO was. However, while DOXO induced significant 

cytotoxicity, the hybrid antibiotics 10-14 were significantly less toxic than the lead, and did not 

produce significantly higher toxicity compared to the untreated cells Figure 2B. 

Compound 3, the H2S releasing moiety present in 10, did not modify the intracellular retention 

of DOXO within H9c2 cells when co-incubated at an equimolar concentration (Supplementary, 

Figure 2A), and it was not toxic when used alone. Conversely, co-incubation significantly 
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 7

reduced DOXO’s toxicity, suggesting that the H2S-DOXOs’ lack of cardiotoxicity is due to the 

presence of the H2S releasing moieties (Supplementary, Figure 2B). The case is different with 

compounds 15 and 16, which are significantly more cardiotoxic than the lead (Figure 2B). To 

shed light on this difference, the ethyl ester of acid 8 and the methyl ester of acid 9 (17 and 18 

respectively, see Supplementary), the H2S-donor substructures present in 15 and 16, were tested 

for their toxicity on H9c2 cells. The results clearly indicate that these two products are more 

toxic than the lead (Supplementary, Figure 3). It may thus reasonably be supposed that the 

cardiotoxicity of H2S-DOXOs 15, 16 is due to the presence in their structure of these two 

moieties. 

Effect of H2S-DOXOs on ROS intracellular levels. Intracellular levels of ROS, which are 

critical mediators of DOXO-induced cardiotoxicity,7 were measured by a fluorimetric assay. 

DOXO significantly increased ROS levels in H9c2 cardiomyocytes; by contrast, intracellular 

ROS measured in the same cells treated with H2S DOXO were significantly lower than those 

produced by the parent antibiotic and did not differ from untreated cells (Figure 3A). To 

determine whether the reduced ROS levels were caused by release of H2S, ROS were again 

measured in the presence of hydroxocobalamin (OHCbl), a well-known H2S scavenger.44 The 

product did not affect ROS levels in cells treated with DOXO, but markedly increased them in 

those exposed to H2S-DOXO, producing the same range of ROS measured in DOXO-treated 

cells (Figure 3A). In line with this data, OHCbl was not toxic in untreated cardiomyocytes, and 

did not modify the cytotoxicity of DOXO; conversely, it significantly increased the cytotoxic 

effects induced by all H2S-DOXOs except for 15 and 16, which showed the opposed trend 

(Figure 3B). Compound 3 alone was sufficient to reduce basal ROS levels in H9c2 cells, an 

event that was reversed by OHCbl (Supplementary, Figure 4A). Similarly, the presence of 
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 8

OHCbl increased the cytotoxicity of 3, alone or co-incubated with DOXO (Supplementary, 

Figure 4B). Similarly, the antioxidant N-acetyl-L-cysteine (NAC), used at a concentration that 

significantly reduced the amount of ROS produced by DOXO (Supplementary, Figure 5A), 

strongly reduced the release of LDH (Supplementary, Figure 5B), as compounds 10-14 did. By 

contrast, the co-incubation of DOXO with dexrazoxane, which achieves significant 

cardioprotection acting through ROS-independent mechanism,45 failed to reduce DOXO’s 

cytotoxicity in H9c2 cells (Supplementary Figure 6). 

As demonstrated by the experiments with OHCbl and NAC, the presence of appropriate H2S-

releasing moieties linked to DOXO or the presence of an excess of an antioxidant molecule play 

a pivotal role in lowering ROS levels and preventing toxicity in cardiomyocytes. These results 

strongly support the hypothesis that the reduced cardiotoxicity of compounds 10-14 was due to 

the decreased intracellular level of ROS. 

H2S-DOXOs as effective anti-cancer agents. Since oxidative stress is one of the main 

mechanisms involved in DOXO’s anti-tumor-activity,7 the next point to clarify was whether the 

H2S-releasing DOXOs still retained their activity on cancer cells. The attention was focused on 

human osteosarcoma cells, since DOXO is the first-line drug in this kind of tumor;46 however, its 

efficacy is limited in osteosarcoma expressing P-glycoprotein (Pgp/ABCB1),47 a membrane 

transporter that effluxes DOXO and limits its anti-cancer efficacy.12 The effects of H2S-DOXOs 

in DOXO-sensitive U-2OS osteosarcoma cells, and in the related cell variants with increasing 

degrees of DOXO-resistance, namely U-2OS/DX30, U-2OS/DX100, and U-2OS/DX580, were 

investigated. The DOXO IC50 of these variants shows a progressive increase (Supplementary 

Table 1), according to the increasing expression of Pgp.48 As expected, DOXO was accumulated 

in progressively less amounts in the resistant cells (Figure 4A), where it progressively lost its 
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 9

toxicity (Figure 4B). By screening the intracellular retention of the H2S-releasing DOXOs, 10, 

11, 15 and 16 were identified as being accumulated to a significantly greater extent than DOXO 

itself, in both sensitive and resistant cells (Figure 4A). 

In line with their higher intracellular retention, these compounds were significantly more 

cytotoxic than DOXO in both drug-sensitive and drug-resistant cells (Figure 4B). Co-incubation 

of 3 with DOXO increased drug retention and cytotoxicity in U-2OS/DX30 and U-2OS/DX100 

cells; however, this combination did not show superior efficacy than DOXO in U-2OS/DX580 

cells (Supplementary Figure 7A, B). These data suggest that the sole presence of a H2S-releasing 

group may be sufficient to improve DOXO’s efficacy in mildly-chemoresistant cells, but not in 

strongly-resistant ones. Interestingly, while DOXO increased ROS levels in U-2OS cells but not 

in resistant cells, in sensitive cells the H2S-DOXOs produced significantly less ROS than DOXO 

did (Figure 5A). Of note, 10 and 11, which exerted high cytotoxicity, also significantly reduced 

the ROS amount compared with untreated osteosarcoma cells (Figure 5A). This reduction of 

ROS levels is likely due to the presence of the H2S-releasing groups, since ROS levels were 

decreased in osteosarcoma cells exposed to DOXO plus 3 to a significantly greater extent than 

they were in cells exposed to DOXO alone (Supplementary Figure 7C). The observed increase in 

ROS production in cells treated with 10 in the presence of OHCbl is in line with this result 

(Figure 5B). 

Similar data were obtained with 11 (not shown). These results indicate that 10 and 11 are 

cytotoxic in both drug-sensitive and drug-resistant cells notwithstanding the lower ROS 

production, leading to the hypothesis that they may exert their anti-cancer effects through an 

oxidative-stress-independent mechanism. Several works highlight that part of the anticancer 

efficacy of anthracyclines is due to the inhibition of topoisomerase II.49 By contrast, all H2S-

Page 9 of 37

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 10

DOXOs were unable to inhibit this enzyme (Supplementary Figure 8), leading to exclude that 

their anticancer effects were mediated by this mechanism. 

H2S-DOXOs are less effluxed by Pgp in osteosarcoma-resistant cells. To shed light on how 

the presence of H2S-releasing groups improves the efficacy of doxorubicin in resistant cells, the 

efflux kinetics of parental DOXO, DOXO co-incubated with 3, and with 10, were measured in 

the Pgp over-expressing U-2OS/DX580 cells. As shown in Figure 6, the presence of 3 reduced 

the Vmax of DOXO efflux, without affecting the Km; by contrast, 10 had a lower Vmax and a higher 

Km than DOXO. 

These results suggest that the release of H2S by an appropriate H2S donor impairs the catalytic 

efficacy of Pgp, thus explaining the increased intracellular accumulation of doxorubicin in the 

presence of 3. In the case of 10, the presence of an H2S donor linked to the anthracycline moiety 

not only impairs the catalytic activity Pgp, but also reduces the compound’s affinity for the 

protein, producing maximal benefit in terms of drug accumulation and toxicity. 

Conclusion 

A series of H2S-releasing moieties were linked through an ester bridge to C-14 of DOXO to 

improve its pharmaceutical profile, in view of their ability to release H2S. All products were 

tested on cardiac H9c2 cells, and on U-2OS osteosarcoma cells and related cell variants with 

increasing degrees of DOXO-resistance. The specific H2S-releasing moiety strongly influenced 

the products’ biological behavior. All H2S-DOXOs were able to reduce the oxidative stress 

induced by the antibiotic on the cardiomyocytes, and most of them were significantly less toxic 

on the cardiomyocytes than the lead. Compounds 15, 16 reduced the oxidative stress but not the 

cardiotoxicity, paralleling the intrinsic toxicity of the two H2S-releasing moieties 7, 8 present in 

their structures. Compounds 10, 11 emerged as the most interesting members of the series. When 
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 11

tested on H9c2 cells, they did not produce a significantly higher toxicity than the control. In 

addition, when tested on sarcoma cell lines they displayed significantly more potent cytotoxic 

effects than those of the lead. Preliminary studies carried out on 10, taken as a representative 

member of the class, suggest that the increased cytotoxicity is likely due to a reduced efflux of 

the product by Pgp. Dedicated investigations to shed light on the action mechanisms of this new 

class of modified doxorubicins, as well as in vivo studies of 10, 11, are now in progress. 

Experimental Section 

Chemistry. 1H and 13C NMR spectra were recorded on a BrukerAvance 300, at 300 and 75 

MHz, respectively, using SiMe4 as internal standard. The following abbreviations indicate peak 

multiplicity: s = singlet, d = doublet, t = triplet, m = multiplet, bs = broad singlet. ESI MS spectra 

were recorded on a Micromass Quattro API micro (Waters Corporation, Milford, MA, USA) 

mass spectrometer. Data were processed using a MassLynxSystem (Waters). High resolution MS 

spectra were recorded on a Bruker Bio Apex Fourier transform ion cyclotron resonance (FT-

ICR) mass spectrometer equipped with an Apollo I ESI source, a 4.7 T superconducting magnet, 

and a cylindrical infinity cell (Bruker Daltonics, Billerica, MA, USA). Melting points were 

determined with a capillary apparatus (Büchi 540) in open capillary. Flash column 

chromatography was performed on silica gel (Merck Kieselgel 60, 230–400 mesh ASTM). The 

progress of the reactions was followed by thin-layer chromatography (TLC) on 5 × 20 cm plates 

Merck Kieselgel 60 F254, with a layer thickness of 0.20 mm. Anhydrous sodium sulfate 

(Na2SO4) was used as drying agent for the organic phases. Organic solvents were removed under 

reduced pressure at 30 °C. Synthetic-purity solvents dichloromethane (DCM), acetonitrile 

(CH3CN), methanol (MeOH), diethyl ether (Et2O), diisopropyl ether (i-Pr2O), 

dimethylformamide (DMF) and 40–60 petroleum ether (PE) were used. Dry tetrahydrofuran 
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 12

(THF) was distilled immediately before use from Na and benzophenone under positive N2 

pressure. Dry DMF was obtained through storage on 4Å molecular sieves. Commercial starting 

materials were purchased from Sigma-Aldrich, Alfa Aesar, and TCI Europe. For the synthesis of 

2-9 see supporting material. 

The purity determination of compounds. RP-HPLC analyses were run with a HP 1100 

chromatograph system (Agilent Technologies, Palo Alto, CA, USA) equipped with a quaternary 

pump (model G1311A), a membrane degasser (G1379A), and a diode-array detector (DAD) 

(model G1315B) integrated into the HP1100 system. Data were processed using a HP 

ChemStation system (Agilent Technologies). The analytical column was a Tracer Excel 120 

ODS-B (250×4.6mm, 5 µm; Teknokroma, Barcelona). Compounds were dissolved in the mobile 

phase and injected through a 20 µL loop (Rheodyne, Cotati, CA). The mobile phase consisted of 

0.1% aqueous HCOOH (solvent A) and CH3CN (solvent B) and elution was in gradient mode: 

initially 35% of solvent B until 5 min, from 35 to 80% of solvent B between 5 and 10 min, 80% 

of solvent B until 20 min, and from 80 to 35% of solvent B between 20 and 25 min. HPLC 

retention times (tR) were obtained at flow rates of 1.0 mL·min-1, and the column effluent was 

monitored at 234 nm and 480 nm referenced against a 700 nm wavelength. All products 

displayed purity ≥ 95% with the exception of 10 and 12 (93% purity). 

General procedure for the synthesis of H2S donor doxorubicins 10-16. To a solution of the 

appropriate acid (1.35 mmol) in dry DMF, KF (155 mg, 2.70 mmol) was added in one portion, 

and the reaction was vigorously stirred for 15 min. 14-Bromo/chloro daunorubicin hydrobromide 

(2) (300 mg, 0.45 mmol) was added and the reaction was stirred at r.t. until completed (LC 

control). Solvent was removed under reduced pressure at 30 °C and the resulting mixture was 

separated by flash chromatography (eluent: gradient from 98/2 to 80/20 CH2Cl2/MeOH) to give a 
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 13

red solid. The resulting compound was dissolved/suspended in dry THF, and 2 equivalents of 

HCl solution in dry dioxane were added. The resulting mixture was stirred for 2 h at r.t., then 

diluted with Et2O and the precipitate was filtered, washed with Et2O and dried in desiccators to 

give a title compound as a red powder. 

Doxorubicin 14-[4-(4-phenyl-5-thioxo-5H-[1,2]dithiol-3-yl)]benzoate (10). Yield: 52%; 

pHPLC 93% (tR = 12.2 min); m.p. 166 – 170 °C (dec.); 1H-NMR (CD3OD + CDCl3) δ ppm: 1.36 

(d, J3HH = 6.22 Hz, 3H, 6’CH3); 1.91 (m, 1H), 2.06 (m, 1H) (2’CH2); 2.19 (m, 1H), 2.51 (m, 1H) 

(8CH2); 3.05 (m, 1H), 3.28 (m, 1H) (10CH2); 3.35 (m, 1H, 3’CH); 3.56 (m, 1H, 4’CHOH); 3.79 

(br. s, 1H, 4’CHOH); 4.08 (s, 3H, OCH3); 4.28 (m, 1H, 5’CH); 5.23 (m, 1H, 7CH); 5.42 (m, 1H), 

5.57 (m, 2H, (1’CH and 14CH2); 7.15 (m, 1H, 2CH); 7.36 (m, 2H), 7.51 (m, 5H), 7.83 (m, 2H), 

(m, 1H.), 8.01 (m, 2H) (CH Ar.); MS (ESI+) m/z 856 (M+H)+. HRMS (ESI+) m/z calcd for 

C43H37NO12S3 (M+H)+ 856.1551, found 856.1551. 

Doxorubicin 14-[4-(3-thioxo-3H-1,2-dithiol-4-yl)]benzoate (11). Yield: 20%; pHPLC 97% 

(tR = 11.9 min); m.p. 159 – 163 °C (dec.); 1H-NMR (DMSO-d6) δ ppm: 1.21 (d, J3HH = 6,22 Hz, 

3H, 6’CH3); 1.71 (m, 1H), 1.92 (m, 1H) (2’CH2); 2.12 (m, 1H), 2.38 (m, 1H) (8CH2); 2.89 (d, J2HH 

= 18.3 Hz, 1H), 3.12 (d, J2HH = 18.3 Hz, 1H) (10CH2); 3.62 (m, 1H, 4’CHOH); 3.98 (s, 3H, 

OCH3); 4.29 (m, 1H, 5’CH); 4.97 (m, 1H, 7CH); 5.32 (br. s, 1H, 4’CHOH); 5.54 (m ,3H, 1’CH and 

14CH2); 5.77 (s, 1H, 9COH); 7.64 (m, 1H, 2CH); 7.69 (d, 2H), 7.90 (m, 2H), 8.08 (d, 2H) (6CH 

Ar.); 9.30 (s, 1H, SCH), 13.24 (s, 1H), 14.02 (s, 1H) (2ArOH); MS (ESI+) m/z 780 (M+H)+. 

HRMS (ESI+) m/z calcd for C37H33NO12S3 (M+H)+ 780.1238, found 780.1237. 

Doxorubicin 14-[2-thioxo-1,3-dithiole-4]carboxylate (12). Yield: 43%; pHPLC 93% (tR = 

13.0 min); m.p. 190 – 195 °C (dec.); 1H-NMR (DMSO-d6) δ ppm: 1.17 (d, J3HH = 6.31 Hz, 3H, 

6’CH3); 1.70 (m, 1H), 1.90 (m, 1H) (2’CH2); 2.09 (m, 1H), 2.30 (m, 1H) (8CH2); 2.88 (d, J2HH = 
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18.0 Hz, 1H), 3.12 (d, J2HH = 18.4 Hz, 1H) (10CH2); 3.60 (m, 1H, 4’CHOH); 3.99 (s, 3H, OCH3); 

4.24 (m, 1H, 5’CH); 4.95 (m, 1H, 7CH); 5.30 (br. s, 1H, 4’CHOH); 5.50 (m, 3H, 1’CH and 14CH2); 

5.88 (br. s, 1H, 9COH); 7.67 (m, 1H, 2CH); 7.93 (m, 2H, 2CH Ar.); 8.60 (s, 1H, CHS); 13.25 (s, 

1H, ArOH); MS (ESI+) m/z 704 (M+H)+; HRMS (ESI+) m/z calcd for C31H29NO12S3 (M+H)+ 

704.0925, found 704.0929. 

Doxorubicin 14-[4-(5-Thioxo-5H-[1,2]dithiol-3-yl)phenoxy]acetate (13). Yield: 45%; 

pHPLC 95% (tR = 14.2 min); m.p. 159 – 162 °C (dec.); 1H-NMR (DMSO-d6) δ ppm: 1.16 (d, 

J
3
HH = 6,59 Hz, 3H, 6’CH3); 1.71 (m, 1H), 1.89 (m, 1H) (2’CH2); 2.08 (m, 1H), 2.29 (m, 1H) 

(8CH2); 2.87 (d, J2HH = 17.9 Hz, 1H), 3.09 (d, J2HH = 18.0 Hz, 1H) (10CH2); 3.60 (m, 1H, 

4’CHOH); 3.98 (s, 3H, OCH3); 4.23 (m, 1H, 5’CH); 4.95 (m, 1H, 7CH); 5.09 (s, 2H, CH2COO); 

5.29 (br. s, 1H, 4’CHOH); 5.44 (m ,3H, 1’CH and 14CH2); 5.76 (s, 1H, 9COH); 7.13 (d, 2H, 2CH 

Ar.); 7.65 (m, 1H, 2CH); 7.78 (s, 1H, SCH); 7.90 (m, 4H, 4CH Ar.); 13.23 (s, 1H), 14.02 (s, 1H) 

(2ArOH); MS (ESI+) m/z 810 (M+H)+. HRMS (ESI+) m/z calcd for C38H35NO13S3 (M+H)+ 

810.1343, found 810.1342. 

Doxorubicin 14-[2(S)-2-acetylamino-3-allylsulfanyl]propionate (14). Yield: 44%; pHPLC 

97% (tR = 10.3 min); m.p. 143 – 146 °C (dec.); 1H-NMR (DMSO-d6) δ ppm: 1.16 (d, J3HH = 6,59 

Hz, 3H, 6’CH3); 1.71 (m, 1H), 1.89 (m, 4H) (2’CH2 and CH3CONH); 2.08 (m, 1H), 2.27 (m, 1H) 

(8CH2); 2.71 (dd, 1H), 2.83 (d, J2HH = 18.0 Hz, 1H), 2.94 (dd, 1H), 3.07 (d, J2HH = 18.3 Hz, 1H) 

(10CH2 and SCH2CH(NHAc)COO); 3.19 (d, 2H, SCH2CHCH2); 3.60 (m, 1H, 4’CHOH); 3.98 (s, 

3H, OCH3); 4.24 (m, 1H, 5’CH); 4.57 (m, 1H, CHCOO); 4.94 (m, 1H, 7CH); 5.13 (m, 2H, 

CH=CH2); 5.29 (br. s, 3H, 4’CHOH and 14CH2); 5.47 (m, 1H, 1’CH); 5.74 (m, 2H, CH=CH2 and 

9COH); 7.65 (m, 1H, 2CH); 7.91 (m, 2H, 2CH Ar.); 8.48 (d, 1H, NH); 13.22 (s, 1H, ArOH); MS 
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(ESI+) m/z 729 (M+H)+. HRMS (ESI+) m/z calcd for C35H40N2O13S (M+H)+ 729.2324, found 

729.2326. 

Doxorubicin 14-(3-Allyldisulfanyl)propionate (15). Yield: 42%; pHPLC 98% (tR = 12.4 

min); m.p. 135 – 138 °C (dec.); 1H-NMR (DMSO-d6) δ ppm: 1.15 (d, J3HH = 6.31 Hz, 3H, 

6’CH3); 1.56 (m, 1H), 1.74 (m, 1H) (2’CH2); 2.05 (m, 1H), 2.29 (m, 1H) (8CH2); 2.71 (d, J2HH = 

12.4 Hz, 1H) (10CHH), 2.88 (m, 4H, CH2CH2), 3.06 (m, 1H) (10CHH); 3.40 (d, 2H, SCH2CH); 

3.57 (m, 1H, 4’CHOH); 3.98 (s, 3H, OCH3); 4.16 (m, 1H, 5’CH); 4.94 (br. s, 1H, 7CH); 5.21 (m, 

4H, 14CH2, CH=CH2); 5.60 (br. s, 1H, 1’CH); 5.81 (m, 1H, CH=CH2) 7.64 (m, 1H, 2CH); 7.92 

(m, 2H, 2CH Ar.); MS (ESI+) m/z 704 (M+H)+. HRMS (ESI+) m/z calcd for C33H37NO12S2 

(M+H)+ 704.1830, found 704.1829. 

Doxorubicin 14-(4-thiocarbamoyl)benzoate (16). Yield: 51%; pHPLC 99% (tR = 10.5 min); 

m.p. 179 – 183 °C (dec.); 1H-NMR (DMSO-d6) δ ppm: 1.20 (d, J3HH = 6,31 Hz, 3H, 6’CH3); 1.72 

(m, 1H), 1.91 (m, 1H) (2’CH2); 2.12 (m, 1H), 2.37 (m, 1H) (8CH2); 2.89 (d, J2HH = 18.9 Hz, 1H), 

3.13 (d, J2HH = 18.9 Hz, 1H) (10CH2); 3.62 (m, 1H, 4’CHOH); 3.98 (s, 3H, OCH3); 4.28 (m, 1H, 

5’CH); 4.96 (m, 1H, 7CH); 5.31 (br. s, 1H, 4’CHOH); 5.50 (m ,3H, 1’CH and 14CH2); 5.82 (s, 1H, 

9COH); 7.65 (m, 1H, 2CH); 7.96 (m, 6H, 6CH Ar.); 9.75 (s, 1H), 10.12 (s, 1H) (NH2); MS (ESI+) 

m/z 707 (M+H)+. HRMS (ESI+) m/z calcd for C35H34N2O12S (M+H)+ 707.1905, found 707.1906. 

Chemicals. Fetal bovine serum (FBS) and culture medium were supplied by Invitrogen Life 

Technologies (Carlsbad, CA); human serum (sterile filtered from human male AB plasma) was 

supplied by Sigma-Aldrich; plasticware for cell cultures was from Falcon (Becton Dickinson, 

Franklin Lakes, NJ). Electrophoresis reagents were from Bio-Rad Laboratories (Hercules, CA); 

the protein content of cell monolayers and lysates was assessed with the BCA kit from Sigma 
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Chemical Co (St. Louis, MO). Doxorubicin and reagents not specified were from Sigma 

Chemical Co. 

Stability in culture medium and in human serum. Before addition of the compound, culture 

medium (DMEM or IMDM) was pre-heated at 37 °C. 10 mM solution of each H2S-DOXO in 

DMSO was added to culture medium to have a final concentration of compound 200 µM. The 

obtained solution was incubated at 37 ± 0.5 °C, and at appropriate time intervals, an aliquot of 

200 µL of sample were collected and diluted with the same amount of acetonitrile containing 

0.1% HCOOH to final concentration of 100 µM. The obtained mixture was vortexed, filtrated 

(PTFE filters, 0.45 µM) and immediately analysed by RP-HPLC. All experiments were 

performed at least in triplicate. 

The stability of the H2S-DOXOs to the esterase was evaluated by incubating the compounds in 

human serum; the solution of compound (10 mM in DMSO) was added to human serum pre-

heated at 37 °C; the final concentration of the compound was 100 µM. The solution was 

incubated at 37 ± 0.5 °C, and at appropriate time intervals, an aliquot of 300 µL of reaction 

mixture was withdrawn and added to 300 µL of acetonitrile containing 0.1% HCOOH, in order 

to deproteinize the serum. The sample was sonicated, vortexed, and centrifuged for 10 min at 

2150 g. The clear supernatant was filtered through 0.45 µm PTFE filters and analysed by RP-

HPLC. All experiments were performed at least in triplicate. 

In both the assays the HPLC analyses were performed with a HP 1100 chromatograph system 

(Agilent Technologies, Palo Alto, CA, USA) in the experimental conditions previously 

described. The reverse-phase HPLC procedure allowed separation and quantitation of H2S-

DOXOs and of degradation products (DOXO, H2S donor substructure); quantitation of H2S-
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DOXOs and of DOXO was done using calibration curve obtained with standards solutions 

chromatographed in the same conditions in a concentration range of 1−200 µM (r2 > 0.99). 

The half-lives (t1/2) of all the H2S-DOXOs were determined by fitting the data with one phase 

exponential decay equation using Prism software vers. 5 (Graph Pad, San Diego, CA, USA). 

 

H2S release in culture medium and human serum. To 1900 µL of culture medium (DMEM 

or IMDM) or human serum pre-heated at 37 °C, 60 µL of dansylazide solution (10 mM in 

Ethanol) and 40 µL of H2S-DOXO stock solution (10 mM in DMSO) were added to have an 

initial H2S-DOXO concentration of 200 µM. Compounds 10 and 11 were incubated at half 

concentration due to their low solubility. The solution was incubated at 37 ± 0.5 °C, and at fixed 

time (1 h, 4 h and 24 h) 200 µL of reaction mixture was withdrawn and diluted with 200 µL of 

CH3CN to have a final concentration of compound 100 µM. The mixture was vortexed, 

centrifuged for 10 min at 2150 × g. The clear supernatant was filtered through 0.45 µm PTFE 

filters and analysed by RP-HPLC. All experiments were performed at least in triplicate. HPLC 

analyses were performed with a HP 1200 chromatograph system (Agilent Technologies, Palo 

Alto, CA, USA) equipped with a quaternary pump (model G1311A), a membrane degasser 

(G1322A), a UV detector, MWD (model G1365D) and a fluorescence detector (model G1321A) 

integrated in the HP1200 system. Data analysis was done using a HP ChemStation system 

(Agilent Technologies). The sample was eluted on Tracer Excel 120 ODSB C18 (250×4.6mm, 5 

µm; Teknokroma); injection volume was 20 µL. The mobile phase consisted of 0.1% aqueous 

HCOOH and CH3CN 20/80 v/v; elution was in isocratic mode at a flow rate of 0.8 ml/min. The 

signals were obtained on fluorescence using an excitation and emission wavelength of 340 and 

535 nm, respectively (gain factor =10). Data manipulation was performed by Agilent 
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ChemStation. The values obtained from integration of the peak of dansyl amide were 

interpolated in a calibration line, prepared using NaHS as a standard, so the concentration of 

dansyl amide in each sample is an index of H2S amount. 

Cell lines. Rat H9c2 cardiomyocytes and human doxorubicin-sensitive U-2OS cells were 

purchased from ATCC (Manassas, VA) and cultured in DMEM medium. The corresponding 

variants with increasing resistance to doxorubicin (U-2OS/DX30, U-2OS/DX100, U-

2OS/DX580), selected by culturing parental cells in a medium with 30, 100, 580 ng/mL 

doxorubicin, were generated as described elsewhere.50 Culture media were supplemented with 

10% FBS, 1% penicillin-streptomycin, and 1% L-glutamine. Cell cultures were maintained in a 

humidified atmosphere at 37 °C and 5% CO2. 

Intracellular DOXOs accumulation. The amount of DOXOs in cell lysates was measured 

spectrofluorimetrically, as described elsewhere,13 using a Synergy HT Multi-Detection 

Microplate Reader (Bio-Tek Instruments, Winooski, VT). Excitation and emission wavelengths 

were 475 and 553 nm, respectively. A cell-free blank was prepared for each set of experiments, 

and its fluorescence was subtracted from that measured in the presence of cells. Fluorescence 

was converted to nmol DOXOs/mg cell proteins using a previously-prepared calibration curve. 

Cytotoxicity assays. To verify the cytotoxic effect of DOXOs, the extracellular medium was 

centrifuged at 12,000 × g for 5 min to pellet cellular debris, while cells were washed with fresh 

medium, detached with trypsin/EDTA, re-suspended in 0.2 mL of 82.3 mM triethanolamine 

phosphate-HCl (pH 7.6) and sonicated on ice with two 10 s bursts. Lactic dehydrogenase (LDH) 

activity was measured in extracellular medium and cell lysate, as reported elsewhere.16 The 

reaction was monitored for 6 min, measuring absorbance at 340 nm with a Synergy HT Multi-

Detection Microplate Reader, and was linear throughout the measurement time. Both 
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intracellular and extracellular enzyme activities were expressed in µmol NADH 

oxidized/min/dish. Extracellular LDH activity was calculated as the percentage of the total LDH 

activity occurring in the dish. 

To determine the IC50 of doxorubicin, the cell viability was measured by the neutral red 

staining method, as reported elsewhere.42 The absorbance of untreated cells was considered as 

100% viability; the results are expressed as percentages of viable cells versus untreated cells. 

IC50 was considered as the concentration of each drug that reduces to 50% the cell viability 

versus untreated cells. 

Reactive oxygen species (ROS) measurement. The amount of intracellular ROS was 

measured fluorimetrically as described elsewhere.43 1 × 106 cells were re-suspended in a final 

volume of 0.5 mL PBS, incubated for 30 min at 37 °C with 5 µM of the fluorescent probe 5-

(and-6)-chloromethyl-2′,7′-dichlorodihydro-fluorescein diacetate-acetoxymethyl ester (DCFDA-

AM), centrifuged at 13,000 × g at 37 °C and re-suspended in 0.5 mL PBS. The fluorescence of 

each sample, an indicator of ROS levels, was read at 492 nm (λ excitation) and 517 nm (λ 

emission). The results were expressed as nmol ROS/mg cell proteins. 

Doxorubicin efflux. DOXOs efflux kinetics was measured as described elsewhere.51 Cells 

were incubated for 20 min with increasing (0-50 µM) concentrations of parent or synthetic 

doxorubicins, then washed and analyzed for intracellular doxorubicin concentration. A second 

series of dishes, incubated in the same experimental conditions, were left for a further 10 min at 

37 °C, then washed and tested for intracellular drug content. The difference of doxorubicin 

concentration between the two series, expressed as nmol DOXOs extruded/min/mg cell proteins, 

was plotted versus initial drug concentration. Values were fitted to the Michaelis-Menten 
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equation to calculate Vmax and Km, using the Enzfitter software (Biosoft Corporation, Cambridge, 

United Kingdom). 

Statistical analysis. All data in text and figures are given as means ± SD. The results were 

analyzed by one-way analysis of variance (ANOVA) and Tukey’s test. p < 0.05 was considered 

significant. 
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ABBREVIATIONS 

DOXO, doxorubicin; Pgp, P-glycoprotein; ROS, reactive oxygen species; PLP, pyridoxal-5’-

phosphate; CBS, cystathionine β-synthase; CSE, cystathionine γ-lyase; RSN, reactive nitrogen 

species; ER, endoplasmatic reticulum; MAPK, Mitogen-activated protein kinase; CRT, 

calreticulin; DMEM, Dulbecco's Modified Eagle Medium; IMDM, Iscove's Modified Dulbecco's 

Medium; DNS-Az, dansyl azide; LDH, lactic dehydrogenase; OHCbl, hydroxocobalamin; 

ABCB1, ATP binding cassette B1; FBS, fetal bovine serum; BCA, bicinchoninic acid; DCFDA-

AM, 5-(and-6)-chloromethyl-2′,7′-dichlorodihydro-fluorescein diacetate-acetoxymethyl ester; 

BSA, bovine serum albumin. 
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Figure 1. H2S release assessment from the H2S-DOXOs at 1, 4 and 24 hours incubation time in 

DMEM. Data are presented as mean ± SEM (SEM ≤ 3; number of determinations = 3-5). 
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Figure 2. Intracellular accumulation and cytotoxicity of H2S-DOXOs in cardiomyocytes. H9c2 

cardiomyocytes were incubated for 24 h in fresh medium (CTRL) or in medium containing 5 µM 

doxorubicin (DOXO) or H2S-DOXOs (10-16). A. The amount of intracellular DOXOs was 

measured fluorimetrically in cell lysates in duplicate (n = 3). Data are presented as means ± SD. 

Vs DOXO: * p < 0.002. B. The release of extracellular LDH in the culture medium was 

measured spectrophotometrically in duplicate (n = 3). Vs CTRL: * p < 0.001; vs DOXO: ° p < 

0.05. 
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Figure 3. Intracellular ROS and cytotoxicity of H2S-DOXOs in cardiomyocytes treated with the 

H2S scavenger hydroxocobalamin. H9c2 cardiomyocytes were incubated for 24 h in fresh 

medium (CTRL) or in medium containing 5 µM DOXO or H2S- DOXOs (10-16), in the absence 

(-) or in the presence (+) of 100 µM OHCbl, chosen as H2S scavenger. A. The amount of 

intracellular ROS was measured fluorimetrically in cell lysates in duplicate (n = 3). Data are 

presented as means ± SD. Vs respective CTRL: * p < 0.01; vs DOXO: ° p < 0.002; - OHCbl vs + 

OHCbl: p < 0.01 for all compounds (not shown). B. The release of extracellular LDH in the 

culture medium was measured spectrophotometrically in duplicate (n = 3). Vs respective CTRL: 

* p < 0.05; vs DOXO: ° p < 0.05; - OHCbl vs + OHCbl: p < 0.05 for all compounds (not shown). 
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Figure 4. Intracellular accumulation and cytotoxicity of H2S-DOXOs in osteosarcoma cells. 

Doxorubicin-sensitive U-2OS cells and the doxorubicin-resistant variants (U-2OS/DX30, U-

2OS/DX100, U-2OS/DX580) were incubated for 24 h in fresh medium (CTRL) or in medium 

containing 5 µM DOXO or H2S-DOXOs (10-16). A. The amount of intracellular DOXOs was 

measured fluorimetrically in cell lysates in duplicate (n = 3). Data are presented as means ± SD. 

For DOXO, resistant cells vs U-2OS cells: * p < 0.05; for all compounds, vs DOXO: * p < 0.05. 

B. Release of extracellular LDH into the culture medium was measured spectrophotometrically 

in duplicate (n = 3). Data are presented as means ± SD. Vs respective CTRL: * p < 0.01; vs 

DOXO: ° p < 0.05. 
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Figure 5. Intracellular ROS and cytotoxicity of H2S-DOXOs in osteosarcoma cells treated with 

OHCbl. Doxorubicin-sensitive U-2OS cells and the doxorubicin-resistant variants (U-

2OS/DX30, U-2OS/DX100, U-2OS/DX580) were incubated for 24 h in fresh medium (CTRL) 

or in medium containing 5 µM DOXO or H2S-DOXOs (10-16), in the absence (-) or in the 

presence (+) of 100 µM OHCbl. A-B. The amount of intracellular ROS was measured 

fluorimetrically in cell lysates in duplicate (n = 3). Data are presented as means ± SD. For panel 

A: vs respective CTRL: * p < 0.001; vs DOXO: ° p < 0.05. For panel B: vs respective CTRL: * p 

< 0.001; - OHCbl vs + OHCbl: p < 0.001. 
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Figure 6. Efflux kinetics of DOXO, DOXO + 3 and 10, from drug-resistant osteosarcoma cells. 

Doxorubicin-resistant U-2OS/DX580 cells were incubated for 20 min with increasing 

concentrations (0-50 µM) of DOXO, DOXO with the H2S-releasing compound 3, or the H2S-

DOXO 10. Cells were washed and tested fluorimetrically for their intracellular drug content. The 

procedure was repeated on a second series of dishes, incubated in the same experimental 

conditions and analyzed after 10 min. Data are presented as means ± SD (n = 3). The rate of 

DOXOs efflux (dc/dt) was plotted versus the initial concentration of the drug. Vmax 

(nmol/min/mg proteins) and Km (nmol/mg proteins) were calculated with the Enzfitter software. 

DOXO + 3 vs DOXO: p ≤ 0.001, for concentrations 1-50 µM; 10 vs DOXO: p ≤ 0.001, for 

concentrations 0.5-50 µM; 10 vs DOXO + 3: p ≤ 0.01, concentrations 0.5-50 µM (not shown). 

For Km, vs DOXO: * p 0.01; for Vmax, vs DOXO: * p < 0.001; vs DOXO + 3: ° p < 0.05. 

 

  

Page 33 of 37

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 34

Scheme 1.
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a) Reagents and conditions: a) KF, DMF, rt; b) dry THF, HCl in dry dioxane. 
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Table 1. Stability (t1/2) of H2S-DOXOs in cell culture medium (DMEM) and in human serum. 

Data derived from 3-5 independent experiments. 

 

Compound 
DMEM Human serum 

t1/2 t1/2 

10 > 24 h 2.8 h 

11 21.5 h 4.6 h 

12 17 min 17 min 

13 16 min 3 min 

14 < 1 min 11 min 

15 5.6 h 3.8 h 

16 3.4 h 38 min 
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Supplementary experimental section 

1H and 13C NMR spectra were recorded on a BrukerAvance 300, at 300 and 75 MHz, respectively, 

using SiMe4 as internal standard. The following abbreviations indicate peak multiplicity: s = singlet, d = 

doublet, t = triplet, m = multiplet, bs = broad singlet. ESI spectra were recorded on Micromass Quattro 

API micro (Waters Corporation, Milford, MA, USA) mass spectrometer. Data were processed using a 

MassLynxSystem (Waters). Melting points were determined with a capillary apparatus (Büchi 540) in 

open capillary. Flash column chromatography was performed on silica gel (Merck Kieselgel 60, 230–

400 mesh ASTM). The progress of the reactions was followed by thin-layer chromatography (TLC) on 

5 × 20 cm plates Merck Kieselgel 60 F254, with a layer thickness of 0.20 mm. Anhydrous sodium sulfate 

(Na2SO4) was used as drying agent for the organic phases. Organic solvents were removed under 

reduced pressure at 30°C. Synthetic-purity solvents ethyl acetate (EtOAc), acetone, hexane, 

dichloromethane (DCM), acetonitrile (CH3CN), methanol (MeOH), diethyl ether (Et2O), 

dimethylformamide (DMF) and 40–60 petroleum ether (PE) were used. Dry tetrahydrofuran (THF), was 

distilled immediately before use from Na and benzophenone under positive N2 pressure. Dry DMF was 

obtained through storage on molecular sieves 4Å. Commercial starting materials were purchased from 

Sigma-Aldrich, Alfa Aesar, and TCI Europe. Compounds 2,1 4,2 5,3 82 and 214 were prepared as 

described elsewhere. 

4-(4-Phenyl-3-thioxo-3H-1,2-dithiol-5-yl)benzoic acid (3) 

Cl O

O O O

O
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O
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S
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Methyl 4-(3-ethoxy-3-oxo-2-phenylpropanoyl)benzoate (19). To the solution of ethyl phenylacetate 

(4.64 g, 28.4 mmol) in dry THF (57 mL), 57 mL of 1.0 M LiHMDS solution in THF were added 

dropwise at -70°C (dry-ice/acetone bath). Then the solution of methyl 4-(chlorocarbonyl)benzoate (6.1 

g, 28.4 mmol) in THF (50 mL) was added dropwise and the reaction was stirred at -70°C for 15 min. 

The cooling bath was removed and the reaction was allowed to reach 0°C. Then NH4Cl sat. sol. (20 mL) 

was added and the solution was concentrated to the volume of 40 mL aprox. Afterwards H2O (20 mL) 

were added and the product was extracted with EtOAc (3 × 20 mL). The organic extracts were washed 

with brine and dried and evaporated. Obtained oil was purified by flash chromatography (eluent 

gradient from 95/5 to 90/10 PE/acetone) to give the title compound as a white solid. Analytically pure 

sample was obtained by the crystallization from i-Pr2O. Yield 88%, m.p. 69-71°C (i-Pr2O). The 

compound exists as a mixture of keto- and eno- tautomers: 1H-NMR (CDCl3) δ ppm: 1.22-1.30 (t, 3H, 

CH2CH3), 3.88 (s, COOCH3 eno), 3.94 (s, COOCH3, keto) (3H), 4.17-4.35 (m, 2H, CH2), 5.61 (s, CH 

keto), 7.05-7.45 (m, C6H5 + 2CH of C6H4, eno), 7.83 (d, 2CH of C6H4, eno), 8.01 (d, 2CH of C6H4, 

keto), 8.09 (d, 2CH of C6H4, keto) (9H), 13.62 (s, OH eno). 13C-NMR (CDCl3) δ ppm: 14.2, 14.3, 52.3, 

52.6, 61.0, 61.5, 62.0, 105.6, 127.2, 128.2, 128.4, 128.9, 128.9, 129.1, 129.4, 129.7, 130.0, 130.8, 132.0, 

132.6, 134.3, 134.5, 139.0, 139.4, 166.1, 166.6, 168.6, 169.8, 173.3, 193.0. MS (ESI+) m/z 327 [M+H]+. 

Methyl 4-(4-phenyl-3-thioxo-3H-1,2-dithiol-5-yl)benzoate (20). To the solution of 19 (3.82 g, 11.71 

mmol) in toluene (40 mL), P2S5 7.80 g (35.1 mmol) was added and reaction was heated at reflux 

overnight. Next day the reaction was cooled down to room temperature and a 10% solution of NH3 was 

added until all the precipitate was solubilized. H2O (20 mL) was then added and obtained mixture was 

extracted with EtOAc (3 × 20 mL). The organic extracts were joined together, washed with brine, dried 

and the organic solvent was evaporated. Obtained brown oil was only partially purified by flash 

chromatography (eluent 30/70 CH2Cl2/PE) to give a brown oil that became a brown foam during 

desiccation. 1H-NMR (CDCl3) δ ppm: 3.90 (s, 3H, CH3), 7.05-7.15 (m, 2H, 2CH), 7.28-7.36 (m, 5H, 
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5CH), 7.95 (d, 2H, 2CH) (C6H5 + C6H4); 13C-NMR (CDCl3) δ ppm: 52.6, 128.8, 128.8, 129.1, 130.2, 

130.9, 132.0, 133.8, 137.5, 146.4, 166.1, 168.7, 215.0. MS (ESI+) m/z 345 [M+H]+. 

4-(4-Phenyl-3-thioxo-3H-1,2-dithiol-5-yl)benzoic acid (3). The solution of 20 in dioxane (20 mL) 

and HCl 6 N (20 mL) was heated at reflux overnight. The mixture was cooled down to room 

temperature and the precipitate was filtered off. The solid was dissolved in EtOAc (45 mL) and washed 

with H2O (20 mL). The organic extracts was washed with brine, dried and evaporated. The crude 

product was crystallized twice from toluene to give the title compound as dark red crystals. The 

compound crystallized from toluene as a solvate ( ⋅1/3 C7H8). Yield 47% (for two steps), mp 220-222°C 

dec. (C7H8). Analytically pure sample was obtained by crystallization from ClCH2CH2Cl. 1H-NMR 

(DMSO-d6) δ ppm: 7.07-7.14 (m, 2H, 2CH), 7.27-7.35 (m, 3H, 3CH), 7.42 (d, 2H, 2CH), 7.87 (d, 2H, 

2CH) (C6H5 + C6H4); 13C-NMR (DMSO-d6) δ ppm: 128.3 (2 peaks), 129.3, 129.7, 130.8, 132.4, 133.9, 

136.8, 146.2, 166.5, 170.1, 214.7. MS (ESI-) m/z 329 [M-H]-. 

4-(3-Thioxo-3H-1,2-dithiol-4-yl)benzoic acid (4). 

S
S

S

O

OH

4  

M.p. 255-256°C dec. 1H-NMR (DMSO-d6) δ ppm: 7.63-7.78 (m, 2H), 7.95-8.02 (m, 2H) (C6H4), 9.25 

(s, 1H, CHS), 13.07 (br.s., 1H, OH). 13C-NMR (DMSO-d6) δ ppm: 129.1, 129.2, 130.6, 137.8, 147.0, 

160.3, 167.0, 213.5. MS (ES-) m/z 253.2 [M-H]-. 

[4-(3-Thioxo-3H-1,2-dithiol-5-yl)phenoxy]acetic acid (6). 
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Ethyl [4-(3-thioxo-3H-1,2-dithiol-5-yl)phenoxy]acetate (22). To the solution of PPh3 (470 mg, 1.79 

mmol) in dry THF (15 mL) diisopropylazodicarboxylate (335 µL; 346 mg, 1.80 mmol) was added in 

one portion at -15°C and reaction was stirred for 30 min (abundant white precipitated formed after 10-

15 min of stirring). Then 21 (340 mg, 1.50 mmol) was added followed by ethyl glycolate (170 µL, 188 

mg, 1.80 mmol). The ice-salt bath was removed and the reaction was stirred at room temperature 

overnight. The mixture was diluted with EtOAc, organic phase was washed with water, brine, dried and 

evaporated. Obtained oil was purified by flash chromatography (eluent 90/10 PE/Acetone) to give 22 as 

a red solid. Yield 56 %, mp 99-100°C. 1H-NMR (CDCl3) δ ppm: 1.30 (t, 3H, CH3), 4.28 (q, 2H, 

CH2CH3), 4.69 (s, 2H, OCH2COO), 6.97 (d, 2H, 2CH Ar), 7.37 (s, 1H, C=CH), 7.61 (d, 2H, 2CH Ar); 

13C-NMR (CDCl3) δ ppm: 14.3, 61.8, 65.3, 115.7, 125.2, 128.8, 135.0, 161.1, 168.2, 172.8, 215.0. MS 

(ES+) m/z 313 [M+H]+. 

[4-(3-Thioxo-3H-1,2-dithiol-5-yl)phenoxy]acetic acid (6). To the solution of 22 (0,90 g, 2.88 mmol) 

in dioxane (15 mL), HCl 37% (5 mL) was added and the reaction was heated at reflux overnight. Next 

day the reaction was cooled to the rt and H2O (40 mL) was added. The precipitate was filtered off, 

washed with water and dried. The red solid obtained was crystallized from MeOH to give 6 as a brown 

solid. Yield 63 %, mp 230-233°C dec. (MeOH). 1H-NMR (DMSO-d6) δ ppm: 4.82 (s, 2H, CH2), 7.06 

(d, 2H, 2CH Ar), 7.77 (s, 1H, C=CH), 7.87 (d, 2H, 2CH Ar), 13.11 (br. s, 1H, COOH); 13C-NMR 

(DMSO-d6) δ ppm: 48.6, 64.6, 115.6, 124.1, 129.0, 134.4, 161.2, 169.8, 173.7, 214.9. MS (ES-) m/z 283 

[M-H]-. 

(2R)-2-(Acetylamino)-3-(prop-2-en-1-ylsulfanyl)propanoic acid (7) 
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Prop-2-en-1-yl (2R)-2-(acetylamino)-3-(prop-2-en-1-ylsulfanyl)propanoate (21). To the solution 

of PPh3 (3.9 g, 14.9 mmol) in dry THF (30 mL) diisopropylazodicarboxylate (3.0 mL, 3.10 g, 15.3 

mmol) was added in one portion at -15°C and reaction was stirred for 30 min (abundant white 

precipitated formed after 10-15 min of stirring). Then N-acetyl-L-cysteine (1,0 g, 6.10 mmol) was added 

followed by the allyl alcohol (1.05 mL, 890 mg, 15.3 mmol). The ice-salt bath was removed and the 

reaction was stirred at room temperature overnight. Solvent was evaporated and the crude was purified 

by flash chromatography (eluent gradient from 30/70 to 40/60 PE / AcOEt) to give 23 as a yellow oil. 

Yield 47%. 1H-NMR (DMSO-d6) δ ppm: 1.86 (s, 3H, OCCH3), 2.61-2.74 (m, 1H), 2.75-2.88 (m, 1H, 

CH2CHCOO), 3.16 (d, 2H, SCH2CH=CH2), 4.38-4.51 (m, 1H, CHCOO), 4.59 (d, 2H, OCH2CH=CH2), 

4.97-5.39 (m, 4H, SCH2CH=CH2 + OCH2CH=CH2), 5.65-5.81 (m, 1H, SCH2CH=CH2), 5.82-5.98 (m, 

1H, OCH2CH=CH2), 8.42 (d, 1H, NH); 13C-NMR (DMSO-d6) δ ppm: 22.3, 31.2, 34.0, 51.8, 65.0, 

117.6, 117.7, 132.3, 134.1, 169.4, 170.5. MS (ESI+) m/z 236 [M+H]+. 

(2R)-2-(Acetylamino)-3-(prop-2-en-1-ylsulfanyl)propanoic acid (7). To the solution of 23 (680 mg, 

2.80 mmol) in dry THF (70 mL) a 0.1 M solution of LiOH (56 mL) was added at 0°C. The ice bath was 

removed and reaction was stirred at rt for 1h. The HCl 1 M (6 mL) was added and the solution was 

concentrated, then brine (20 mL) was added and the product was extracted with EtOAc (3 × 30 mL). 

The organic phase was dried and evaporated. Obtained solid was crystallized from toluene to give the 

title compound as a white solid. Yield 80%, mp 121-123°C (C7H8). [α]D
21 = -27.920° ± 0,036° (MeOH, 

c = 1.0); lit.5 [α]D
21 = -34.0° (MeOH, c = 1.0). 1H-NMR (CDCl3) δ ppm: 2.10 (s, 3H, CH3), 2.86-3.05 

(m, 2H, CH2CHCOOH), 3.14 (d, 2H, SCH2CH=CH2), 4.71-4.81 (m, 1H, CHCOOH), 5.08-5.18 (m, 2H, 
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CH=CH2), 5.65-5.82 (m, 1H, CH=CH2), 6.84 (d, 1H, NH), 10.48 (br. s, 1H, COOH). 13C-NMR (CDCl3) 

δ ppm: 22.9, 32.3, 35.3, 52.1, 118.3, 133.6, 172, 1, 173.5. MS (ES-) m/z 202 [M-H]-. 

O OH

N

O OH

NH2 S

9  

4-Carbamothioylbenzoic acid (9). A solution of P4S10 (1.5 g, 6.79 mmol) in EtOH (10 mL) was 

stirred for 1 h at rt. After that 4-cyanobenzoic acid (500 mg, 3.40 mmol) was added in one portion and 

the resulting mixture was heated under reflux for 5 h. Reaction mixture was poured into ice-water and 

the precipitated was filtered off. Obtained solid was crystallised from EtOH to give the title compound 

as a yellow solid. Yield 61%; mp 256-257°C (dec. EtOH), lit. mp 296-298°C (dec.)6; 238-240°C 

(MeOH)7. 1H-NMR (DMSO-d6) δ ppm: 7.89-7.99 (m, 4H, C6H4), 9.65 (s, 1H), 10.04 (s, 1H) (NH2), 

13.18 (br.s., 1H, COOH). 13C-NMR (DMSO-d6) δ ppm: 127.4, 129.0, 132.7, 143. 3, 166.8, 199.6. MS 

(ES-) m/z 180 [M-H]-. 

SH O

O + S S

O
O

17

S
SO3Na

 

Ethyl 3-(allyldisulfanyl)propanoate (17). To a solution of sodium S-allyl sulfothioate (3.12 g, 17.7 

mmol) in MeOH (20 mL), ethyl 3-mercaptopropanoate (2.00 mL, 2.08 g, 15.4 mmol) followed by Et3N 

(3.02 mL, 2.19 g, 21.6 mmol) were added and the reaction mixture was stirred at room temperature for 

3h. Reaction was concentrated, poured into H2O and extracted with EtOAc (3 × 30 mL). The organic 

phase was washed with brine, dried and solvent was removed under reduced pressure. The crude 

product was purified by flash chromatography (eluent: gradient from 10/90 to 50/50 CH2Cl2/PE) to give 

the title compound as a yellow oil. Yield 43%. 1H-NMR (DMSO-d6) δ ppm: 1.26 (3H, t, CH3), 2.72 
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(2H, t, SCH2CH2), 2.92 (2H, CH2CH2CO), 3.32 (2H, SCH2CH), 4.15 (2H, OCH2CH3), 5.11-5.25 (2H, 

m, CH2=CH), 5.74-5.93 (1H, m, CH); 13C-NMR (DMSO-d6) δ ppm: 14.27, 33.35, 34.31, 42.18, 60.78, 

118.73, 133.33, 171.80. MS (CI) m/z 207 [M+H]+. 

O O

N

O O

NH2 S

18  

Methyl 4-carbamothioylbenzoate (18). A solution of P2S5 (1.4 g, 6.20 mmol) in EtOH (10 mL) was 

stirred for 1 h, at room temperature. After that, methyl 4-cyanobenzoate (500 mg, 3.10 mmol) was 

added in one portion and the resulting mixture was heated under reflux for 5 h. Reaction mixture was 

cooled to r.t. and the precipitated was filtered. The solid was crystallised from EtOH. A second 

crystallization from toluene gave the title compound as a yellow solid. Yield 51%; mp 192-193°C 

(C7H8); lit.8 mp 189–191°C (EtOH); lit.9 mp 145–147°C. 1H-NMR (DMSO-d6) δ ppm: 3.87 (3H, s, 

CH3), 7.92-7.99 (4H, m, CH arom.), 9.69 (1H, s, NH2), 10.09 (1H, s, NH2); 13C-NMR (DMSO-d6) δ 

ppm: 52.42, 127.14, 128.84, 131.38, 143.60, 165.74, 199.32. MS (CI) m/z 196 [M+H]+. 

 

Topoisomerase II activity. The in vitro activity of topoisomerase II was measured using the 

Topoisomerase II Drug Screening Kit (Topogen Inc., Port Orange, FL), as previously detailed.10 
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Supplementary Table 1. IC50 (μM) of DOXO in osteosarcoma cells 

Cell line IC50 (μM) 

U-2OS 2.50 ± 0.23 

U-2OS/DX30 25.61 ± 1.16 * 

U-2OS/DX100 79.66 ± 6.17 * 

U-2OS/DX580 > 100 * 

Cells were incubated for 72 h with increasing concentrations (1 nM - 1 µM) of DOXO, then stained in 

quadruplicate with neutral red. Data are presented as means ±SD (n = 3). Doxorubicin-resistant variants 

vs U-2OS cells: * p < 0.001. 
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Supplementary Figure 1. H2S release assessment from the H2S DOXOs in human serum. 

 

 
Supplementary Figure 2. Intracellular accumulation and toxicity of DOXO in the presence of 3 in 

cardiomyocytes. H9c2 cardiomyocytes were incubated for 24 h in fresh medium (CTRL) or in medium 

containing 5 μM doxorubicin (DOXO), the H2S-releasing compound 3 or both. A. The amount of intracellular 

DOXO was measured fluorimetrically in cell lysates in duplicate (n = 3). Data are presented as means ± SD. B. 

The release of extracellular LDH in the culture medium was measured spectrophotometrically in duplicate (n = 

3). Data are presented as means ± SD. Vs CTRL: * p < 0.001; vs DOXO: ° p < 0.001. 
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Supplementary Figure 3. Toxicity of 17 and 18 in cardiomyocytes. H9c2 cardiomyocytes were incubated for 

24h in fresh medium (CTRL) or in medium containing 5 μM doxorubicin (DOXO), 17 or 18. The release of 

extracellular LDH in the culture medium was measured spectrophotometrically in duplicate (n = 3). Data are 

presented as means ± SD. Vs CTRL: * p < 0.001. 

 

 

 
Supplementary Figure 4. Effects of 3 and HOCbl on intracellular ROS and cytotoxicity in cardiomyocytes. 

H9c2 cardiomyocytes were incubated for 24 h in fresh medium (CTRL) or in medium containing 5 μM of 3, in 

the absence (-) or in the presence (+) of 100 μM HOCbl. A. The amount of intracellular ROS was measured 

fluorimetrically in cell lysates in duplicate (n= 3). Data are presented as means ± SD. Vs CTRL: * p < 0.01; -

OHCbl vs +OHCbl: ° p < 0.005. B. The release of extracellular LDH in the culture medium was measured 

spectrophotometrically in duplicate (n = 3). Data are presented as means ± SD. Vs CTRL * p < 0.005; -OHCbl vs 

+OHCbl: ° p < 0.001; vs DOXO: # p < 0.01. 
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Supplementary Figure 5. Effect of N-acetyl-L-cysteine on DOXO’s cardiotoxicity. H9c2 cells were incubated 

24 h in fresh medium (CTRL) or in medium containing 5 μM DOXO or 1 mM N-acetyl-L-cysteine (NAC), alone 

or in combination. A. The amount of intracellular ROS was measured fluorimetrically in cell lysates in duplicate 

(n = 3). Data are presented as means ± SD. Vs  CTRL: * p < 0.01; vs DOXO: ° p < 0.002. B. The release of 

extracellular LDH in the culture medium was measured spectrophotometrically in duplicate (n = 3). Vs CTRL: * 

p < 0.005; vs DOXO: ° p < 0.005. 

 

 

 

Supplementary Figure 6. Effect of dexrazoxane on DOXO’s cardiotoxicity. H9c2 cells were incubated 24 h in 

fresh medium (CTRL) or in medium containing 5 μM doxorubicin (DOXO) or 50 μM dexrazoxane (DXR), alone or 

in combination. The release of extracellular LDH in the culture medium was measured spectrophotometrically in 

duplicate (n = 3). Vs CTRL: * p < 0.005. 
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Supplementary Figure 7. Effects of 3 on DOXO accumulation, cytotoxicity and intracellular ROS in osteosarcoma cells. 

Doxorubicin-sensitive U-2OS cells and the doxorubicin-resistant variants (U-2OS/DX30, U-2OS/DX100, U-2OS/DX580) 

were incubated for 24h in fresh medium (CTRL) or in medium containing 5 μM DOXO or 3, alone or in combination. A. 

The amount of intracellular doxorubicin was measured fluorimetrically in cell lysates in duplicate (n = 3). Data are presented 

as means ± SD. Resistant cells vs U-2OS cells: * p < 0.05; vs DOXO: ° p < 0.001. B. The release of extracellular LDH in the 

culture medium was measured spectrophotometrically in duplicate (n = 3). Data are presented as means ± SD. Vs respective 

CTRL: * p < 0.05; vs DOXO: ° p < 0.05. C. The amount of intracellular ROS was measured fluorimetrically in cell lysates in 

duplicate (n = 3). Data are presented as means ± SD. Vs respective CTRL: * p < 0.05; vs DOXO: ° p < 0.05. 
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Supplementary Figure 8. Activity of purified topoisomerase II. The activity of human purified topoisomerase II 

was measured after incubating the enzyme with the supercoiled pHOT1 plasmid, in the absence (CTRL) or 

presence of 5 μM doxorubicin (DOXO) or compounds 10-16. The reaction products were resolved on agarose 

gel. Linear pHOT1 (P) was used as a marker. As a blank, supercoiled pHOT1 was incubated in the absence of 

topoisomerase II (CTRL-). N: nicked plasmid; L: linear plasmid; S: supercoiled plasmid 
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1H-NMR spectrum of compounds 3-23. 
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13C-NMR spectrum of compounds 3-9 and 17-22. 
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HPLC chromatogram of compounds 10-27. HPLC analysis  

Compound 10. pHPLC 93% tr 12.2 min. 

 

 

Compound 11. pHPLC 97% tr 11.9 min. 
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Compound 12. pHPLC 93% tr 13.0 min. 

 

Compound 13. pHPLC 95% tr 14.2 min. 
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Compound 14. pHPLC 97% tr 10.3 min. 

 

 

Compound 15. pHPLC 98% tr 12.4 min. 
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Compound 16. pHPLC 99%; tr 10.5 min. 
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Degradation profile of compounds 10-16 in human serum. 

Concentration over time of the H2S-DOXOs and DOXO in human serum during 24 hours’ incubation. 

Values are means ± SEM (SEM < 1; n=3-5). 
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Compound 14 
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Mitochondria-Targeted Doxorubicin: A
New Therapeutic Strategy against
Doxorubicin-Resistant Osteosarcoma
Ilaria Buondonno1, ElenaGazzano1, SaeRin Jean2,3,ValentinaAudrito4,5, JoannaKopecka1,
Maril�u Fanelli6, Iris C. Salaroglio1, Costanzo Costamagna1, Ilaria Roato7, Eleonora Mungo1,
Claudia M. Hattinger6, Silvia Deaglio4,5, Shana O. Kelley2,3, Massimo Serra6, and
Chiara Riganti1

Abstract

Doxorubicin is one of the leading drugs for osteosarcoma
standard chemotherapy. A total of 40% to 45% of high-grade
osteosarcoma patients are unresponsive, or only partially respon-
sive, to doxorubicin (Dox), due to the overexpression of the drug
efflux transporter ABCB1/P-glycoprotein (Pgp). The aim of this
work is to improve Dox-based regimens in resistant osteosarco-
mas. We used a chemically modified mitochondria-targeted Dox
(mtDox) against Pgp-overexpressing osteosarcomas with
increased resistance to Dox. Unlike Dox, mtDox accumulated at
significant levels intracellularly, exerted cytotoxic activity, and
induced necrotic and immunogenic cell death in Dox-resistant/
Pgp-overexpressing cells, fully reproducing the activities exerted
by anthracyclines in drug-sensitive tumors.mtDox reduced tumor
growth and cell proliferation, increased apoptosis, primed tumor
cells for recognition by the host immune system, and was less

cardiotoxic than Dox in preclinical models of drug-resistant
osteosarcoma. The increase in Dox resistance was paralleled by
a progressive upregulation of mitochondrial metabolism. By
widelymodulating the expression ofmitochondria-related genes,
mtDox decreased mitochondrial biogenesis, the import of pro-
teins and metabolites within mitochondria, mitochondrial
metabolism, and the synthesis of ATP. These events were paral-
leled by increased reactive oxygen species production, mitochon-
drial depolarization, and mitochondria-dependent apoptosis in
resistant osteosarcoma cells, where Dox was completely ineffec-
tive. We propose mtDox as a new effective agent with a safer
toxicity profile compared with Dox that may be effective for the
treatment of Dox-resistant/Pgp-positive osteosarcoma patients,
who strongly need alternative and innovative treatment strategies.
Mol Cancer Ther; 15(11); 2640–52. �2016 AACR.

Introduction
Osteosarcoma is the most frequent bone tumor observed

clinically. The standard treatment for conventional osteosarcoma
(tumors, which are not metastatic at clinical onset, with high-
grade malignancy, located at the extremities in patients younger
than 40 years) is based on pre- and postoperative chemotherapy,
including doxorubicin (Dox), cisplatin, and methotrexate. This
treatment is successful in about 55% to 60% of patients. Despite

numerous attempts to find new therapeutic approaches for oste-
osarcoma, the patients' prognosis has not improved in the last
decades (1, 2, and references therein). Themain drawbacks ofDox
are the onset of drug resistance that makes chemotherapy pro-
gressively ineffective (2) and the onset of cardiotoxicity (3).

Dox is a substrate of ATP-binding cassette (ABC) transporters,
such as ABCB1/P-glycoprotein (Pgp) andABCC1/multidrug resis-
tance related protein 1 (MRP1), which efflux the drug outside the
tumor cell and limit its cytotoxicity (4). The presence of Pgp in
osteosarcoma patients is a negative prognostic factor and is
predictive of poor response to treatment (5–8). Both natural
(9, 10) and synthetic (11, 12) inhibitors of Pgp have been tested
to reverse Dox resistance in osteosarcoma cell lines in vitro. The
specific silencing of Pgp (13) or the inhibition of pathways
involved in drug resistance—such as the hypoxia inducible fac-
tor-1a– (14) or polo-like kinase 1–dependent signaling (15)—
appears to be promising strategies, but the translation of these
approaches to clinical settings is still under investigation.

Recently, targeting mitochondria of osteosarcoma cells has
been proposed as an effective therapeutic strategy (16). On the
other hand, because the heart has an aerobic mitochondria-based
metabolism, mitochondria-targeting drugs—while effective on
tumor cells—may produce serious cardiotoxicity.

We recently developed chemically modified Dox derivatives
with mitochondrial tropism that are effective against drug-resis-
tant tumor cells overexpressing Pgp (17, 18). One of these
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mitochondria-targeted Dox compounds (mtDox; 18) did not
elicit cardiotoxicity in animals, showing a safer toxicity profile
compared with Dox (19).

In this work, we used mtDox against Pgp-overexpressing oste-
osarcomas in vitro and in vivo and found that it was significantly
more effective and less cardiotoxic thanDox, and that it overcame
drug resistance by exploiting the metabolic signature typical of
drug-resistant osteosarcoma cells. Our data indicate mtDox as a
very promising new chemotherapeutic drug for a possible clinical
application in Dox-unresponsive patients.

Materials and Methods
Chemicals

FBS and culture medium were from Invitrogen Life Technol-
ogies. Plasticware for cell cultures was from Falcon (Becton
Dickinson). The protein content in cell monolayers, mitochon-
drial, and nuclear extracts was assessed with the BCA Kit from
Sigma Chemical Co. Electrophoresis reagents were obtained from
Bio-Rad Laboratories. Dox was purchased by SigmaChemical Co.
mtDox (Supplementary Fig. S1) was synthesized as described in
ref. 18. Unless otherwise specified, all the other reagents were
purchased from Sigma Chemical Co.

Cell lines
Murine osteosarcoma K7M2 cells, human Dox-sensitive oste-

osarcoma U-2OS and Saos-2 cells, and rat neonatal H9c2 cardi-
omyocytes were purchased from the ATCC in 2012. The corre-
sponding variants with increasing resistance to Dox (U-2OS/
DX30, U-2OS/DX100, U-2OS/DX580, Saos-2/DX30, Saos-2/
DX100, and Saos-2/DX580), selected by culturing parental cells
in amediumwith 30, 100, and 580 ng/mLDox, were generated as
reported in ref. 20. All cell lines were authenticated by microsat-
ellite analysis, using the PowerPlex Kit (Promega Corporation;
last authentication: September 2015). Mesenchymal stem cells,
derived by discarded lipoaspirates of healthy subjects, were cul-
tured in osteogenic condition to obtain primary nontransformed
osteoblasts (21, 22). Fourteen days after culture, Bone Alkaline
Phosphatase (BAP staining Kit; Sigma Chemicals Co.) was per-
formed as authentication test for osteoblasts (last authentication:
April 2016). Cells were maintained in medium supplemented
with 10% v/v FBS, 1% v/v penicillin–streptomycin, and 1% v/v
L-glutamine. Drug-resistant variants were continuously cultured
in presence of Dox.

Cell viability and proliferation
Cell viability wasmeasured by the neutral red stainingmethod,

as previously reported (23). The absorbance of untreated cells was
considered as 100% viability; the results were expressed as a
percentage of viable cells versus untreated cells. To determine
IC50, reported in Supplementary Table S1, 1 � 105 cells were
incubated for 72 hours with increasing concentrations of Dox or
mtDox (from 1 nmol/L to 1 mmol/L). IC50 was considered the
concentration of the drug that reduced cell viability to 50%. Cell-
cycle analysis was measured by flow cytometry, after propidium
iodide staining (24).

ABCB1/Pgp and ABCC1/MRP1 expression
For flow cytometry assays, cells were harvested, washed once in

PBS, twice with 10 mmol/L Hepes in Hank's balanced salt solu-
tion, and fixed with 4% paraformaldehyde in PBS for 5 minutes.

After a wash in Hepes, cells were permeabilized in 0.1% w/v
saponin and incubated with an anti-ABCB1/Pgp (clone MRK16;
Kamiya) or anti-ABCC1/MRP1 (clone MRPm5; Abcam) antibo-
dies. After washing with saponin, cells were incubated with a
secondary anti-mouse FITC-conjugated antibody (Sigma Chem-
ical Co.), washed twice with saponin and once with Hepes. In the
negative control, primary antibody was replaced by 0.1% sapo-
nin. Samples were analyzed by flow cytometry (FACSCalibur;
Becton Dickinson). For Western blot analysis, 20 mg of proteins
from cell lysates were probed with anti-Pgp (clone 17F9; BD
Biosciences) or anti–b-tubulin (clone D-10; Santa Cruz Biotech-
nology Inc.) antibodies.

Confocal microscope analysis
Cells (5 � 105) were grown on sterile glass coverslips and

transfected with the GFP-E1a pyruvate dehydrogenase expression
vector (Cell Light BacMan 2.0; Invitrogen Life Technologies) to
label mitochondria. After 24 hours, cells were incubated with
5 mmol/L Dox or mtDox for 6 hours. Samples were rinsed with
PBS,fixedwith 4%w/vparaformaldehyde for 15minutes,washed
3 times with PBS and once with water, and mounted with 4 mL of
Gel Mount Aqueous Mounting. Slides were analyzed using an
Olympus FV300 laser scanning confocal microscope (Olympus
Biosystems; ocular lens: 10X; objective: 60X). For each experi-
mental condition, a minimum of 5 microscopic fields were
examined.

Isolation of mitochondria and nuclei
Mitochondria were isolated as reported in ref. 25. A 50 mL

aliquot was sonicated and used for the measurement of protein
content or Western blotting; the remaining part was stored at
�80�C until use. To confirm the presence of mitochondrial
proteins in the extracts, 10 mg of each sonicated sample were
subjected to SDS-PAGE and probed with an anti-porin antibody
(clone 20B12AF2; Abcam). To exclude any mitochondrial con-
tamination in the cytosolic extracts, the absence of porin in the
latter was analyzed by Western blotting. Nuclear proteins were
extracted using the Nuclear Extract Kit (Active Motif). To exclude
any cytosolic contamination in the nuclear extracts, the absence of
actin (#A2066; Sigma Chemical Co.) in the latter was analyzed by
Western blotting.

Dox accumulation
Cellular, nuclear, or mitochondrial extracts were resuspended

in 0.5 mL ethanol/0.3 N HCl. The amount of Dox was measured
fluorimetrically (17). Fluorescence was converted into nmol/mg
cellular, nuclear, ormitochondrial proteins, using a previously set
calibration curve.

Necrotic and immunogenic death assays
The activity of lactate dehydrogenase (LDH) released in the

extracellular medium, taken as index of necrotic cell death, was
measured spectrophotometrically (26). The results were
expressed as the percentage of extracellular LDH activity versus
total (intracellular þ extracellular) LDH activity. To evaluate the
immunogenic cell death induced by Dox, the extracellular release
of ATP was measured by a chemiluminescence-based assay, the
extracellular release of high mobility group box 1 (HMGB1)
proteinwasmeasured byWestern blotting. Following a procedure
commonly used in the immunoblotting of extracellular proteins
(27), we stained the blot with Red Ponceau and reported a band at
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the same level of theHMGB1band, as the control of equal protein
loading. Surface translocation of calreticulin, detected by flow
cytometry, was measured (27). The mean fluorescence intensity
was calculated using Cell Quest software (Becton Dickinson).

Tumor cell phagocytosis
Murine dendritic cells (DC) were obtained as reported by

Obeid and colleagues (28). Tumor cell phagocytosis was per-
formed by flow cytometry (28). In each set of experiments, a
phagocytosis assay was performed by coincubating DCs and
tumor cells at 4�C, instead of 37�C, and the percentage of
phagocytized cells at 4�C was subtracted from values observed
at 37�C. The phagocytosis rate was expressed as a phagocytic
index, calculated as previously reported (28).

In vivo tumor growth, hematochemical parameters, and
immunohistochemical analysis

1 � 106 K7M2 cells, stably transfected with the pGL4.51[luc2/
CMV/Neo] Vector (Promega Corporation), mixed with 100 mL
Matrigel, were injected s.c. in 6-week-old female BALB/c mice
(weight: 20 g � 1.3; Charles River Laboratories Italia); 1 � 107

U-2OS cells, mixed with 100 mL Matrigel, were injected s.c. in
6-week-old female NODSCID BALB/cmice (weight: 19.6 g� 1.6;
Charles River Laboratories Italia). Animals were housed (5 per
cage) under 12-hour light/dark cycles, with food and drinking
provided ad libitum. Tumor growth was measured daily by caliper
and calculated according to the equation (L � W2)/2, where L ¼
tumor length and W ¼ tumor width. When the tumor reached a
volume of 50 mm3 (day 7 after injection), the mice were ran-
domized into 3 groups: (1) Control group, treated with 0.1 mL
saline solution i.v. on days 7, 14, 21, and 28; (2) Dox group,
treated with Dox i.v. on days 7, 14, 21, and 28; (3) mtDox group,
treated with mitochondria-targeting Dox i.v. on days 7, 14, 21,
and 28. In vivo bioluminescence imaging was performed on days
7, 21, and 35 with a Xenogen IVIS Spectrum (PerkinElmer).
Tumor volumes were monitored daily by caliper, and animals
were euthanized by injecting zolazepam (0.2mL/kg) and xylazine
(16 mg/kg) i.m. at day 35. The inhibition rate was calculated as a
percentage (i.e., the tumor weight of the control groupminus that
of the tumorweight of the test group) dividedby the tumorweight
of the control group. The hematochemical parameters LDH,
aspartate aminotransferase (AST), alanine aminotransferase
(ALT), alkaline phosphatase (AP), creatinine, creatine phospho-
kinase (CPK) were measured on 0.5 mL of blood collected
immediately after mice sacrifice, using the respective kits from
BeckmanCoulter Inc. For immunohistochemical analysis, tumors
were resected and fixed in 4% v/v paraformaldehyde. The paraffin
sections were stained with hematoxylin/eosin or immunostained
for Ki67 (AB9260; Millipore), cleaved caspase 3 (#9661, Asp175;
Cell Signaling Technology Inc.), calreticulin (#PA3900; Affinity
Bioreagents), CD11c (clone HL3; BD Biosciences), followed by a
peroxidase-conjugated secondary antibody (Dako). Nuclei were
counterstained with hematoxylin. Sections were examined with a
LeicaDC100microscope (LeicaMicrosystemsGmbH; 10�ocular
lens, 20� objective).

All animal care and experimental procedures were approved by
the Bio-Ethical Committee of the University of Torino, Italy.

PCR arrays and qRT-PCR
Total RNA was extracted and reverse-transcribed using the

iScript cDNASynthesis Kit (Bio-Rad Laboratories). ThePCRarrays

were performed on 1 mg cDNA, using Mitochondria and Mito-
chondria Energy Metabolism Arrays (Bio-Rad Laboratories). The
expression levels of specific mitochondria-related genes, represen-
tative of the main biological categories screened by PCR arrays,
were validated by qRT-PCR. Primer sequences were designed using
qPrimerDepot software (https://primerdepot.nci.nih.gov/). S14
was used as the housekeeping gene. Data analysis was performed
with PrimePCR Analysis Software (Bio-Rad Laboratories).

Mitochondrial DNA quantification
Mitochondrial DNA was extracted, amplified, and quantified

by PicoGreen (Invitrogen Life Technologies) staining as reported
in ref. 19. The results are expressed as ng DNA/105 cells.

Mitochondria biogenesis
The expression of peroxisome proliferator-activated receptor

gamma coactivator-1a (PGC-1a), measured on 30 mg of nuclear
proteins and considered an index of increased mitochondria
biogenesis (29), was evaluated by Western blotting, using an
anti–PGC-1a (#ab54481; Abcam) antibody. An anti–TATA-box
binding protein (TBP; clone 58C9; Santa Cruz Biotechnology
Inc.) was used to check equal protein loading. Mitochondria
biogenesis was also evaluated by measuring the expressions of
subunit I of complex IV (COX-I), which is encoded by mitochon-
drial DNA, and succinate dehydrogenase-A of complex II (SDH-
A), which is encoded by nuclear DNA, using the MitoBiogenesis
In-Cell ELISAKit (Abcam). The results are expressed as units (U)of
each protein/mg mitochondrial proteins.

Tricarboxylic acid cycle
The glucose flux through tricarboxylic acid (TCA) cycle was

measured by radiolabeling cells with 2 mCi/mL [6-14C]-glucose
(55 mCi/mmol; PerkinElmer). Cell suspensions were incubated
for 1 hour in a closed experimental system to trap the 14CO2

developed from [14C]-glucose. The reaction was stopped by
injecting 0.8 N HClO4. The amount of glucose transformed into
CO2 through the TCA cycle was calculated as described by Riganti
and colleagues (30) and expressed as pmol CO2/h/mg cellular
proteins.

Fatty acids b-oxidation
Long-chain fatty acids b-oxidation was measured as detailed

in ref. 31. The precipitates, containing 14C-acid soluble metabo-
lites (ASM), were collected. The radioactivity of each sample
was counted by liquid scintillation. Results are expressed as
nmol/min/mg cellular proteins. In each experimental set, cells
were preincubated for 30 minutes with the carnitine palmitoyl-
transferase inhibitor etomoxir (1 mmol/L) or with the AMP-
kinase activator 5-aminoimidazole-4-carboxamide ribonucleo-
tide (AICAR; 1 mmol/L), as negative and positive controls,
respectively. In the presence of etoxomir, the rate of b-oxidation
was less than 10% than in its absence; in the presence of AICAR,
the rate of b-oxidation was increased 2-fold.

Mitochondrial energy metabolism
The oxygen consumption rate (OCR) was measured on 20,000

cells with the XFp Mito Stress Test Kit, using a Seahorse XFp
Extracellular Flux Analyzer (Seahorse Bioscience, M&M Biotech).
Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
(FCCP) was used at a concentration of 0.3 mmol/L to uncouple
mitochondrial oxidative phosphorylation and induce maximal
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respiration. The data were analyzed using Wave Seahorse soft-
ware. The amount of ATP produced by oxidative phosphorylation
was measured on 20 mg mitochondrial proteins with the ATP
Bioluminescent Assay Kit (FL-AA; Sigma Chemical Co.). Data
were converted into nmol/mg mitochondrial proteins, using a
previously set calibration curve.

Intramitochondrial reactive oxygen species levels
After extraction,mitochondria were incubated with the reactive

oxygen species (ROS)–sensitive probe 5-(and-6)-chloromethyl-
20,70-dichlorodihydro-fluorescein diacetate-acetoxymethyl ester
(5 mmol/L; DCFDA-AM), as described (32).The results are
expressed as nmol/mg mitochondrial proteins.

Mitochondrial electric potential (Dc) measurement
Staining with JC-1 fluorescent probe (Biotium Inc.) was per-

formed (32). The fluorescence units were used to calculate the
percentage of green-fluorescent (i.e., depolarized) mitochondria
versus red-fluorescent (i.e., polarized) mitochondria.

Apoptosis measurement
20 mg proteins of whole cell, cytosolic, or mitochondrial

extracts were subjected to the Western blot analysis with the
following antibodies (all from Cell Signaling Technology):
anti-BAD (clone 11E3); anti-BAK (clone D4E4); anti-BAX
(#2772); anti-BID (#2002); anti-BIM (clone C34C5); anti-PUMA
(clone D30C10); anti-BCL-2 (#2872); anti-BCL-xL (clone
#2762); anti-cytochrome c (#4272). Images were acquired by
Image Lab software (Bio-Rad Laboratories). Caspase 9 and cas-
pase 3 activity was measured fluorimetrically in the cytosolic
extracts (17).The results are expressed as nmol of the hydrolyzed
substrate of each caspase/mg cellular proteins, according to a
previously set titration curve.

Statistical analysis
All data in the text and figures are provided as mean� SD. The

results were analyzed by a one-way ANOVA and Tukey test. P <
0.05 was considered significant.

Results
Mitochondria-targeted Dox is effective against Dox-resistant
osteosarcoma

We compared the antitumor efficacy of Dox and mtDox in the
Dox-sensitive human osteosarcoma U-2OS cells and in the cor-
responding Dox-resistant variants U-2OS/DX30, U-2OS/DX100,
U-2OS/DX580, with increasing expression of Pgp and MRP1
(Supplementary Fig. S2). Dox exhibited typical nuclear localiza-
tion inU-2OS cells (Fig. 1A). Therewas ahigh accumulationof the
drug in the nuclear extracts (Fig. 1B) and a low accumulation in
mitochondria (Fig. 1C) in U-2OS cells, whereas both nuclear and
mitochondrial accumulation progressively decreased in U-2OS/
DX30, U-2OS/DX100, and U-2OS/DX580 cells. By contrast,
mtDox had a distinctmitochondrial localization profile inU-2OS
cells (Fig. 1A): intranuclear accumulation was very low in both
sensitive and resistant cells (Fig. 1B); intramitochondrial accu-
mulation was significantly higher than Dox and progressively
increased in the resistant cells (Fig. 1C). At a concentration
(5 mmol/L) corresponding to the IC50 in chemosensitive osteo-
sarcoma (Supplementary Table S1), Dox retention in the whole
cell was progressively lower (Fig. 1D), and the inhibition of cell

survival was lost (Fig. 1E) in the resistant variants. However, at the
same concentration, mtDox exhibited lower intracellular accu-
mulation in the most resistant variants (Fig. 1D), but it still
reduced cell survival (Fig. 1E).

Dox is one of the few chemotherapeutic drugs able to induce
direct cytotoxicity on tumor cells, as indicated by the extracel-
lular release of LDH (26), and to elicit tumor immunogenic cell
death, typically followed by tracking the extracellular release
of ATP and HMGB1, and by monitoring cell surface levels of the
immune-activating protein calreticulin (33). In U-2OS cells,
Dox increased the extracellular release of LDH (Fig. 1F), ATP
(Fig. 1G) and HMGB1 (Fig. 1H), and surface expression of
calreticulin (Fig. 1I), but it progressively lost these properties in
the resistant variants. By contrast, mtDox increased all these
parameters in sensitive and resistant cells (Fig. 1F–I).

The effects of mtDox were not cell line– or species-specific.
Indeed, mtDox exhibited greater intracellular accumulation and
was more cytotoxic than Dox in human Saos-2 cells and the
corresponding resistant variants Saos-2/DX30, Saos-2/DX100,
and Saos-2/DX580 cells (Supplementary Fig. S3A and S3B; Sup-
plementary Table S1), as well as in murine Pgp-expressing K7M2
cells (Supplementary Fig. S3C–S3E; Supplementary Table S1).
However, mtDox exhibited lower intracellular accumulation
(Supplementary Fig. S4A and S4D) and was less toxic (Supple-
mentary Fig. S4B, S4C, S4E, and S4F), in nontransformed osteo-
blasts and H9c2 cardiomyocytes, where it had a higher IC50 than
Dox (Supplementary Table S1).

K7M2 tumors implanted in immunocompetent BALB/c
mice did not respond to the MTD (5 mg/kg) of Dox (Fig.
2A–C). Dox neither reduced K7M2 cell proliferation (Fig. 2D),
nor increased the activity of caspase 3 (Fig. 2E), the amount of
surface calreticulin (Fig. 2F), the tumor cell phagocytosis
by DCs (Fig. 2G). On the contrary, mtDox elicited all these
effects (Fig. 2). Immuhistochemical staining of K7M2 tumor
sections confirmed that mtDox reduced tumor cell prolifera-
tion, increased apoptotic and calreticulin-positive cells, and
increased intratumor infiltration of DCs (Supplementary
Fig. S5). According to the hematochemical parameters of the
animals at the time of sacrifice, mtDox was significantly
less cardiotoxic than Dox and did not elicit liver or kidney
toxicity (Table 1). Dose–response experiments revealed
that the antitumor effect of mtDox was dose-dependent and
that the drug was still effective against resistant osteosarcoma
at 1 of 5 of Dox MTD (Supplementary Fig. S6). By contrast,
mtDox did not produce any significant advantage compared
with Dox against drug-sensitive tumors (Supplementary
Fig. S7).

Mitochondria-targeting Dox deeply alters the expression of
mitochondria-related genes in Dox-resistant osteosarcoma
cells

We next analyzed the expression of genes involved in mito-
chondria functions and mitochondria-dependent apoptosis. As
shown in Fig. 3A and Supplementary Table S2, the progressive
increase in Dox resistance was paralleled by the upregulation of
genes controlling processing, import, and folding of mitochon-
drial proteins; mitochondrial fusion, fission, and trafficking;
transport of metabolites and cofactors across the mitochondrial
membranes; mitochondrial metabolic pathways, such as TCA
cycle, fatty acids b-oxidation, and electron transport; ATP synthe-
sis; and ROS protection, such as superoxide dismutase (SOD) 1
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Figure 1.

Mitochondria-targeted Dox is more accumulated and more cytotoxic than Dox in drug-resistant osteosarcoma cells. Dox-sensitive U-2OS cells and Dox-resistant
variants (U-2OS/DX30, U-2OS/DX100, U-2OS/DX580) were incubated in the absence (Ctrl) or in the presence of 5 mmol/L Dox or mtDox for 6 hours (A–D),
24 hours (F–I), or 72 hours (E). A, U-2OS cells were incubated for 24 hours with the GFP-E1a pyruvate dehydrogenase expression vector to label mitochondria,
then treated with Dox or mtDox. The intracellular localization of the drugs was analyzed by confocal microscopy. Bar, 10 mm. The micrographs are representative
of 3 experiments with similar results. B, the amount of Dox was measured spectrofluorimetrically in nuclear extracts in duplicate. Data are presented as
mean � SD (n ¼ 3). Versus U-2OS cells: � , P < 0.001; mtDox versus Dox: � , P < 0.001. C, the amount of Dox was measured spectrofluorimetrically in isolated
mitochondria in duplicate. Data are presented as mean � SD (n ¼ 3). Versus U-2OS cells: �, P < 0.02; mtDox versus Dox: � , P < 0.001. D, the content of Dox in
whole cell lysates was measured spectrofluorimetrically in duplicate. Data are presented as mean � SD (n ¼ 4). Versus U-2OS cells: � , P < 0.05; mtDox
versus Dox: � , P < 0.002. E, cells were stained with neutral red solution in quadruplicate. (Continued on the following page.)
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and 2. However, genes encoding for proteins uncoupling oxida-
tive phosphorylation and ATP synthesis, such as SLC25A27 and
UCP1, were progressively downregulated.

In drug-sensitive U-2OS cells, both Dox and mtDox down-
regulated at least 2-fold 25 genes encoding for metabolite trans-
porters, subunits of respiratory chain complexes andATP synthase,
antioxidant genes such as SOD1 and SOD2, and anti-apoptotic
genes such as BCL2 and BCL2L1 (also known as Bcl-xL). They
both upregulated genes encoding for the uncoupling proteins
SLC25A27, UCP1, UCP2, UCP3 as well as the pro-apoptotic
genes BAK1, BBC3 (also known as PUMA), and BNIP3 (Fig. 3B;
Supplementary Table S3). In U-2OS/DX580 cells, Dox up- or
downregulated most of these genes less than 1-fold, consis-
tently with the low-drug accumulation and efficacy. MtDox, by
contrast, downregulated at least 2-fold the vast majority of
genes involved in protein import and processing, mitochon-
drial fusion and fission, metabolite and electron transport, ATP
synthesis, ROS protection, and apoptosis inhibition. In par-
allel, mtDox upregulated genes encoding for uncoupling pro-
teins (e.g., SLC25A27, UCP1, and UCP3) and proapoptotic
factors (e.g., BAK1, BBC3, BID, BNIP3; Fig. 3C; Supplementary
Table S4).

Given the distinct signatures of drug-sensitive versus drug-
resistant variants and the diverse effects of Dox versus mtDox in
resistant cells, we then investigated the impact of mtDox on
mitochondria biogenesis and energy metabolism in our oste-
osarcomamodels. Up- or downregulation of key mitochondria-
related genes was validated by qRT-PCR (Supplementary Tables
S5–S7). For the sake of simplicity, we only show the results
obtained in U-2OS and U-2OS/DX580 cells. The effects of Dox
and mtDox on gene expression and mitochondrial functions of
U-2OS/DX30 and U-2OS/DX100 variants were intermediate
relative to those produced in U-2OS and U-2OS/DX580 cells.

Mitochondria-targeted Dox reduces mitochondrial biogenesis,
protein import, and energy metabolism in Dox-resistant
osteosarcoma cells

Compared with U-2OS cells, U-2OS/DX580 cells had higher
mitochondrial DNA (Fig. 4A) and protein content (Fig. 4B), a
higher level of nuclear translocation of PGC-1a (Fig. 4C), and
higher expression of COX-I (Fig. 4D), which is encoded by
mitochondrial DNA. These observations are consistent with
increased mitochondria biogenesis in the resistant variant.
SDH-A, which is encoded by nuclear DNA, was also higher
(Fig. 4E), likely in consequence of the higher expression of
mitochondrial protein importers in U-2OS/DX580 cells. Consis-
tent with the gene expression signature, U-2OS/DX580 cells had
elevated: TCA cycle (Fig. 4F); fatty acids b-oxidation rate (Fig. 4G);
ATP-linked OCR (Fig. 4H and I); maximal respiration capacity
(Fig. 4H and J), and ATP synthesis by oxidative phosphorylation
(Fig. 4K). Dox andmtDox decreased all these parameters in drug-

sensitive cells. Only mtDox affected these pathways in drug-
resistant cells (Fig. 4).

Mitochondria-targeting Dox triggers a mitochondria-
dependent apoptosis in drug-resistant osteosarcoma cells

We did not detect any significant differences in intramitochon-
drial ROS levels in U-2OS and U-2OS/DX580 cells (Fig. 5A). Dox
increased ROS in drug-sensitive cells but not in drug-resistant
ones; mtDox significantly increased intramitochondrial ROS in
both cell populations (Fig. 5A). The higher levels of ROS were
paralleled by mitochondrial depolarization (Fig. 5B). Dox
increased proapoptotic proteins such as BAK, active BID (tBID),
and PUMA, and decreased antiapoptotic proteins such as BCL-2
and BCL-xL only in U-2OS cells. mtDox elicited these effects in
both variants (Fig. 5C), in line with its effects on gene expression.
Consistent with the change in mitochondria polarization, Dox
increased mitochondria-associated Bad, Bak, Bax, tBid, BimL, and
Puma, the release of cytochrome c into the cytosol (Fig. 5D), the
activity of caspase 9 (Fig. 5E) and caspase 3 (Fig. 5F) only in drug-
sensitive cells, whereas mtDox produced these effects in both
U-2OS and U-2OS/DX580 cells (Fig. 5D–F).

Discussion
Because targeting mitochondria is an effective therapeutic

strategy in osteosarcoma (16), we used chemically modified Dox
with a mitochondrial tropism against Dox-sensitive and Dox-
resistant osteosarcoma cells. This modified mtDox was effective
against osteosarcoma cells overexpressing Pgp and showing resis-
tance to Dox.

The selective delivery into the mitochondria, due to the con-
jugation of the anthracycline moiety with a peptide containing
cationic and hydrophobic residues that deliver cargoes intomito-
chondria (34),may limit the availability ofDox for the Pgp on the
plasma membrane, reducing the efflux of the drug from tumor
cells (18).Ourwork supports this hypothesis. UnlikeDox,mtDox
was well retainedwithinmitochondria in both drug-sensitive and
drug-resistant/Pgp-overexpressing osteosarcoma cells. Although
Dox accumulation and cytotoxic efficacy dramatically decreased
in the Pgp-overexpressing variants, mtDox accumulation within
resistant cells was only slightly lower, and its cytotoxicity
remained high in Pgp-overexpressing cells. Although these data
might suggest that Pgp effluxes both mtDox and Dox, the pref-
erential intramitochondrial delivery of the former preserves its
high intracellular retention.

The higher the intracellular accumulation of Dox, the higher
the ability of the drug to kill cancer cells due to the induction
of necro-apoptotic death and activation of the host immune
system against the tumor (35): Dox promotes the exposure on
the plasma membrane of calreticulin, which activates the local
DCs to phagocytize tumor cells, stimulating a subsequent

(Continued.)The results were expressed as a percentage of viable cells versus untreated cells. Data are presented as mean � SD (n ¼ 3). Versus respective
Ctrl: � , P < 0.001; mtDox versus Dox: � , P < 0.01. F, the release of LDH in the extracellular medium was measured spectrophotometrically in duplicate. Data are
presented as mean� SD (n¼ 4). Versus respective Ctrl: � , P < 0.005; mtDox versus Dox: � , P < 0.001. G, the extracellular release of ATP was measured in duplicate
by a chemiluminescence-based assay. Data are presented as mean � SD (n ¼ 3). Versus respective Ctrl: � , P < 0.001; mtDox versus Dox: � , P < 0.001. H, the
release of HMGB1 in the cell supernatants was analyzed by Western blotting. Red Ponceau staining was used to check the equal loading of proteins. The figure is
representative of 1 of 3 experiments. I, the amount of surface calreticulin was measured by flow cytometry in duplicate. Left, histograms representative of 3
experiments with similar results; right: mean fluorescence intensity (MFI) of calreticulin-positive cells. Data are presented as mean � SD (n ¼ 3). Versus respective
Ctrl: � , P < 0.01; mtDox versus Dox: � , P < 0.001.
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expansion of antitumor CD8þ T lymphocytes and eliciting a
durable antitumor response (36). These mechanisms do not
work in drug-resistant tumors (35). Neither cytotoxic nor
proimmunogenic effects were exerted by Dox in Pgp-overex-

pressing osteosarcoma cells. MtDox, however, exerted all the
canonical effects of anthracyclines in drug-resistant cells as
well, as suggested by the extracellular release of LDH and by
the increase of immunogenic cell death biomarkers

Figure 2.

Mitochondria-targeted Dox is effective against drug-resistant osteosarcoma in vivo. Six-week-old female BALB/c mice were inoculated s.c. with 1� 106 K7M2 cells.
When the tumor reached the volume of 50 mm3 (day 7), the animals (10 mice/group) were randomized and treated on days 7, 14, 21, and 28 as follows:
(1) Ctrl group, treatedwith 0.1mL saline solution i.v.; (2) Dox group, treatedwith 5mg/kgDox i.v.; (3)mtDox group, treatedwith 5mg/kgmitochondria-targeted Dox
i.v. A, representative in vivo bioluminescence imaging, performed on days 7, 21, and 35 after implant. B, tumor growth monitored by caliper measurements.
Arrows represent saline, Dox, ormtDox injections. Data are presented asmean� SD. Versus Ctrl group: �, P <0.001; mtDox group versus Dox group: � , P <0.001. The
inhibition rate in Dox-treated animals was 16.86%, in mtDox-treated animals, it was 45.49%. C, photographs of representative tumors from each treatment
group after mice sacrifice. D–G, K7M2 cells were left untreated (Ctrl) or treated for 24 hours with 5 mmol/L Dox or mtDox. D, cell-cycle analysis was measured
by flow cytometry. Data are presented as mean � SD (n ¼ 3). Versus Ctrl: �, P < 0.01; mtDox versus Dox: � , P < 0.001. E, the activity of caspase 3 was
measured fluorimetrically in duplicate in the cytosolic extracts. Data are presented as mean � SD (n ¼ 4). Versus Ctrl: � , P < 0.001; mtDox versus Dox: � , P < 0.001.
F, the amount of surface calreticulin was measured by flow cytometry in duplicate. Left, histograms are representative of 1 of 3 experiments; right, mean
fluorescence intensity (MFI) of calreticulin-positive cells. Data are presented as mean � SD (n ¼ 3). Versus Ctrl: � , P < 0.001; mtDox versus Dox: � , P < 0.001.
G, DC-mediated phagocytosis of K7M2 cells was measured by flow cytometry. Data are presented as mean � SD (n ¼ 4). The phagocytic index of untreated
cells was considered as 1. Versus Ctrl: � , P < 0.002; mtDox versus Dox: � , P < 0.005.
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(extracellular ATP and HMGB1 release, surface calreticulin).
Mitochondrial depolarization, changes in calcium homeosta-
sis, and increased ROS levels have been correlated with calre-
ticulin upregulation and translocation from endoplasmic retic-
ulum (ER) to the plasma membrane (37, 38): indeed, changes
in intramitochondrial calcium and ROS are "sensed" by the ER
membrane-associated to mitochondria (MAM) compartment,
which is rich in calreticulin and controls the protein trafficking
to the plasma membrane (39). Because mtDox depolarized
mitochondria and increased ROS in both drug-sensitive and
drug-resistant osteosarcoma cells, these events likely trigger the
upregulation of calreticulin and/or its translocation from ER/
MAM to the plasma membrane.

The efficacy of mtDox was validated in a preclinical model of
Dox-resistant osteosarcoma implanted in immunocompetent
animals, i.e., the Pgp-expressing K7M2 cells that are syngeneic
with BALB/c mice. In both in vitro and in vivo assays, mtDox
exerted direct cytotoxicity on tumor cells (as indicated by the
reduced tumor growth and cell proliferation, and by the
increased apoptosis) and primed tumor cells for the recogni-
tion by the host immune system (as suggested by the increased
percentage of calreticulin-positive tumor cells, tumor cell
phagocytosis, and intratumor DC infiltration). Moreover,
mtDox still retained antitumor efficacy at 1/2 to 1/5 of Dox
MTD. Importantly, unlike the mice treated with Dox, those
treated with mtDox did not show any increase in CPK. These
results are in accordance with previous observations, showing
that mtDox did not exert systemic and cardio-specific toxicity in
vivo (19), and with the reduced toxicity observed in cultured
cardiomyocytes. In preclinical models, mtDox was more advan-
tageous than Dox in drug-resistant tumors, not in drug-sensi-
tive ones, leading to hypothesize that the greater efficacy of
mtDox was due to the targeting of pathways which are crucial
for the survival of drug-resistant cells.

The increase of Dox resistance was associated with the upre-
gulation of genes controlling mitochondrial biogenesis, the
import of proteins, metabolites and cofactors, and energy
metabolism, and with the downregulation of genes encoding
for uncoupling proteins. This signature made the mitochondrial
metabolism of Dox-resistant osteosarcoma cells more efficient,
as confirmed by the higher content of mitochondrial DNA and
proteins, and by the higher metabolic flux through the main
energy pathways in U-2OS/DX580 cells. It is noteworthy that
genes encoded by both nuclear and mitochondrial DNA were
upregulated in drug-resistant cells. These results suggest that the
higher mitochondrial metabolism of drug-resistant cells was
supported partly by the increased mitochondria biogenesis and

partly by the increased import of cytosolic proteins and meta-
bolites within mitochondria. This process may favor a more
efficient assembly of mitochondrial complexes involved in the
TCA cycle, fatty acids b-oxidation, electron transport, and ATP
synthesis, and may supply all these pathways with anaplerotic
metabolites and essential cofactors. Contrarily to most tumor
cells, which obtain energy from anaerobic glycolysis, chemore-
sistant cells often simultaneously activate glycolysis and oxida-
tive phosphorylation to meet their energy requirements (40).
The higher ATP level produced by mitochondrial oxidative
phosphorylation may support the ATP-dependent efflux activity
of ABC transporters, contributing to the chemoresistant phe-
notype. On the other hand, a high protonmotive force induces a
high production of ROS from mitochondria (41). We did not
detect any differences in intramitochondrial ROS between U-
2OS and U-2OS/DX580 cells, which was most likely due to the
upregulation of mitochondrial SOD2 in the latter: this feature
may also contribute to chemoresistance.

Dox acts through pleiotropic mechanisms on tumor cells,
including mitochondrial-dependent mechanisms. For example,
it reduces the activity of complexes I, II, and III (42) and the
synthesis of ATP (43), and increases intramitochondrial ROS
through iron-catalyzed redox cycles within complex I (44). In
sensitive osteosarcoma cells, Dox downregulated specific
metabolite transporters, subunits of mitochondrial respiratory
complexes and ATP synthase, cytosolic and mitochondrial
isoforms of SOD, and upregulated uncoupling proteins and
proapoptotic factors. The consequent reduction of mitochon-
dria biogenesis and ATP synthesis, coupled with the increase in
intramitochondrial ROS, triggered a mitotoxicity-dependent
apoptosis. None of these events occurred in the drug-resistant
U-2OS/DX580 variant, where Dox did not reach an intracellu-
lar concentration sufficient to elicit effects at genomic and
metabolic levels.

By contrast, mtDox produced genomic and metabolic signa-
tures that were similar in drug-sensitive and drug-resistant oste-
osarcoma cells. By downregulating genes involved in mitochon-
dria biogenesis andmitochondrial protein import, it significantly
reduced mitochondrial DNA and protein contents. Previously, it
was reported that in cardiomyocytes,mtDox decreasedmitochon-
drial DNA after 6 hours and increased it after 24 hours: This trend
suggests a recovery from the initial damage due to mitochondrial
biogenesis. On the contrary, in ovarian cancer cells, mitochon-
drial DNA levels remained significantly lower after 24 hours of
treatment with mtDox, indicating that tumor cells are not able to
increase mitochondria biogenesis in response to mtDox (19).
These findings are in line with the results obtained in osteosar-
coma cells. The different response of cardiomyocytes and tumor
cells to themitochondrial damage elicited bymtDoxmay explain
the key properties of mtDox, i.e., its antitumor efficacy and its
cardiac safety.

By decreasing the expression of several transporters and
subunits of oxidative phosphorylation complexes, mtDox
strongly reduced the mitochondrial energy metabolism. It is
noteworthy that it upregulated the expression of uncoupling
proteins and proapoptotic factors, and markedly decreased the
expression of mitochondrial SOD2. These events uncoupled
oxidative phosphorylation from ATP synthesis and increased
the intramitochondrial levels of ROS, which were not buffered
by SOD2. This metabolic dysfunction causes the opening of the
mitochondrial permeability transition pore and triggers a

Table 1. Hematochemical parameters of animals

Ctrl Dox mtDox

LDH (U/L) 6,231 � 1,098 6,234 � 724 6,198 � 821
AST (U/L) 187 � 52 234 � 27 212 � 82
ALT (U/L) 38 � 9 41 � 5 43 � 10
AP (U/L) 87 � 13 94 � 15 91 � 13
Creatinine (mg/L) 0.041 � 0.006 0.039 � 0.008 0.037 � 0.009
CPK (U/L) 321 � 93 850 � 150� 453 � 83

NOTE: Animals (n ¼ 10/group) were treated as reported under Materials and
Methods. Blood was collected immediately after mice euthanasia and analyzed
for LDH, AST, ALT, AP, creatinine, and CPK. Ctrl, mice treated with saline
solution; Dox, mice treated with Dox; mtDox, mice treated with mitochon-
dria-targeting Dox. Versus Ctrl group: �P < 0.005.
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Figure 3.

Modulation of mitochondria-related genes by Dox and mitochondria-targeted Dox in drug-sensitive and drug-resistant osteosarcoma cells. A, the cDNA
from Dox-sensitive U-2OS cells and Dox-resistant variants (U-2OS/DX30, U-2OS/DX100, and U-2OS/DX580) was analyzed by PCR arrays specific for
mitochondria-related genes, as reported under Materials and Methods. The figure reports the genes up- or downregulated 2-fold or more in at least one
cell line, in a colorimetric scale (n ¼ 4). B and C, U-2OS cells (B) or U-2OS/DX580 cells (C) were grown for 24 hours in fresh medium (Ctrl), in medium containing
5 mmol/L Dox, or mtDox. The cDNA was analyzed by the same PCR arrays in A. The figures report the genes up- or downregulated 2-fold or more in
at least one experimental condition, in a colorimetric scale (n ¼ 4). OXPHOS, oxidative phosphorylation.
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mitochondria-dependent apoptosis. The simultaneous down-
regulation of antiapoptotic genes further supported the apo-
ptotic process.

The events described above were more pronounced in Dox-
resistant cells than in Dox-sensitive ones, in accordance with the
higher mitochondrial metabolic activity of the former. Of note,

Figure 4.

Mitochondria biogenesis and energymetabolism in cells treatedwith Dox ormitochondria-targeted Dox. Dox-sensitive U-2OS cells andDox-resistant U-2OS/DX580
cells were incubated in the absence (Ctrl) or in the presence of 5 mmol/L Dox or mtDox for 24 hours. Data are presented as mean � SD (n ¼ 4). A and B,
the amount of mitochondrial DNA (A) and proteins (B) was measured in duplicate after mitochondria isolation, as described under Materials and Methods. For both
panels, versus U-2OS Ctrl cells: � , P < 0.05; versus U-2OS/DX580 Ctrl cells: � , P < 0.02; U-2OS/DX580 versus U-2OS cells: #, P < 0.001. C, nuclear extracts
were analyzed for the levels of PGC-1a byWestern blotting. The TBP expressionwas used as the control of equal protein loading. The figure is representative of 1 of 3
experiments. D and E, the expression of subunit I of complex IV (COX-I, D) and succinic acid dehydrogenase-A of complex II (SDH-A, E) was measured by
quantitative immunocytochemistry in duplicate. For both panels, versus U-2OS Ctrl cells: � , P < 0.05; versus U-2OS/DX580 Ctrl cells: � , P < 0.001; U-2OS/DX580
versus U-2OS cells: #, P < 0.05. F, the glucose flux through the TCA cycle was measured in duplicate in cells radiolabeled with [6-14C]-glucose. Versus U-2OS
Ctrl cells: � , P < 0.05; versus U-2OS/DX580 Ctrl cells: � , P < 0.001; U-2OS/DX580 versus U-2OS cells: #, P < 0.002. G, the amount of 14C-ASM derived from fatty acids
b-oxidation was measured in duplicate in cells labeled with [1-14C]-palmitoyl coenzyme A. Versus U-2OS Ctrl cells: � , P < 0.001; versus U-2OS/DX580 Ctrl
cells: � , P < 0.001; U-2OS/DX580 versus U-2OS cells: #, P < 0.05. H,mitochondrial bioenergetic profiles generated using the Seahorse XFp Analyzer, in U-2OS cells
(left) and U-2OS/DX580 cells (right). The figures are representative of 1 of 4 experiments, each performed in triplicate. I and J,ATP-linked OCR rates (I) andmaximal
respiration (J) were determined from the bioenergetic profiles in H. ATP-linked OCR represents the difference between basal and oligomycin-treated OCR,
whereas maximal respiration represents the difference between FCCP- and rotenone/antimycin-treated OCR. Versus U-2OS Ctrl cells: �, P < 0.05; versus
U-2OS/DX580 Ctrl cells: � , P < 0.001; U-2OS/DX580 versus U-2OS cells: #, P < 0.05. K, ATP levels in isolated mitochondria were measured in duplicate by a
chemiluminescence-based assay. Versus U-2OS Ctrl cells: � , P < 0.05; versus U-2OS/DX580 Ctrl cells: � , P < 0.005; U-2OS/DX580 versus U-2OS cells:
#, P < 0.01.
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Figure 5.

Effects of Dox and mitochondria-targeted Dox on mitochondria integrity and mitochondria-dependent apoptosis. Dox-sensitive U-2OS cells and Dox-resistant
U-2OS/DX580 cells were incubated in the absence (Ctrl) or in the presence of 5 mmol/L Dox or mtDox for 24 hours. A, intramitochondrial ROS levels were
measured fluorimetrically in triplicate using the DCFDA-AM probe. Data are presented as mean � SD (n ¼ 4). Versus U-2OS Ctrl cells: � , P < 0.001; versus
U-2OS/DX580 Ctrl cells: � , P < 0.001; U-2OS/DX580 versus U-2OS cells: #, P < 0.001. B, the mitochondrial membrane potential was assessed in duplicate by the JC-1
staining method. The percentage of green versus red mitochondria was considered an index of mitochondrial depolarization and permeability transition.
Data are presented as mean � SD (n ¼ 4). Versus U-2OS Ctrl cells: � , P < 0.005; versus U-2OS/DX580 Ctrl cells: �, P < 0.005; U-2OS/DX580 versus U-2OS cells:
#, P < 0.002. C, whole cell lysates were probed with the indicated antibodies. BID full-length and truncated (tBID) protein, BIM isoforms BIMEL, BIML, BIMS

are shown. Theb-tubulin expressionwas used as the control of equal protein loading. The figure is representative of 1 of 3 experiments.D,mitochondrial and cytosolic
extracts were subjected to Western blotting and probed with the indicated antibodies. tBID and BIML isoforms are shown. Porin and b-tubulin expression
were used as the control of equal protein loading in the respective extracts. Thefigure is representative of 1 of 3 experiments. E and F, the activity of caspase 9 (E) and
caspase 3 (F) was measured fluorimetrically in duplicate in the cytosolic extracts. Data are presented as mean � SD (n ¼ 4). For both panels, versus U-2OS
Ctrl cells: � , P < 0.001; versus U-2OS/DX580 Ctrl cells: � , P < 0.001; U-2OS/DX580 versus U-2OS cells: #, P < 0.001.
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mtDox was relatively nontoxic in nontransformed osteoblasts.
On the one hand, the lower uptake of mtDox by nontransformed
cells may explain the reduced toxicity; on the other hand, osteo-
blasts are more dependent on anaerobic glycolysis than on
mitochondrial metabolism for their growth and differentiation
(45, 46). These factors may explain the relatively selective cyto-
toxicity of mtDox for tumor cells over nontransformed cells.

Despite their resistance to chemotherapy, drug-resistant tumors
are more susceptible than drug-sensitive ones to the depletion of
ATP and to the increase of ROS, an event known as "collateral
sensitivity" (CS; ref. 47). Agents that lower intracellular ATP and/
or increase ROS levels are effective against chemoresistant cells in
vitro. Unfortunately, the intrinsic toxicity of these agents limits
their use in vivo (48). However, thanks to its ability to lower the
levels of ATPproduced byoxidative phosphorylation and increase
ROS levels within drug-resistant cells, mtDox is an excellent
inducer of CS. Unlike the other compounds exerting CS, it did
not produce appreciable toxicity for the liver, kidneys, or heart in
our preclinical model of resistant osteosarcoma, thus appearing
suitable for being used in vivo.

The novelty of the therapeutic strategy proposed in this work
relates to two factors. First, we used a derivative of the first-line
drug Dox, the efficacy of which is limited by the expression of
Pgp in osteosarcoma cells and by the development of cardio-
toxicity: by chemically modifying Dox to achieve its selective
delivery into mitochondria, we overcame a key limitation
frequently encountered in patients treated with Dox-based
regimens. Second, mtDox exploited a metabolic signature typ-
ical of chemoresistant cells—i.e., the hyperactive mitochondrial
metabolism—and hit energy pathways that are crucial for drug-
resistant tumors. This drug conjugate produced promising
results that may be applied to the treatment of Pgp-expressing
osteosarcomas. These results may pave the way for the potential
use of mtDox in clinical settings, in particular for patients with
Pgp-positive osteosarcomas or as a possible second-line treat-
ment for relapsed patients.
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Supplementary materials 

Supplementary Figures  

 

Supplementary Figure S1. Chemical structure of mitochondria-targeted doxorubicin. 
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Supplementary Figure S2. Expression of Pgp and MRP1 in doxorubicin-sensitive and 

doxorubicin-resistant osteosarcoma cells 

Human Dox-sensitive U-2OS cells and Dox-resistant variants (U-2OS/DX30, U-2OS/DX100, U-

2OS/DX580), human Dox-sensitive Saos-2 cells and Dox-resistant variants (Saos-2/DX30, Saos-

2/DX100, Saos-2/DX580) were analyzed for the surface expression of ABCB1/Pgp and 

ABCC1/MRP1 by flow cytometry in duplicate. The figure is representative of 1 out of 3 

experiments. 
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Supplementary Figure S3. Intracellular accumulation and cytotoxicity of mitochondria-

targeted doxorubicin in drug-sensitive Saos-2 cells and in their resistant variants, and in 

K7M2 cells 

A. Dox-sensitive Saos-2 cells and Dox-resistant variants (Saos-2/DX30, Saos-2/DX100, Saos-

2/DX580) were incubated with 5 μmol/L Dox or mtDox for 24 h. The amount of Dox in whole cell 

lysates was measured spectrofluorimetrically in duplicate. Data are presented as means + SD (n= 3). 

Versus Saos-2 cells: * p < 0.01; mtDox versus Dox: ° p < 0.05. B. Cells were grown for 72 h in 

fresh medium (Ctrl), in medium containing 5 μmol/L Dox or mtDox, then stained with neutral red 

solution in quadruplicate. The results were expressed as a percentage of viable cells versus 

untreated cells. Data are presented as means + SD (n= 3). Versus respective Ctrl: * p < 0.005; 

mtDox versus Dox: ° p < 0.005. C. Murine osteosarcoma K7M2 cells were lysed and subjected to 

the Western blot analysis of ABCB1/Pgp. The resistant U-2OS/DX580 and Saos-2/DX580 variants 
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were included as control of Pgp-overexpressing cells. The β-tubulin expression was used as a 

control of equal protein loading. The figure is representative of 1 out of 2 experiments. D. K7M2 

cells were incubated for 24 h with 5 μmol/L Dox or mtDox. The amount of Dox was measured 

spectrofluorimetrically in duplicate. Data are presented as means + SD (n= 3). mtDox versus Dox: * 

p < 0.01. E. Cells were grown for 72 h in fresh medium (Ctrl), in medium containing 5 μmol/L Dox 

or mtDox, then stained with neutral red solution in quadruplicate. The results were expressed as a 

percentage of viable cells versus untreated cells. Data are presented as means + SD (n= 3). Versus 

Ctrl: * p < 0.002; mtDox versus Dox: ° p < 0.002. 

  



Targeting mitochondria to overcome drug resistance in osteosarcoma 

 

5 
 

 

Supplementary Figure S4. Intracellular accumulation and cytotoxicity of mitochondria-

targeted doxorubicin in non-transformed osteoblasts and cardiomyocytes 

Human non-transformed osteoblasts and rat neonatal H9c2 cardiomyocytes were cultured for 24 h 

(panels A, B, D, E) or 72 h (panels C, F) in fresh medium (Ctrl), in medium containing 5 μmol/L 

Dox or mtDox. A and D. The amount of Dox in whole cell lysates was measured 

spectrofluorimetrically in duplicate. Data are presented as means + SD (n= 3). mtDox versus Dox: * 

p < 0.02. B and E. The release of LDH in the extracellular medium was measured 

spectrophotometrically in duplicate. Data are presented as means + SD (n= 3). Versus respective 

Ctrl: * p < 0.005; mtDox versus Dox: ° p < 0.01. C and F. Cells were stained with neutral red 

solution in quadruplicate. The results were expressed as a percentage of viable cells versus 

untreated cells. Data are presented as means + SD (n= 4). Versus respective Ctrl: * p < 0.01; mtDox 

versus Dox: ° p < 0.02. 

  



Targeting mitochondria to overcome drug resistance in osteosarcoma 

 

6 
 

 

Supplementary Figure S5. Immunohistochemical analysis of drug-resistant osteosarcoma 

treated with mitochondria-targeted doxorubicin 

Six week-old female NOD SCID BALB/c mice were inoculated s.c. with 1 x 10
7
 U-2OS cells. 

When the tumor reached the volume of 50 mm
3
 (day 7), the animals were randomized and treated 

on days 7, 14, 21, 28 as follows: 1) Ctrl group, treated with 0.1 mL saline solution i.v.; 2) Dox 

group, treated with 5 mg/kg Dox i.v.; 3) mtDox group, treated with 5 mg/kg mitochondria-targeted 

Dox i.v. Animals were sacrificed on day 35. A. Sections of tumors from each group of animals were 

stained with hematoxylin and eosin (HE) or immunostained for the proliferation marker Ki67, the 

apoptotic marker cleaved caspase 3, the immunogenic death marker calreticulin (CRT), the DC 
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marker CD11c. Nuclei were counterstained with hematoxylin. Bar = 10 µm. The photographs are 

representative of sections from 5 tumors/group. B. Quantification of immunohistochemical images, 

performed on sections from 5 animals of each group (105-83 nuclei/field). The percentage of 

proliferating cells was determined by the ratio Ki67-positive nuclei/total number (hematoxylin-

positive) of nuclei using ImageJ software (http://imagej.nih.gov/ij/). The ctrl group percentage was 

considered 100%. The percentage of caspase 3-positive and CRT-positive cells was determined by 

Photoshop program. The number of CD11c-positive cells/field was calculated by ImageJ software. 

Data are presented as means + SD. Versus Ctrl group: * p < 0.02; mtDox group versus Dox group: 

° p < 0.01. 
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Supplementary Figure S6. Dose-response effects of mitochondria-targeted doxorubicin on 

drug-resistant osteosarcoma in vivo 

Six week-old female BALB/c mice were inoculated s.c. with 1 x 10
6
 K7M2 cells. When the tumor 

reached the volume of 50 mm
3
 (day 7), the animals (10 mice/group) were randomized and treated 

on days 7, 14, 21, 28 with 0.1 mL saline solution i.v. (Ctrl group) or with 0.5, 1, 2.5, 5 mg/kg 

mtDox. Tumor growth monitored by caliper measurements. Arrows represent saline or mtDox 

injections. Data are presented as means ± SD. 1, 2.5, 5 mg/kg mtDox group versus Ctrl group: * p < 

0.01. 
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Supplementary Figure S7. Effects of mitochondria-targeted doxorubicin on drug-sensitive 

osteosarcoma in vivo 

Six week-old female NOD SCID BALB/c mice were inoculated s.c. with 1 x 10
7
 U-2OS cells. 

When the tumor reached the volume of 50 mm
3
 (day 7), the animals were randomized and treated 

on days 7, 14, 21, 28 as it follows: 1) Ctrl group, treated with 0.1 mL saline solution i.v.; 2) Dox 

group, treated with 5 mg/kg Dox i.v.; 3) mtDox group, treated with 5 mg/kg mitochondria-targeted 

Dox i.v. Arrows represent saline or drug injections. Data are presented as means ± SD. Dox/mtDox 

group versus Ctrl group: * p < 0.001. 
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Supplementary Tables 

Supplementary Table S1. IC50 (μmol/L) of doxorubicin and mitochondria-targeted 

doxorubicin 

Cell line Dox mtDox 

U-2OS 3.91 + 0.43 1.09 + 0.12 ° 

U-2OS/DX30 25.62 + 1.16 * 2.35 + 0.28 ° 

U-2OS/DX100 79.67 + 6.17 * 4.68 + 0.99 ° 

U-2OS/DX580 124.18 + 11.07 * 10.71 + 0.87 ° 

Saos-2 4.55 + 0.71  2.31 + 0.23 ° 

Saos-2/DX30 18.78 + 2.37 *  3.81 + 0.42 ° 

Saos-2/DX100 53.29 + 8.93 *  6.17 + 0.52 ° 

Saos-2/DX580 109.82 + 21.09 *  9.71 + 0.87 ° 

K7M2 75.71 + 4.77  8.54 + 0.41 ° 

Primary osteoblasts 4.93 + 0.29  27.52 + 4.11 ° 

H9c2 0.72 + 0.08  12.39 + 5.27 ° 

Cells were incubated for 72 h with increasing concentrations (1 nmol/L-1 mmol/L) of Dox or 

mtDox, then stained in quadruplicate with neutral red. Data are presented as means + SD (n = 3). 

Dox-resistant variants versus their parental cells: * p < 0.001; mtDox versus Dox: °p < 0.001. 
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Supplementary Table S2. Expression of mitochondria-related genes in U-2OS cells and 

resistant variants  

Gene Fold change 

DX30  

versus 

U-2OS 

p value Fold change 

DX100  

versus 

U-2OS 

p value Fold change 

DX580 

versus 

U-2OS 

p value Biological function 

AIFM2 1.66 0.02 1.42 0.005 1.04 Ns Apoptosis induction 

ATP12A 0.34 0.005 0.45 0.02 1.70 Ns H+/ATP exchange 

ATP4A 0.33 0.005 0.45 0.02 1.70 Ns H+/ATP exchange 

ATP4B 0.34 0.005 0.45 0.02 1.67 Ns H+/ATP exchange 

ATP50 1.29 Ns 2.40 0.001 3.71 0.001 ATP synthase subunit 

ATP5A1 2.24 0.002 5.82 0.001 6.38 0.001 ATP synthase subunit 

ATP5B 2.09 0.005 2.96 0.001 3.93 0.001 ATP synthase subunit 

ATP5C1 1.38 0.05 2.91 0.001 2.26 0.001 ATP synthase subunit 

ATP5F1 1.70 0.01 4.62 0.001 4.91 0.001 ATP synthase subunit 

ATP5G1 3.40 0.001 2.53 0.001 2.42 0.001 ATP synthase subunit 

ATP5G2 1.72 0.01 2.24 0.001 2.42 0.001 ATP synthase subunit 

ATP5G3 1.80 0.01 2.29 0.001 5.41 0.001 ATP synthase subunit 

ATP5I 1.82 0.005 3.4 0.001 3.93 0.001 ATP synthase subunit 

ATP5J 1.59 0.001 5.92 0.001 6.38 0.001 ATP synthase subunit 

ATP5J2 3.17 0.001 2.06 0.001 3.93 0.001 ATP synthase subunit 

ATP5L 4.41 0.001 4.49 0.001 10.38 0.001 ATP synthase subunit 

BAK1 1.55 0.02 1.10 Ns 1.42 Ns Apoptosis induction 

BBC3 1.44 Ns 1.52 Ns 0.88 Ns Apoptosis induction 

BCL2 1.35 0.05 0.88 Ns 1.13 Ns Apoptosis inhibition 

BCL2L1 1.78 0.001 0.73 Ns 1.17 Ns Apoptosis induction 

BCS1L 1.82 0.005 1.82 0.001 1.39 0.01 Ubiquinol-cytochrome c reductase assembly 

BID 1.55 0.02 1.19 Ns 1.59 Ns Apoptosis induction 

BNIP3 1.18 Ns 1.99 Ns 1.90 Ns Apoptosis induction 

COX10 1.66 0.01 1.41 Ns 4.02 0.05 Cytochrome c oxidase assembly 

COX18 1.78 0.02 1.40 Ns 2.05 0.02 Cytochrome c oxidase assembly 

COX412 1.70 Ns 0.45 0.02 0.34 0.01 Cytochrome c oxidase subunit 

COX4I1 0.79 Ns 2.40 0.001 2.39 0.01 Cytochrome c oxidase assembly 

COX5A 1.95 0.005 4.16 0.001 2.59 0.001 Cytochrome c oxidase subunit 

COX5B 1.95 0.005 4.16 0.001 5.81 0.001 Cytochrome c oxidase subunit 

COX6A1 1.70 0.01 0.81 0.001 0.71 0.02 Cytochrome c oxidase subunit 

COX6A2 3.32 0.01 0.41 0.001 0.34 0.001 Cytochrome c oxidase subunit 

COX6B1 2.41 0.005 1.16 0.001 1.71 0.001 Cytochrome c oxidase assembly/regulation 

COX6C 1.38 0.05 1.49 0.05 2.26 0.001 Cytochrome c oxidase assembly/regulation 

COX7A2 2.24 0.005 1.86 0.001 1.71 0.001 Cytochrome c oxidase assembly/regulation 

COX7A2L 1.29 Ns 3.81 0.001 4.21 0.001 Cytochrome c oxidase assembly/regulation 

COX7B 0.85 0.002 1.96 0.001 2.11 0.001 Cytochrome c oxidase subunit 
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COX8A 2.09 0.001 4.53 0.001 4.51 0.001 Cytochrome c oxidase regulation 

CPT1 1.66 0.01 2.05 0.05 3.30 0.05 Long chain fatty acylcoA import/β-oxidation 

CPT2 1.55 0.02 2.04 0.05 3.42 0.01 Long chain fatty acylcoA import/β-oxidation 

CYC1 1.95 0.005 3.24 0.001 3.98 0.001 Electron transport 

DMM1L 1.91 0.01 2.16 0.02 3.18 0.05 Control of mitochondria morphology 

FIS1 1.35 0.05 1.52 Ns 2.71 0.05 Control of mitochondria fission 

FXC1 1.45 0.05 0.78 Ns 1.05 Ns Mitochondrial proteins import 

HSP90A1 1.26 Ns 2.26 0.05 4.40 0.05 Proteins chaperon 

HSPD1 1.26 Ns 2.16 0.05 3.33 0.05 Mitochondrial proteins chaperon 

IMMP1L 1.45 0.05 1.24 0.05 2.01 0.05 Mitochondrial proteins processing/import 

IMMP2L 0.59 0.001 0.80 Ns 1.56 Ns Mitochondrial proteins processing/import 

LRPPRC 1.10 Ns 1.42 Ns 1.59 Ns Mitochondrial transcription factor 

MFN1 0.63 0.02 0.86 Ns 1.15 Ns Control of mitochondria fusion 

MFN2 2.19 0.002 2.43 0.05 3.49 0.05 Control of mitochondria fusion 

MIPEP 1.78 0.01 1.39 Ns 2.47 0.05 Mitochondrial proteins processing 

MPV17 1.66 0.01 1.18 Ns 1.45 0.005 Metabolism of mitochondrial ROS 

MTX2 0.72 0.05 1.18 Ns 3.11 0.001 Mitochondrial proteins import 

NDUFA1 1.82 0.005 1.40 0.001 1.71 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFA10 1.70 0.01 1.38 0.001 1.70 0.002 NADH:ubiquinone oxidoreductase subunit 

NDUFA11 2.58 0.001 5.29 0.001 6.84 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFA2 1.70 0.01 5.16 0.001 6.41 0.001 NADH:ubiquinone oxidoreductase assembly 

NDUFA3 1.95 0.005 0.29 0.001 0.40 0.05 NADH:ubiquinone oxidoreductase subunit 

NDUFA4 1.82 0.005 1.91 0.001 3.96 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFA5 1.70 0.01 2.19 0.001 2.26 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFA6 2.09 0.005 1.91 0.001 2.11 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFA7 1.48 0.02 2.24 0.001 4.21 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFA8 1.70 0.01 2.78 0.001 8.38 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFAB1 2.76 0.001 4.12 0.001 6.35 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFAB10 2.76 0.001 3.91 0.001 3.93 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFB2 1.95 0.005 5.92 0.001 6.38 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFB3 2.09 0.005 3.81 0.001 3.97 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFB4 1.82 0.005 2.59 0.001 5.16 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFB5 0.79 Ns 1.71 0.001 4.19 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFB6 1.59 0.01 3.67 0.001 3.91 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFB7 3.65 0.005 2.24 0.001 7.86 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFB8 1.82 0.005 2.42 0.001 8.38 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFB9 2.96 0.001 1.83 0.001 6.35 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFC1 2.24 0.002 1.26 0.001 4.19 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFC2 1.38 0.05 2.26 0.001 3.40 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFS1 0.85 Ns 4.81 0.001 3.67 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFS2 1.29 Ns 3.65 0.001 3.19 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFS3 2.41 0.002 3.19 0.001 5.53 0.001 NADH:ubiquinone oxidoreductase subunit 
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NDUFS4 1.59 0.01 2.59 0.001 4.49 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFS5 2.24 0.002 2.78 0.001 5.16 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFS6 2.24 0.005 4.81 0.001 4.84 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFS7 1.82 0.001 3.93 0.001 4.49 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFS8 2.76 0.001 14.49 0.001 16.76 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFV1 4.19 0.001 2.98 0.001 3.65 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFV2 1.59 0.01 1.29 0.001 1.05 Ns NADH:ubiquinone oxidoreductase subunit 

NDUFV3 1.20 Ns 1.49 0.002 2.24 0.001 NADH:ubiquinone oxidoreductase subunit 

OPA1 1.45 0.05 1.79 0.05 2.01 0.05 Control of mitochondria network 

OXA1L 1.59 0.005 2.11 0.001 3.65 0.001 Cytochrome c oxidase assembly 

RHOT1 1.55 0.02 1.39 Ns 2.71 0.05 Control of mitochondria fission and fusion 

RHOT2 1.91 0.005 0.62 Ns 1.15 Ns Control of mitochondria fission and fusion 

SDHA 1.17 Ns 1.48 0.005 1.83 0.001 Succinate dehydrogenase subunit 

SDHB 1.59 0.01 2.29 0.001 4.21 0.001 Succinate dehydrogenase subunit 

SDHC 1.38 0.05 1.58 0.001 1.83 0.001 Succinate dehydrogenase subunit 

SDHD 1.29 Ns 1.35 0.001 2.98 0.001 Succinate dehydrogenase subunit 

SH3SGLB1 1.45 0.05 1.84 Ns 1.53 Ns Apoptosis induction 

SLC25A1 2.52 0.002 2.74 0.02 5.29 0.05 Tricarboxylic acids import 

SLC25A10 2.35 0.005 2.66 0.02 6.22 0.05 Mitochondrial proteins import 

SLC25A12 1.78 0.01 1.39 0.02 1.96 0.02 Dicarboxylic acids import 

SLC25A13 1.02 Ns 1.50 Ns 1.87 Ns Aspartic acid/glutamic acid exchange 

SLC25A14 1.91 0.01 1.42 Ns 2.30 0.02 Aspartic acid/glutamic acid exchange 

SLC25A15 1.55 0.02 2.01 0.05 3.57 0.05 Ornithine import 

SLC25A19 3.10 0.002 4.01 0.05 6.93 0.05 Thiamine pyrophosphate import 

SLC25A2 4.09 0.001 4.53 0.05 4.70 0.05 Mitochondrial proteins import 

SLC25A20 2.46 0.002 3.10 0.05 3.74 0.001 Carnitine/acylcarnitine translocation 

SLC25A21 2.76 0.01 5.07 0.05 5.77 0.05 Oxodicarboxylic acids import 

SLC25A22 1.35 0.05 0.14 0.05 1.29 0.05 Glutamate import 

SLC25A23 0.72 0.05 1.39 Ns 2.01 0.05 Phosphate import 

SLC25A24 1.66 0.01 1.71 0.01 2.77 0.05 Phosphate import 

SLC25A25 1.35 0.05 0.96 0.01 1.07 Ns Phosphate import 

SLC25A27 0.59 0.01 0.16 0.01 0.13 0.001 OXPHOS/ATP synthesis uncoupling  

SLC25A3 1.78 0.01 0.82 Ns 4.30 0.05 Phosphate/hydroxyl ions exchange 

SLC25A31 2.44 0.01 2.52 0.05 2.41 0.005 Adenine nucleotide translocation 

SLC25A37 1.55 0.02 0.92 Ns 0.74 Ns Iron import 

SLC25A4 1.10 Ns 2.98 0.05 3.18 0.05 Adenine nucleotide translocation 

SLC25A5 1.26 Ns 2.72 0.05 2.65 0.05 Adenine nucleotide translocation 

SOD1 1.26 Ns 1.09 Ns 4.01 0.05 ROS protection (cytosol) 

SOD2 1.48 0.005 3.39 0.001 4.30 0.001 ROS protection (mitochondria) 

STARD3 1.02 Ns 0.94 Ns 1.07 Ns Cholesterol import 

TIMM10 2.05 0.005 3.34 0.05 4.30 0.05 Protein insertion in the inner membrane 

TIMM17A 2.35 0.005 2.78 0.02 4.72 0.05 Protein insertion in the inner membrane 
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TIMM17B 1.10 Ns 1.45 Ns 2.01 0.05 Protein insertion in the inner membrane 

TIMM8A 1.91 0.01 1.88 Ns 3.66 0.05 Protein insertion in the inner membrane 

TIMM8B 1.66 0.01 3.58 0.02 5.54 0.05 Protein insertion in the inner membrane 

TIMM9 1.26 Ns 2.84 0.05 2.30 0.05 Protein insertion in the inner membrane 

TOMM20 1.35 0.05 1.46 Ns 1.35 0.05 Mitochondrial proteins import 

TOMM22 3.35 0.01 3.13 0.05 3.01 0.05 Mitochondrial proteins import 

TOMM34 1.45 0.05 0.90 Ns 3.66 0.05 Mitochondrial proteins import 

TOMM40 2.19 0.005 2.48 0.02 2.65 0.01 Mitochondrial proteins import 

TOMM70A 1.78 0.01 1.75 0.01 3.74 0.002 Mitochondrial proteins import 

TSPO 1.18 Ns 1.42 Ns 2.25 0.05 Cholesterol import 

UCP1 2.44 0.05 1.34 Ns 0.42 0.05 OXPHOS/ATP synthesis uncoupling  

UCP2 3.34 0.005 2.12 0.05 2.10 0.05 OXPHOS/ATP synthesis uncoupling  

UCP3 9.19 0.001 9.01 0.05 3.12 0.05 OXPHOS/ATP synthesis uncoupling  

UQCR11 2.58 0.001 3.42 0.001 4.81 0.001 Ubiquinol-cytochrome c reductase subunit 

UQCRC1 1.29 Ns 2.22 0.001 2.96 0.001 Ubiquinol-cytochrome c reductase subunit 

UQCRC2 2.41 0.002 3.67 0.001 5.53 0.001 Ubiquinol-cytochrome c reductase subunit 

UQRCFS1 2.09 0.002 8.42 0.001 15.63 0.001 Ubiquinol-cytochrome c reductase subunit 

UQCRH 2.41 0.002 5.56 0.001 10.31 0.001 Ubiquinol-cytochrome c reductase subunit 

UQCRQ 1.95 0.005 1.71 0.001 3.40 0.001 Ubiquinol-cytochrome c reductase subunit 

OXPHOS: oxidative phosphorylation. 

Fold-Change (2^(- Delta Delta Ct)) is the normalized gene expression (2^(- Delta Ct)) in U-

2OS/DX30, U-2OS/DX100 or U-2OS/DX580 cells, divided the normalized gene expression (2^(- 

Delta Ct)) in U-2OS cells (n= 4), where Ct is the threshold cycle in qRT-PCR; when the fold-

change is less than 1, the value is the negative inverse of the fold-change. Ns: not significant. Bold 

characters: up- or down-regulation more than two-fold. 
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Supplementary Table S3. Expression of mitochondria-related genes in U-2OS cells untreated 

and treated with doxorubicin or mitochondria-targeted doxorubicin 

Gene Fold 

change 

Dox  

versus 

Ctrl 

p value Fold change 

mtDox  

versus  

Ctrl 

p value Biological function 

AIFM2 1.83 0.05 0.71 0.02 Apoptosis induction 

ATP12A 0.80 0.001 0.21 0.001 H+/ATP exchange 

ATP4A 0.71 0.001 0.22 0.001 H+/ATP exchange 

ATP4B 0.80 0.001 0.21 0.001 H+/ATP exchange 

ATP50 0.35 0.001 0.06 0.001 ATP synthase subunit 

ATP5A1 1.29 0.005 1.99 0.005 ATP synthase subunit 

ATP5B 1.21 0.02 1.39 0.002 ATP synthase subunit 

ATP5C1 0.86 0.05 1.13 Ns ATP synthase subunit 

ATP5F1 1.39 0.005 1.26 0.01 ATP synthase subunit 

ATP5G1 1.30 0.01 1.06 Ns ATP synthase subunit 

ATP5G2 0.65 0.001 1.39 0.02 ATP synthase subunit 

ATP5G3 0.99 0.05 1.21 0.05 ATP synthase subunit 

ATP5I 0.70 0.002 0.68 0.01 ATP synthase subunit 

ATP5J 1.49 0.002 1.11 0.01 ATP synthase subunit 

ATP5J2 1.06 Ns 1.97 0.001 ATP synthase subunit 

ATP5L 1.84 0.001 1.21 0.02 ATP synthase subunit 

BAK1 3.42 0.05 3.72 0.001 Apoptosis induction 

BBC3 3.46 0.05 3.17 0.001 Apoptosis induction 

BCL2 0.20 0.05 0.10 0.001 Apoptosis inhibition 

BCL2L1 0.48 0.05 0.31 0.005 Apoptosis inhibition 

BCS1L 0.28 0.001 0.21 0.001 Ubiquinol-cytochrome c reductase assembly 

BID 1.65 0.05 2.76 0.05 Apoptosis induction 

BNIP3 2.48 0.05 2.06 0.05 Apoptosis induction 

COX10 1.01 Ns 1 Ns Cytochrome c oxidase assembly 

COX18 0.54 0.05 0.66 0.005 Cytochrome c oxidase assembly 

COX412 3.20 0.001 0.21 0.001 Cytochrome c oxidase subunit 

COX4I1 0.92 Ns 1.97 0.001 Cytochrome c oxidase assembly 

COX5A 1.30 0.01 0.99 0.005 Cytochrome c oxidase subunit 

COX5B 1.06 Ns 1.60 0.001 Cytochrome c oxidase subunit 

COX6A1 0.70 0.002 0.57 0.001 Cytochrome c oxidase subunit 

COX6A2 1.13 0.005 0.10 0.001 Cytochrome c oxidase subunit 

COX6B1 3.20 0.001 0.92 Ns Cytochrome c oxidase assembly/regulation 

COX6C 1.21 0.02 0.21 0.001 Cytochrome c oxidase assembly/regulation 

COX7A2 0.75 0.005 1.21 0.02 Cytochrome c oxidase assembly/regulation 

COX7A2L 1.81 0.001 2.26 0.002 Cytochrome c oxidase assembly/regulation 

COX7B 0.80 0.01 1.30 0.01 Cytochrome c oxidase subunit 
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COX8A 1.71 0.001 1.30 0.01 Cytochrome c oxidase regulation 

CPT1 0.18 0.001 0.18 0.001 Long chain fatty acylcoA import/β-oxidation 

CPT2 2.06 0.05 0.54 0.005 Long chain fatty acylcoA import/β-oxidation 

CYC1 0.98 Ns 1.06 Ns Electron transport 

DMM1L 0.96 Ns 1.06 Ns Control of mitochondria morphology 

FIS1 1.42 0.05 1.24 Ns Control of mitochondria fission 

FXC1 0.56 0.05 0.60 0.05 Mitochondrial proteins import 

HSP90A1 0.92 Ns 1.20 Ns Proteins chaperon 

HSPD1 0.58 Ns 1.09 Ns Mitochondrial proteins chaperon 

IMMP1L 0.66 0.05 0.41 0.001 Mitochondrial proteins processing/import 

IMMP2L 0.16 0.001 0.24 0.001 Mitochondrial proteins processing/import 

LRPPRC 0.58 Ns 0.95 Ns Mitochondrial transcription factor 

MFN1 0.55 0.05 1.09 Ns Control of mitochondria fusion 

MFN2 1.39 0.05 0.36 0.001 Control of mitochondria fusion 

MIPEP 1.13 Ns 0.79 0.01 Mitochondrial proteins processing 

MPV17 1.33 Ns 0.83 0.05 Metabolism of mitochondrial ROS 

MTX2 1.63 0.005 1.15 Ns Mitochondrial proteins import 

NDUFA1 0.75 0.005 1.30 0.01 NADH:ubiquinone oxidoreductase subunit 

NDUFA10 0.46 0.001 0.35 0.005 NADH:ubiquinone oxidoreductase subunit 

NDUFA11 0.43 0.001 0.27 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFA2 1.71 0.001 1.91 0.005 NADH:ubiquinone oxidoreductase assembly 

NDUFA3 0.24 0.001 0.10 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFA4 0.70 0.002 1.13 Ns NADH:ubiquinone oxidoreductase subunit 

NDUFA5 0.75 0.005 1.06 Ns NADH:ubiquinone oxidoreductase subunit 

NDUFA6 1.06 Ns 1.30 0.01 NADH:ubiquinone oxidoreductase subunit 

NDUFA7 0.86 0.05 1.30 0.01 NADH:ubiquinone oxidoreductase subunit 

NDUFA8 1.26 0.002 1.42 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFAB1 1.39 0.005 1.71 0,001 NADH:ubiquinone oxidoreductase subunit 

NDUFAB10 0.86 0.05 1.13 Ns NADH:ubiquinone oxidoreductase subunit 

NDUFB2 0.79 0.001 1.46 0.005 NADH:ubiquinone oxidoreductase subunit 

NDUFB3 0.42 0.001 0.36 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFB4 0.98 Ns 1.84 0.005 NADH:ubiquinone oxidoreductase subunit 

NDUFB5 1.06 Ns 1.26 0.01 NADH:ubiquinone oxidoreductase subunit 

NDUFB6 0.36 Ns 0.37 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFB7 3.20 0.001 1.97 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFB8 1.13 Ns 1.30 0.005 NADH:ubiquinone oxidoreductase subunit 

NDUFB9 1.20 0.05 0.75 0.005 NADH:ubiquinone oxidoreductase subunit 

NDUFC1 1.06 Ns 1.49 0.002 NADH:ubiquinone oxidoreductase subunit 

NDUFC2 1.30 0.01 1.60 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFS1 0.86 0.05 1.11 Ns NADH:ubiquinone oxidoreductase subunit 

NDUFS2 0.92 Ns 1.60 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFS3 2.11 0.001 2.11 0.001 NADH:ubiquinone oxidoreductase subunit 
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NDUFS4 0.70 0.002 0.97 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFS5 1.30 0.01 1.39 0.02 NADH:ubiquinone oxidoreductase subunit 

NDUFS6 1.84 0.005 1.84 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFS7 1.60 0.001 1.84 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFS8 4.22 0.001 3.43 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFV1 0.98 Ns 0.70 0.02 NADH:ubiquinone oxidoreductase subunit 

NDUFV2 0.30 0.001 0.25 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFV3 0.92 Ns 1.49 0.002 NADH:ubiquinone oxidoreductase subunit 

OPA1 0.84 Ns 0.60 0.005 Control of mitochondria network 

OXA1L 0.80 0.001 0.21 0.001 Cytochrome c oxidase assembly 

RHOT1 0.56 0.05 1 Ns Control of mitochondria fission and fusion 

RHOT2 1.03 Ns 0.22 0.02 Control of mitochondria fission and fusion 

SDHA 0.65 0.001 0.94 Ns Succinate dehydrogenase subunit 

SDHB 1.49 0.002 1.65 0.01 Succinate dehydrogenase subunit 

SDHC 0.91 Ns 1.71 0.02 Succinate dehydrogenase subunit 

SDHD 1.71 0.001 1.42 0.01 Succinate dehydrogenase subunit 

SH3SGLB1 1.27 0.005 1.51 Ns Apoptosis induction 

SLC25A1 2.42 0.001 0.76 0.005 Tricarboxylic acids import 

SLC25A10 2.98 0.001 0.69 0.005 Mitochondrial proteins import 

SLC25A12 0.59 0.05 0.62 0.005 Dicarboxylic acids import 

SLC25A13 0.41 0.01 0.52 0.02 Aspartic acid/glutamic acid exchange 

SLC25A14 1.15 Ns 0.66 0.05 Aspartic acid/glutamic acid exchange 

SLC25A15 1.48 0.05 1.06 Ns Ornithine import 

SLC25A19 1.88 0.05 0.29 0.01 Thiamine pyrophosphate import 

SLC25A2 1.88 0.02 0.19 0.001 Mitochondrial proteins import 

SLC25A20 0.98 Ns 0.55 0.01 Carnitine/acylcarnitine translocation 

SLC25A21 0.91 Ns 0.76 0.005 Oxodicarboxylic acids import 

SLC25A22 0.82 Ns 0.40 0.001 Glutamate import 

SLC25A23 0.96 Ns 1.26 Ns Phosphate import 

SLC25A24 1.10 Ns 0.91 Ns Phosphate import 

SLC25A25 0.56 0.05 0.41 0.02 Phosphate import 

SLC25A27 2.10 0.001 2.55 0.05 OXPHOS/ATP synthesis uncoupling  

SLC25A3 1.49 0.05 1.51 Ns Phosphate/hydroxyl ions exchange 

SLC25A31 1.01 Ns 1.09 Ns Adenine nucleotide translocation 

SLC25A37 0.41 0.01 0.19 0.001 Iron import 

SLC25A4 1.60 0.05 1.58 Ns Adenine nucleotide translocation 

SLC25A5 1.05 Ns 1.34 Ns Adenine nucleotide translocation 

SOD1 0.20 0.001 0.38 0.02 ROS protection (cytosol) 

SOD2 0.42 0.001 0.40 0.05 ROS protection (mitochondria) 

STARD3 0.86 0.02 0.45 0.02 Cholesterol import 

TIMM10 1.56 0.01 1.20 Ns Protein insertion in the inner membrane 

TIMM17A 1.71 0.001 0.95 Ns Protein insertion in the inner membrane 
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TIMM17B 1.63 0.02 0.79 0.01 Protein insertion in the inner membrane 

TIMM8A 1.67 0.02 1.00 Ns Protein insertion in the inner membrane 

TIMM8B 3.63 0.001 1.74 0.05 Protein insertion in the inner membrane 

TIMM9 0.60 Ns 1.20 Ns Protein insertion in the inner membrane 

TOMM20 0.41 0.01 0.20 0.001 Mitochondrial proteins import 

TOMM22 1.67 0.01 1.20 Ns Mitochondrial proteins import 

TOMM34 1.21 Ns 1.51 Ns Mitochondrial proteins import 

TOMM40 1.67 0.02 0.40 0.02 Mitochondrial proteins import 

TOMM70A 1.21 Ns 1.09 Ns Mitochondrial proteins import 

TSPO 1.13 Ns 1.15 Ns Cholesterol import 

UCP1 3.46 0.001 3.17 0.002 OXPHOS/ATP synthesis uncoupling  

UCP2 4.12 0.001 3.44 0.001 OXPHOS/ATP synthesis uncoupling  

UCP3 4.12 0.001 3.18 0.005 OXPHOS/ATP synthesis uncoupling  

UQCR11 1.39 0.005 1.60 0.001 Ubiquinol-cytochrome c reductase subunit 

UQCRC1 1.49 0.002 1.30 0.01 Ubiquinol-cytochrome c reductase subunit 

UQCRC2 1.06 Ns 1.60 0.001 Ubiquinol-cytochrome c reductase subunit 

UQRCFS1 0.42 0.001 0.68 0.001 Ubiquinol-cytochrome c reductase subunit 

UQCRH 1.60 0.001 1.11 0.05 Ubiquinol-cytochrome c reductase subunit 

UQCRQ 1.13 Ns 0.92 Ns Ubiquinol-cytochrome c reductase subunit 

Ctrl: untreated cells; Dox: cells treated with 5 μmol/L Dox for 24 h; mtDox: cells treated with 5 

μmol/L mtDox for 24 h; OXPHOS: oxidative phosphorylation. 

Fold-Change (2^(- Delta Delta Ct)) is the normalized gene expression (2^(- Delta Ct)) in Dox- or 

mtDox-treated U-2OS cells, divided the normalized gene expression (2^(- Delta Ct)) in untreated 

cells (n= 4), where Ct is the threshold cycle in qRT-PCR; when the fold-change is less than 1, the 

value was the negative inverse of the fold-change. Ns: not significant. Bold characters: up- or 

down-regulation more than two-fold. 
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Supplementary Table S4. Expression of mitochondria-related genes in U-2OS/DX580 cells 

untreated and treated with doxorubicin or mitochondria-targeted doxorubicin 

Gene Fold change 

Dox  

versus 

Ctrl 

p value Fold change 

mtDox  

versus 

Ctrl 

p value Biological function 

AIFM2 1.58 Ns 0.71 0.002 Apoptosis induction 

ATP12A 1.22 Ns 0.23 0.001 H+/ATP exchange 

ATP4A 1.26 Ns 0.21 0.001 H+/ATP exchange 

ATP4B 1.28 Ns 0.21 0.001 H+/ATP exchange 

ATP50 1.66 0.05 1.62 0.001 ATP synthase subunit 

ATP5A1 1.67 0.01 1.46 0.001 ATP synthase subunit 

ATP5B 1.34 0.02 1.31 0.01 ATP synthase subunit 

ATP5C1 1.22 Ns 1.44 0.001 ATP synthase subunit 

ATP5F1 2.01 0.02 1.76 0.002 ATP synthase subunit 

ATP5G1 1.26 Ns 0.76 0.005 ATP synthase subunit 

ATP5G2 1.37 Ns 0.41 0.001 ATP synthase subunit 

ATP5G3 0.89 Ns 0.51 0.001 ATP synthase subunit 

ATP5I 1.11 Ns 1.23 Ns ATP synthase subunit 

ATP5J 1.26 0.05 1.62 0.005 ATP synthase subunit 

ATP5J2 2.07 0.01 0.22 0.001 ATP synthase subunit 

ATP5L 1.21 0.02 0.33 0.001 ATP synthase subunit 

BAK1 1.00 Ns 2.72 0.001 Apoptosis induction 

BBC3 1.23 Ns 2.19 0.001 Apoptosis induction 

BCL2 1.03 0.05 0.43 0.001 Apoptosis inhibition 

BCL2L1 0.93 Ns 0.29 0.005 Apoptosis inhibition 

BCS1L 0.66 0.05 0.41 0.001 Ubiquinol-cytochrome c reductase assembly 

BID 1.89 0.05 2.76 0.01 Apoptosis induction 

BNIP3 1.26 Ns 2.09 0.05 Apoptosis induction 

COX10 1.44 Ns 1 Ns Cytochrome c oxidase assembly 

COX18 0.72 0.02 0.66 0.05 Cytochrome c oxidase assembly 

COX412 1.21 Ns 0.20 0.001 Cytochrome c oxidase subunit 

COX4I1 2.11 0.01 2.14 0.001 Cytochrome c oxidase assembly 

COX5A 1.78 0005 1.86 0.001 Cytochrome c oxidase subunit 

COX5B 1.09 Ns 1.11 Ns Cytochrome c oxidase subunit 

COX6A1 0.98 Ns 0.41 0.001 Cytochrome c oxidase subunit 

COX6A2 1.00 Ns 0.29 0.001 Cytochrome c oxidase subunit 

COX6B1 0.92 Ns 1.20 0.05 Cytochrome c oxidase assembly/regulation 

COX6C 1.21 Ns 0.43 0.001 Cytochrome c oxidase assembly/regulation 

COX7A2 1.23 Ns 1.23 Ns Cytochrome c oxidase assembly/regulation 

COX7A2L 1.26 Ns 1.28 0.02 Cytochrome c oxidase assembly/regulation 

COX7B 1.39 Ns 1.41 0.02 Cytochrome c oxidase subunit 
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COX8A 1.30 Ns 1.51 0.02 Cytochrome c oxidase regulation 

CPT1 1.04 0.05 0.24 0.05 Long chain fatty acylcoA import/β-oxidation 

CPT2 0.81 Ns 0.37 0.02 Long chain fatty acylcoA import/β-oxidation 

CYC1 1.51 0.002 1.23 Ns Electron transport 

DMM1L 1.04 Ns 1.24 Ns Control of mitochondria morphology 

FIS1 1.44 Ns 1.06 Ns Control of mitochondria fission 

FXC1 1.55 0.02 0.40 0.05 Mitochondrial proteins import 

HSP90A1 1.44 Ns 1.20 Ns Proteins chaperon 

HSPD1 1.15 Ns 1.09 Ns Mitochondrial proteins chaperon 

IMMP1L 1.79 0.01 0.41 0.005 Mitochondrial proteins processing/import 

IMMP2L 1.81 Ns 1.82 Ns Mitochondrial proteins processing/import 

LRPPRC 0.91 Ns 0.95 Ns Mitochondrial transcription factor 

MFN1 0.95 Ns 0.36 0.05 Control of mitochondria fusion 

MFN2 0.83 0.05 0.39 0.02 Control of mitochondria fusion 

MIPEP 1.05 Ns 0.79 Ns Mitochondrial proteins processing 

MPV17 0.79 0.01 1.15 Ns Metabolism of mitochondrial ROS 

MTX2 0.45 0.02 0.31 0.02 Mitochondrial proteins import 

NDUFA1 0.77 0.01 1.23 0.005 NADH:ubiquinone oxidoreductase subunit 

NDUFA10 0.97 Ns 0.76 0.005 NADH:ubiquinone oxidoreductase subunit 

NDUFA11 1.56 0.005 1.62 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFA2 1.34 0.01 0.29 0.001 NADH:ubiquinone oxidoreductase assembly 

NDUFA3 1.51 0.01 0.08 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFA4 1.13 Ns 1.29 Ns NADH:ubiquinone oxidoreductase subunit 

NDUFA5 1.78 0.02 1.63 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFA6 1.30 0.05 1.51 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFA7 1.24 Ns 1.17 0.05 NADH:ubiquinone oxidoreductase subunit 

NDUFA8 1.61 0.001 1.02 Ns NADH:ubiquinone oxidoreductase subunit 

NDUFAB1 1.23 Ns 1.41 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFAB10 1.45 0.05 1.15 Ns NADH:ubiquinone oxidoreductase subunit 

NDUFB2 1.42 0.05 1.71 0.05 NADH:ubiquinone oxidoreductase subunit 

NDUFB3 1.26 0.05 0.50 0.02 NADH:ubiquinone oxidoreductase subunit 

NDUFB4 1.84 0.02 0.63 0.05 NADH:ubiquinone oxidoreductase subunit 

NDUFB5 1.23 Ns 0.40 0.01 NADH:ubiquinone oxidoreductase subunit 

NDUFB6 1.56 Ns 1.14 Ns NADH:ubiquinone oxidoreductase subunit 

NDUFB7 1.56 0.05 1.41 0.01 NADH:ubiquinone oxidoreductase subunit 

NDUFB8 1.29 0.05 1.99 0.005 NADH:ubiquinone oxidoreductase subunit 

NDUFB9 0.78 0.05 0.81 0.02 NADH:ubiquinone oxidoreductase subunit 

NDUFC1 1.42 0.01 1.41 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFC2 1.60 0.01 1.23 0.005 NADH:ubiquinone oxidoreductase subunit 

NDUFS1 1.72 0.002 1.46 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFS2 1.11 Ns 1.74 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFS3 0.78 Ns 0.24 0.001 NADH:ubiquinone oxidoreductase subunit 
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NDUFS4 1.62 0.001 1.13 Ns NADH:ubiquinone oxidoreductase subunit 

NDUFS5 1.28 0.05 0.38 0.005 NADH:ubiquinone oxidoreductase subunit 

NDUFS6 1.36 Ns 1.46 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFS7 1.17 Ns 1.51 0.002 NADH:ubiquinone oxidoreductase subunit 

NDUFS8 2.11 0.05 3.46 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFV1 1.01 Ns 0.37 0.001 NADH:ubiquinone oxidoreductase subunit 

NDUFV2 1.32 Ns 1.12 Ns NADH:ubiquinone oxidoreductase subunit 

NDUFV3 0.71 Ns 0.81 Ns NADH:ubiquinone oxidoreductase subunit 

OPA1 1.02 0.002 0.16 0.001 Control of mitochondria network 

OXA1L 1.56 0.02 0.46 0.005 Cytochrome c oxidase assembly 

RHOT1 0.63 0.01 0.52 0.05 Control of mitochondria fission and fusion 

RHOT2 1.16 0.001 0.22 0.05 Control of mitochondria fission and fusion 

SDHA 1.32 Ns 0.61 0.001 Succinate dehydrogenase subunit 

SDHB 1.89 0.001 1.34 0.001 Succinate dehydrogenase subunit 

SDHC 1.42 0.002 0.87 0.05 Succinate dehydrogenase subunit 

SDHD 1.70 0.002 1.99 0.001 Succinate dehydrogenase subunit 

SH3SGLB1 1.32 Ns 1.51 0.05 Apoptosis induction 

SLC25A1 0.79 0.005 0.56 0.01 Tricarboxylic acids import 

SLC25A10 1 Ns 0.46 0.005 Mitochondrial proteins import 

SLC25A12 0.83 0.05 0.49 0.005 Dicarboxylic acids import 

SLC25A13 0.76 0.01 0.42 0.01 Aspartic acid/glutamic acid exchange 

SLC25A14 1.91 0.005 0.56 0.005 Aspartic acid/glutamic acid exchange 

SLC25A15 1.71 Ns 0.29 0.001 Ornithine import 

SLC25A19 1.32 Ns 1.09 Ns Thiamine pyrophosphate import 

SLC25A2 0.10 0.05 0.19 0.05 Mitochondrial proteins import 

SLC25A20 1.07 Ns 0.45 0.05 Carnitine/acylcarnitine translocation 

SLC25A21 0.72 0.01 0.76 0.05 Oxodicarboxylic acids import 

SLC25A22 1.69 0.01 0.40 0.05 Glutamate import 

SLC25A23 1.32 Ns 1.26 Ns Phosphate import 

SLC25A24 1.15 Ns 0.70 Ns Phosphate import 

SLC25A25 1.45 0.002 0.41 0.05 Phosphate import 

SLC25A27 1.18 Ns 2.45 0.02 OXPHOS/ATP synthesis uncoupling  

SLC25A3 1.38 Ns 1.51 Ns Phosphate/hydroxyl ions exchange 

SLC25A31 0.72 0.005 1.09 Ns Adenine nucleotide translocation 

SLC25A37 0.81 0.05 0.21 0.002 Iron import 

SLC25A4 1.74 0.05 1.32 Ns Adenine nucleotide translocation 

SLC25A5 1.26 Ns 1.58 Ns Adenine nucleotide translocation 

SOD1 1.38 Ns 0.38 Ns ROS protection (cytosol) 

SOD2 1.09 Ns 0.40 0.05 ROS protection (mitochondria) 

STARD3 1.00 0.02 0.45 0.02 Cholesterol import 

TIMM10 1.26 Ns 1.20 Ns Protein insertion in the inner membrane 

TIMM17A 1.04 Ns 0.75 Ns Protein insertion in the inner membrane 
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TIMM17B 1.26 Ns 0.49 0.01 Protein insertion in the inner membrane 

TIMM8A 1.15 Ns 0.41 0.005 Protein insertion in the inner membrane 

TIMM8B 1.58 Ns 1.74 0.05 Protein insertion in the inner membrane 

TIMM9 1.32 Ns 1.20 Ns Protein insertion in the inner membrane 

TOMM20 0.87 Ns 1.20 Ns Mitochondrial proteins import 

TOMM22 0.40 0.02 0.21 0.001 Mitochondrial proteins import 

TOMM34 1.51 Ns 1.51 Ns Mitochondrial proteins import 

TOMM40 1.06 0.005 0.33 0.05 Mitochondrial proteins import 

TOMM70A 1.20 Ns 0.47 0.02 Mitochondrial proteins import 

TSPO 1.09 Ns 0.17 0.005 Cholesterol import 

UCP1 1.21 Ns 2.19 0.05 OXPHOS/ATP synthesis uncoupling  

UCP2 1.66 0.05 1.44 Ns OXPHOS/ATP synthesis uncoupling  

UCP3 1.21 Ns 2.18 0.05 OXPHOS/ATP synthesis uncoupling  

UQCR11 1.34 Ns 0.93 Ns Ubiquinol-cytochrome c reductase subunit 

UQCRC1 1.65 0.005 1.62 0.001 Ubiquinol-cytochrome c reductase subunit 

UQCRC2 1.32 0.05 0.32 0.001 Ubiquinol-cytochrome c reductase subunit 

UQRCFS1 1.72 0.05 0.30 0.001 Ubiquinol-cytochrome c reductase subunit 

UQCRH 1.19 Ns 1.15 Ns Ubiquinol-cytochrome c reductase subunit 

UQCRQ 0.89 Ns 0.46 0.01 Ubiquinol-cytochrome c reductase subunit 

Ctrl: untreated cells; Dox: cells treated with 5 μmol/L Dox for 24 h; mtDox: cells treated with 5 

μmol/L mtDox for 24 h; OXPHOS: oxidative phosphorylation. 

Fold-Change (2^(- Delta Delta Ct)) is the normalized gene expression (2^(- Delta Ct)) in Dox- or 

mtDox-treated U-2OS/DX580 cells, divided the normalized gene expression (2^(- Delta Ct)) in 

untreated cells (n= 4), where Ct is the threshold cycle in qRT-PCR; when the fold-change is less 

than 1, the value is the negative inverse of the fold-change. Ns: not significant. Bold characters: up- 

or down-regulation more than two-fold. 
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Supplementary Tables S5. qRT-PCR validation of PCR-arrays results in U-2OS, U-

2OS/DX30, U-2OS/DX100, U-2OS/DX580 cells 

Gene name Relative expression  

U-2OS/DX30 vs U-2OS 

Relative expression  

U-2OS/DX30 vs U-2OS 

Relative expression  

U-2OS/DX30 vs U-2OS 

Biological function 

TIMM8B 1.92 + 0.32 * 2.89 + 0.34 * 5.01 + 0.47 * Protein insertion in the inner 

membrane 
TOMM70A 1.72 + 0.21 * 1.81 + 0.29 * 3.34 + 0.27 * Mitochondrial proteins import 

MFN2 2.92 + 0.37 * 2.82 + 0.71 * 3.72 + 0.52 * Control of mitochondria 

fusion 
OPA1 1.26 + 0.12 1.54 + 0.12 * 2.91 + 0.43 * Control of mitochondria 

network 
SLC25A10 2.12 + 0.61 * 2.73 + 0.37 * 5.88 + 0.34 * Dicarboxylic acids import 
CPT1 1.52 + 0.26 2.44 + 0.23 * 3.17 + 0.28 * Long chain fatty acylcoA 

import/β-oxidation 
NDUFA2 1.43 + 0.21 5.03 + 0.47 * 5.99 + 0.71 * NADH:ubiquinone 

oxidoreductase assembly 
NDUFS5 2.35 + 0.36 * 2.67 + 0.11 * 5.56 + 0.43 * NADH:ubiquinone 

oxidoreductase subunit 

UQRCQ 1.76 + 0.33 * 1.82 + 0.32 * 2.47 + 0.55 * Ubiquinol-cytochrome c 

reductase subunit 
UQRCFS1 2.21 + 0.65 * 7.13 + 1.29 * 13.09 + 2.24 * Ubiquinol-cytochrome c 

reductase subunit 
OXA1L 1.26 + 0.21 2.53 + 0.12 * 4.82 + 0.33 * Cytochrome c oxidase 

assembly 
ATP5L 3.67 + 0.56 * 4.45 + 0.87 * 8.33 + 1.21 * ATP synthase subunit 
UCP1 2.02 + 0.35 * 1.18 + 0.21 0.19 + 0.05 * OXPHOS/ATP synthesis 

uncoupling  

SLC25A27 0.62 + 0.12 * 0.26 + 0.11 * 0.13 + 0.06 * OXPHOS/ATP synthesis 

uncoupling 
SOD2 1.54 + 0.31 2.28 + 0.54 * 3.66 + 0.29 * ROS protection 

(mitochondria) 
BAK1 1.23 + 0.22 1.09 + 0.03 0.98 + 0.15 Apoptosis induction 
BCL2 0.93 + 0.21 1.22 + 0.11 1.32 + 0.09 Apoptosis inhibition 

The expression levels of specific mitochondria-related genes, representative of the main biological 

categories screened by PCR arrays (Supplementary Table S2), were validated by qRT-PCR  (n = 3). 

The expression level of each gene in U-2OS cells was considered as 1. The relative expression of 

the other genes was calculated with PrimePCR™ Analysis Software. S14 gene was used as the 

housekeeping gene. Versus U-2OS cells: * p < 0.05.   
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Supplementary Tables S6. qRT-PCR validation of PCR-arrays results in U-2OS cells treated 

with doxorubicin or mitochondria-targeted doxorubicin 

Gene name Relative expression  

Dox vs Ctrl 

Relative expression  

mtDox vs Ctrl 

Biological function 

TIMM8B 3.56 + 0.34 * 1.65 + 0.41 Protein insertion in the inner 

membrane 
TOMM70A 1.12 + 0.11  1.34 + 0.26 Mitochondrial proteins import 

MFN2 1.11 + 0.19 0.27 + 0.11 * Control of mitochondria 

fusion 
OPA1 0.79 + 0.27 0.51 + 0.09 * Control of mitochondria 

network 
SLC25A10 3.09 + 0.45 * 0.62 + 0.20 * Dicarboxylic acids import 
CPT1 0.32 + 0.11 * 0.19 + 0.08 * Long chain fatty acylcoA 

import/β-oxidation 
NDUFA2 1.83 + 0.14 * 1.89 + 0.25 * NADH:ubiquinone 

oxidoreductase assembly 
NDUFS5 1.27 + 0.06  1.35 + 0.09  NADH:ubiquinone 

oxidoreductase subunit 

UQRCQ 1.01 + 0.28 1.14 + 0.28  Ubiquinol-cytochrome c 

reductase subunit 
UQRCFS1 0.59 + 0.18 * 0.63 + 0.12 * Ubiquinol-cytochrome c 

reductase subunit 
OXA1L 0.92 + 0.31 0.42 + 0.11 * Cytochrome c oxidase 

assembly 
ATP5L 1.57 + 0.33  1.26 + 0.05  ATP synthase subunit 
UCP1 3.01 + 0.72 * 3.35 + 0.61 * OXPHOS/ATP synthesis 

uncoupling  

SLC25A27 2.13 + 0.27 * 2.61 + 0.64 * OXPHOS/ATP synthesis 

uncoupling 
SOD2 0.61 + 0.18 * 0.42 + 0.19 * ROS protection 

(mitochondria) 
BAK1 2.93 + 0.34 * 3.37 + 0.71 * Apoptosis induction 
BCL2 0.39 + 0.12 * 0.18 + 0.08 * Apoptosis inhibition 

The expression levels of specific mitochondria-related genes, representative of the main biological 

categories screened by PCR arrays (Supplementary Table S3), were validated by qRT-PCR (n = 3). 

The expression level of each gene in untreated U-2OS cells was considered as 1. The relative 

expression of the other genes was calculated with PrimePCR™ Analysis Software. S14 gene was 

used as the housekeeping gene. Versus untreated U-2OS cells: * p < 0.05.   
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Supplementary Tables S7. qRT-PCR validation of PCR-arrays results in U-2OS/DX580 cells 

treated with doxorubicin or mitochondria-targeted doxorubicin 

Gene name Relative expression  

Dox vs Ctrl 

Relative expression  

mtDox vs Ctrl 

Biological function 

TIMM8B 1.28 + 0.21  1.54 + 0.33 Protein insertion in the inner 

membrane 
TOMM70A 1.07 + 0.21  0.52 + 0.13 * Mitochondrial proteins import 

MFN2 0.95 + 0.13 0.43 + 0.18 * Control of mitochondria 

fusion 
OPA1 0.91 + 0.08 0.21 + 0.10 * Control of mitochondria 

network 
SLC25A10 1.14 + 0.21  0.33 + 0.06 * Dicarboxylic acids import 
CPT1 0.95 + 0.18  0.26 + 0.05 * Long chain fatty acylcoA 

import/β-oxidation 
NDUFA2 1.04 + 0.12  0.21 + 0.03 * NADH:ubiquinone 

oxidoreductase assembly 
NDUFS5 1.04 + 0.19  0.41 + 0.23 *  NADH:ubiquinone 

oxidoreductase subunit 

UQRCQ 1.08 + 0.11 0.61 + 0.15 *  Ubiquinol-cytochrome c 

reductase subunit 
UQRCFS1 1.52 + 0.13  0.33 + 0.07 * Ubiquinol-cytochrome c 

reductase subunit 
OXA1L 1.24 + 0.11 0.61 + 0.17 * Cytochrome c oxidase 

assembly 
ATP5L 1.06 + 0.14  0.41 + 0.19 *  ATP synthase subunit 
UCP1 1.17 + 0.25  2.49 + 0.36 * OXPHOS/ATP synthesis 

uncoupling  

SLC25A27 0.97 + 0.21  2.27 + 0.31 * OXPHOS/ATP synthesis 

uncoupling 
SOD2 0.87 + 0.11  0.36 + 0.14 * ROS protection 

(mitochondria) 
BAK1 1.32 + 0.22  3.11 + 0.39 * Apoptosis induction 
BCL2 1.059 + 0.19 0.37 + 0.13 * Apoptosis inhibition 

The expression levels of specific mitochondria-related genes, representative of the main biological 

categories screened by PCR arrays (Supplementary Table S4), were validated in qRT-PCR (n = 3). 

The expression level of each gene in untreated U-2OS/DX580 cells was considered as 1. The 

relative expression of the other genes was calculated with PrimePCR™ Analysis Software. S14 

gene was used as the housekeeping gene. Versus untreated U-2OS/DX580 cells: * p < 0.05. 
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PERK induces resistance to cell death
elicited by endoplasmic reticulum stress
and chemotherapy
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Abstract

Background: Nutrient deprivation, hypoxia, radiotherapy and chemotherapy induce endoplasmic reticulum (ER)
stress, which activates the so-called unfolded protein response (UPR). Extensive and acute ER stress directs the UPR
towards activation of death-triggering pathways. Cancer cells are selected to resist mild and prolonged ER stress by
activating pro-survival UPR. We recently found that drug-resistant tumor cells are simultaneously resistant to ER
stress-triggered cell death. It is not known if cancer cells adapted to ER stressing conditions acquire a
chemoresistant phenotype.

Methods: To investigate this issue, we generated human cancer cells clones with acquired resistance to ER stress
from ER stress-sensitive and chemosensitive cells.

Results: ER stress-resistant cells were cross-resistant to multiple chemotherapeutic drugs: such multidrug resistance
(MDR) was due to the overexpression of the plasma-membrane transporter MDR related protein 1 (MRP1). Gene
profiling analysis unveiled that cells with acquired resistance to ER stress and chemotherapy share higher
expression of the UPR sensor protein kinase RNA-like endoplasmic reticulum kinase (PERK), which mediated the
erythroid-derived 2-like 2 (Nrf2)-driven transcription of MRP1. Disrupting PERK/Nrf2 axis reversed at the same time
resistance to ER stress and chemotherapy. The inducible silencing of PERK reduced tumor growth and restored
chemosensitivity in resistant tumor xenografts.

Conclusions: Our work demonstrates for the first time that the adaptation to ER stress in cancer cells produces a
MDR phenotype. The PERK/Nrf2/MRP1 axis is responsible for the resistance to ER stress and chemotherapy, and may
represent a good therapeutic target in aggressive and resistant tumors.

Keywords: Eukaryotic translation initiation factor-2α kinase 3/protein kinase RNA-like endoplasmic reticulum kinase,
Multidrug resistance related protein 1, Endoplasmic reticulum stress, Unfolded protein response, Chemoresistance

Background
Cancer cells often face conditions of nutrient deprivation,
hypoxia, alterations in glycosylation status and calcium
flux [1, 2], leading to the accumulation of unfolded or mis-
folded proteins in the endoplasmic reticulum (ER) lumen.
These conditions activate the so-called unfolded protein
response (UPR; [3, 4]). In the early phase, UPR mediates

the adaptation to stress by modifying the transcrip-
tional and translational programs responsible for pro-
tein folding, and/or by promoting ER-associated
degradation (ERAD) pathways to remove misfolded
proteins. If the attempt to adapt to ER stress fails, the
UPR activates cell death programs to eliminate the
damaged cells [5, 6]. Recently, we demonstrated that
cancer cells with constitutive or acquired resistance to
chemotherapy are also resistant to ER stress-triggered
cell death. This resistance was due to ubiquitination
and subsequent degradation of the ER stress-activated
transcription factor CAAT/enhancer-β liver-enriched
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inhibitory protein (C/EBP-β LIP). Consequently, the pro-
apoptotic axis C/EBP homologous protein (CHOP)/cas-
pase 3 was down-regulated in the resistant cells. Moreover,
LIP elimination in the chemoresistant cells up-regulates
the transcription of P-glycoprotein (Pgp) [7]. Pgp prevents
the accumulation of chemotherapeutic drugs and targeted
therapy-agents, determining multidrug resistance (MDR)
[8]. Since many chemotherapeutic drugs – such as anthra-
cyclines [9], cisplatin [10], oxaliplatin [9], 5-fluorouracil
[11] and paclitaxel [12] – induce a massive ER-stress medi-
ated cell death, the lack of ER stress-dependent apoptotic
response coupled with the increased drug efflux strongly
reduces the efficacy of these drugs in MDR cells.
Three sensors of ER stress - activating transcription

factor 6 (ATF6), inositol-requiring enzyme 1 (IRE1) and
protein kinase RNA-like endoplasmic reticulum kinase/
eukaryotic translation initiation factor-2α kinase 3 (PERK) -
initiate the UPR in cancer cells [3, 13]. Activated PERK
phosphorylates eukaryotic translation initiation factor-2α
(EIF2α) and nuclear factor erythroid-derived 2-like 2 (Nrf2),
thereby attenuating protein translation and inducing genes
controlling redox homeostasis [13, 14]. The activation of
PERK may determine resistance to ER stress-induced cell
death in a EIF2α-dependent manner [6, 13] and resistance
to chemotherapy-induced cell death in a Nrf2-dependent
manner [15–18]. By binding antioxidant response elements
(AREs) in promoter regions, Nrf2 up-regulates antioxidant
genes, metal-binding proteins, stress response proteins,
drug-metabolizing enzyme and drug efflux transporters
such as MDR-related protein 1 (MRP1) [16, 19].
While our previous findings suggest that cells with

acquired resistance to chemotherapy are also resistant to
ER stress-dependent cell death, it is not known whether
chemosensitive cancer cells adapted to ER stress acquire
resistance to chemotherapy as well. To address this issue,
we exposed ER stress-sensitive/chemosensitive cancer cells
to 3 different ER stress inducers developing the corre-
sponding ER stress-resistant clones. We demonstrated that
the activation of PERK/Nrf2/MRP1 axis determines the re-
sistance to ER stress and also resistance to chemotherapy.
Inhibiting this axis is an effective anti-proliferative and
chemosensitizing strategy.

Methods
Chemicals and supplies
Cell culture plasticware were obtained from Falcon
(Becton Dickinson, Franklin Lakes, NJ). Gel electro-
phoresis reagents were obtained from Bio-Rad La-
boratories (Hercules, CA). The protein content of
cell lysates was measured with the BCA kit from
Sigma Chemicals Co. (St. Louis, MO) using bovine
serum albumin as a standard. Unless specified other-
wise, all other reagents were purchased from Sigma
Chemical Co.

Cells
Human chemosensitive colon cancer HT29 cells (ATCC,
Manassas, VA) were cultured in RPMI-1640 medium sup-
plemented with 10% fetal bovine serum (FBS, Invitrogen
Life Technologies, Carlsbad, CA) and 100 U/ml penicillin,
100 μg/ml streptomycin. HT29/MDR cells, a subpopula-
tion of HT29 cells displaying resistance to chemotherapy
and ER stress inducers (Additional file 1: Table S1), were
obtained as reported [7]. ER stress-resistant subpopula-
tions, termed HT29/Tg, HT29/Tun and HT29/Bfa, were
created by stepwise selection of parental HT29 cells in
RPMI-1640 medium containing increasing concentrations
of thapsigargin, tunicamycin and brefeldin A, respectively.
Resistant subclones were then maintained at a concentra-
tion of each ER stress inducer that allowed > 95% cell via-
bility (500 nM thapsigargin, 250 nM tunicamycin and 250
nM brefeldin A). ER stress-resistant clones were similarly
derived from human chemosensitive breast cancer MCF7
cells and human chemosensitive osteosarcoma U-2OS
cells (ATCC). MCF7/Tun and U-2OS/Tun were main-
tained in DMEM/F12 and IMDM medium (Invitrogen
Life Technologies), supplemented with 10% FBS, 100 U/
ml penicillin, 100 μg/ml streptomycin, containing 500 nM
tunicamycin. When cultured in 3D-systems, 1 × 105 cells
were seeded in 96-well plate coated with Biomimesys™
matrix (Celenys, Rouen, France). After 7 days, 3D-cultures
were treated and analyzed by contrast phase Leica DC100
microscope (Leica Microsystems GmbH, Wetzlar,
Germany; 10X ocular lens, 4X objective). Cell lines were
authenticated by microsatellite analysis using the Power-
Plex kit (Promega Corporation, Madison, WI; last authen-
tication: September 2016).

Measurement of cell necrosis and cell viability
Cells were incubated for 24 h (for the High Mobility Group
Protein 1, HMGB1, assay) or 48 h (for Neutral red and
crystal violet staining) in fresh medium, or in medium con-
taining thapsigargin (10 μM), tunicamycin (1 μM), brefeldin
A (1 μM), or the chemotherapeutic drugs oxaliplatin or cis-
platin (10 μM), 5-fluorouracil (5 μM), doxorubicin (5 μM).
Acute cell toxicity was measured by evaluating the release
of HMGB1 in the cell culture supernatant, using the High
Mobility Group Protein 1 ELISA kit (Cloud-Clone Corp.,
Houston, Texas). Results were expressed in pg/mg total
cellular protein, employing a pre-made titration curve. Cell
viability was measured using Neutral red staining assay [7].
The viability of untreated cells was considered 100%; the
results were expressed as percentage of viable cells in each
experimental condition versus untreated cells. IC50 was
calculated by incubating cells with increasing concentra-
tions of the drugs (from 10−10 to 10- 3 M), then staining
cells with Neutral red. To evaluate morphology, cells were
stained with 5% w/v crystal violet solution in 66% v/v
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methanol, washed and analyzed under bright field micro-
scope (10X objective; 10X ocular lens).

Immunoblotting
Cells were rinsed with ice-cold lysis RIPA buffer (50 mM
Tris, 10 mM EDTA, 1% v/v Triton-X100; pH 7.5), supple-
mented with the protease inhibitor cocktail set III (80 μM
aprotinin, 5 mM bestatin, 1.5 mM leupeptin, 1 mM
pepstatin; Calbiochem, San Diego, CA), 2 mM phenyl-
methylsulfonyl fluoride and 1 mM Na3VO4. The cells
were then sonicated (10 bursts of 10 s, 4 °C, 100 W, using
a Labsonic sonicator, Hielscher, Teltow, Germany) and
centrifuged at 13,000 × g for 10 min at 4 °C. 20 μg protein
extracts were subjected to 4-20% gradient SDS-PAGE and
probed with the following antibodies: anti-Pgp (1:500;
Calbiochem); anti-MRP1 (1:500; Abcam, Cambridge, UK);
anti-MRP2 (1:250; Abcam); anti-MRP3 (1:500; Santa Cruz
Biotechnology Inc., Santa Cruz, CA); anti-MRP4 (1:250;
Santa Cruz Biotechnology Inc.); anti-MRP5 (1:500;
Abcam); anti-BCRP (1:1000; Santa Cruz Biotechnology
Inc.), anti-PERK (1:500; Santa Cruz Biotechnology Inc.),
anti-IRE1 (1:500; Thermo Scientific Inc., Rockford, IL),
anti-ATF6 (1:500; Santa Cruz Biotechnology Inc.), anti-
eIF2α (1:1000; Abcam), anti-phospho(Ser51)eIF2α (1:500;
Abcam), anti-β-tubulin (1:1000; Santa Cruz Biotechnol-
ogy Inc.). The membranes were then incubated with
peroxidase-conjugated secondary antibody (1:3000; Bio-
Rad Laboratories) and washed with Tris-buffered saline-
Tween 0.1% v/v solutions. Protein bands were detected by
enhanced chemiluminescence (Bio-Rad Laboratories).
Nuclear extracts were prepared using the Nuclear Extract
kit (Active Motif, La Hulpe, Belgium). Nuclear proteins
were separated by SDS-PAGE and probed with anti-Nrf2
(1:500; Abcam) or anti-TATA box binding protein anti-
bodies (TBP, 1:500; Santa Cruz Biotechnology Inc.).

Quantitative Real Time-PCR (qRT-PCR) and PCR expression
arrays
Total RNA was extracted and reverse-transcribed using
the iScript™ cDNA Synthesis Kit (Bio-Rad Laboratories).
qRT-PCR was performed using IQ™ SYBR Green Super-
mix (Bio-Rad Laboratories). The same cDNA preparation
was used for measuring genes of interest and the house-
keeping gene S14. The primer sequences, designed with
qPrimerDepot software (https://primerdepot.nci.nih.gov/),
are reported in the Additional File 2. Relative gene expres-
sion levels were calculated using Gene Expression Quanti-
tation software (Bio-Rad Laboratories). PCR arrays were
generated using 1 μg cDNA and Human Unfolded Protein
Response Plus RT2 Profiler™ PCR Array (Bio-Rad Labora-
tories) according to the manufacturer’s instructions. Data
analysis was performed using the PrimePCR™ Analysis
Software (Bio-Rad Laboratories).

Flow cytometry
Cells (1 × 106) were rinsed and fixed with 2% w/v para-
formaldehyde for 2 min, permeabilized using 0.1% v/v
Triton-X100 for 2 min on ice, washed three times with
PBS and stained with an anti-MRP1 antibody (1:250,
Abcam) for 1 h on ice. The cells were then incubated
with an AlexaFluor 488-conjugated secondary antibody
(1:100, Millipore, Billerica, MA) for 30 min and washed
again. Samples were analyzed with a FACS-Calibur flow
cytometer (Becton Dickinson). For each analysis 10000
events were collected. Control experiments included
incubation with non immune isotype antibody followed
by the secondary antibody. The results were expressed
as mean fluorescence value of MRP1 expression, calcu-
lated with the Cell Quest software (Becton Dickinson).

Intracellular doxorubicin accumulation
Doxorubicin content was measured by fluorimetry as
detailed elsewhere [20]. The results were expressed as
nmol doxorubicin/mg cell proteins, according to a pre-
formed titration curve.

Chromatin immunoprecipitation (ChIP)
ChIP experiments were performed for determining
binding of Nrf2 to the ARE1 site of the MRP1 promoter
[21]. The PCR primers used were: 5’-CGGCTCGAGT
TATCATGTCTCCAGGCTTCA-3’; 5’-CGGAAGCTTG
CCGGTGGCGCGGG-3’.

PERK silencing
Cells (2 × 106 in 0.25 mL FBS/antibiotic-free medium)
were transduced with 6 × 105 lentiviral particles (Thermo
Scientific Open Biosystems, Waltham, MA). 6 h after
the transfection, 0.25 mL complete medium was added.
Medium was fully replaced 24 h after the transfection.
Transfection efficiency was checked by evaluating the
percentage of green fluorescent protein (GFP)-positive
cells by fluorescence microscopy, 48 h after the transfec-
tion: in each experiment, GFP-positive cells were ≥90%.
Stably transduced clones were selected by culturing cells
in medium containing 2 μg/mL puromycin, for 3 weeks.
PERK shRNA was induced by adding 1 μg/mL doxycyc-
line to the culture medium for 72 h. To verify the silen-
cing efficacy, cells were lysed and PERK was visualized
by immunoblotting, as described above.

In vivo tumor growth
HT29 cells or HT29/MDR cells (1 × 106) transduced
with the inducible silencing vector for PERK, were re-
suspended in 100 μL culture medium, mixed with
100 μL Matrigel and injected s.c. into 6–8 weeks old
NOD SCID BALB/c female mice (weight: 20.82 ±
2.34 g), housed under 12 h light/dark cycle, with food
and drinking provided ad libitum. Tumor growth was
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measured daily by caliper, and was calculated according
to the equation (LxW2)/2, where L = tumor length and
W= tumor width. When tumor reached the volume of
100 mm3, mice were randomized and treated on day 3,
9, 15 as it follows: 1) Ctrl group was treated with 200 μL
saline solution i.v.; 2) oxaliplatin (oPt) group was treated
with 5 mg/Kg oPt i.p. Intratumor PERK silencing was
activated by doxycycline (2 mg/mL) in the drinking
water. Animals were euthanized at day 21. Tumors were
resected, photographed and fixed in 4% v/v paraformal-
dehyde. The paraffin sections were stained with
hematoxylin/eosin or immunostained for PERK (1:50),
MRP1 (1:50), cleaved caspase 3 (Asp175, 1:50; Cell
Signaling Technology Inc., Danvers, MA), followed by a
peroxidase-conjugated secondary antibody (1:100, Dako,
Glostrup, Denmark). Sections were examined with a
Leica DC100 microscope (Leica Microsystems GmbH,
Wetzlar, Germany; 10X ocular lens, 63X objective).

Cell migration
In vitro migration was evaluated by the scratch wound
healing assay over a period of 24 h, as reported [22].
Results were expressed as μm/h, by performing ≥ 100
measurement per each condition.

Statistical analysis
All data in text and figures are provided as means ± SD.
The results were analyzed by a one-way Analysis of Vari-
ance (ANOVA). p < 0.05 was considered significant.
Gene expression profiles and clinical data were ob-

tained from The Cancer Genome Atlas (TCGA; https://
cancergenome.nih.gov/) and analysed using R (https://
www.R-project.org). Survival association analyses were
performed using Cox's proportional hazard model in
univariate setting and Kaplan-Meier method, applying
false discovery rate (FDR) and Bonferroni correction for
multiple testing.

Results
Cells adapted to ER stress acquire resistance to
chemotherapy
Chemosensitive human colon cancer HT29 and its che-
moresistant clone HT29/MDR were incubated with the ER
stress inducers thapsigargin, tunicamycin or brefeldin A, or
with the chemotherapeutic agents oxaliplatin (a substrate
of MRP1 and MRP4), 5-fluorouracil (a substrate of MRP1,
MRP3, MRP4 and MRP5) or doxorubicin (a substrate of
Pgp, MRP1, MRP2, MRP3 and BCRP), at concentrations
that were cytotoxic in chemosensitive cells but not in che-
moresistant ones ([7]; Additional file 1). Cytotoxicity was
characterized by release of HMGB1 to the culture media
and by reduced cell viability (Fig. 1a-f). To verify whether
cells resistant to ER stress were also cross-resistant to
chemotherapy, we generated the ER stress resistant clones

HT29/Tg, HT29/Tun, HT29/Bfa from the ER stress-
sensitive/chemosensitive HT29 cells. In these clones
neither ER stress inducers nor chemotherapeutic agents
increased the release of HMGB1 (Fig. 1a, b) or reduced cell
viability (Fig. 1c-f). Resistance to oxaliplatin, chosen as a
paradigmatic first-line treatment in colon cancer, was
preserved in 3D-cultures of HT29/MDR and HT29/Tun
cells (Additional file 3). Overall, these data suggest that the
acquisition of resistance to ER stress is associated to the
acquisition of resistance to chemotherapy.

ER stress- and chemotherapy-resistant cells up-regulate
MRP1
Chemoresistance is often mediated by increased expression
of ABC transporters [8]. Therefore, we analyzed their
expression level in chemosensitive/ER stress-sensitive
HT29 cells and in the HT29/Tg, HT29/Tun and HT29/Bfa
clones. HT29/MDR were used as control of chemoresis-
tant/ER-stress resistant cells overexpressing Pgp, MRP1,
MRP2, MRP3, MRP5 and BCRP. Compared to HT29 cells,
all the ER stress-resistant clones showed higher expression
of MRP1 at the protein (Fig. 2a) and mRNA (Fig. 2b) levels,
associated with a higher amount of MRP1 on the cell
surface (Fig. 2c-d). In line with this trend, the intracellular
accumulation of doxorubicin, which is inversely related to
MRP1 activity, was lower in the ER-stress resistant clones,
as well as in HT29/MDR cells (Fig. 2e).
To verify whether the cross resistance to ER stress

inducers and to chemotherapeutic drugs was limited to
HT29 cells or not, we generated two other ER stress-
resistant clones, MCF7/Tun and U-2OS/Tun, from ER
stress-sensitive/chemosensitive breast cancer MCF7 cells
and osteosarcoma U-2OS cells. As for HT29 subclones,
MCF7/Tun and U-2OS/Tun cells were resistant to both
ER stress inducers and to chemotherapeutic drugs. These
cells exhibited higher expression of MRP1 protein and
mRNA, higher amount of MRP1 on cell surface, and
lower retention of doxorubicin (Additional files 4 and 5).
These data suggested that up-regulation of MRP1 is asso-
ciated with the dual resistance to ER stress and to chemo-
therapy and is exhibited by a variety of cancer cells of
different histological origin.

The PERK/Nrf2 axis up-regulates MRP1 and controls the
resistance to ER stress and to chemotherapy
To investigate whether there is a common gene signature
between chemoresistant cells and ER stress-resistant cells,
we compared the expression of 83 genes involved in UPR
in HT29/Tun, HT29/MDR and HT29 cells.
As expected, several genes involved in protein synthesis,

ER quality control and ERAD were significantly up-
regulated in HT29/Tun cells (Fig. 3a; Additional file 6). By
contrast, only PERK was significantly increased in HT29/
MDR cells (Fig. 3b; Additional file 6). Interestingly, the fold-
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increase of PERK mRNA in HT29/Tun and HT29/MDR
cells was very similar (Fig. 3a, b; Additional file 6) and was
associated with increased PERK protein levels (Fig. 3c). No
appreciable change in the expression of the other ER stress
sensors IRE1 and ATF6 was observed (Fig. 3c).
In line with previous findings [13, 14], the highly

PERK-expressing HT29/MDR, HT29/Tg, HT29/Tun and
HT29/Bfa cells had higher mRNA levels of the PERK-
target/redox-sensitive factor Nrf2 (Fig. 3d). Nrf2 protein
was also more translocated in the nucleus (Fig. 3e) and
it was bound to the ABCC1/MRP1 promoter (Fig. 3e).
Overall, these data suggest that the increase of MRP1
expression in cells resistant to ER stress and to chemo-
therapy is associated to up-regulation of PERK and Nrf2.

Targeting the PERK/Nrf2/MRP1 axis abrogates the dual
resistance to ER stress and chemotherapy
We next generated HT29/MDR, HT29/Tg, HT29/Tun,
HT29/Bfa clones transduced with a doxycycline-inducible

shRNA for PERK. In parallel, we treated these clones with
the MEK/ERK inhibitor PD98059, which prevents the
phosphorylation and transcriptional activity of Nrf2 in
colon cancer [23]. As expected, the silencing of PERK re-
duced the phosphorylation on serine 51 of eIF2α (Fig. 4a),
a typical PERK substrate [13]. Both PERK-silenced cells
and PD98059-treated cells showed decreased nuclear
translocation of Nrf2 (Fig. 4b), MRP1 mRNA level
(Fig. 4c) and MRP1 amount on the cell surface (Fig. 4d;
Additional file. 7a, b), coupled with increased doxorubicin
accumulation (Fig. 4e).
Direct downstream targets of PERK, selected using

GeneOntology database (www.geneontology.org/), such
as eukaryotic translation initiation factor 2 subunit
1 (EIF2S1), activating transcription factor 4 (ATF4), and
Nrf2 (13, 14; Additional file 8a), were up-regulated in
HT29/MDR and HT29/Tun cells (Additional file 8b), in
accord with the increased amount of PERK in these
cells. PERK-silencing significantly reduced the expression

Fig. 1 Drug resistance of human colon cancer cells adapted to ER stress. a, b. Release of the necrosis marker HMGB1 to culture media of the
indicated cells (human chemosensitive HT29 cells, chemoresistant HT29/MDR cells, ER stress-resistant clones HT29/Tg, HT29/Tun, HT29/Bfa),
following incubation in fresh medium (Ctrl), or in media containing: thapsigargin (Tg), tunicamycin (Tun), brefeldin A (Bfa), oxaliplatin (oPt),
5-fluorouracil (5FU), doxorubicin (Dox), as indicated in Methods. Data are mean ± SD. (n = 3). *p < 0.001 for treated cells vs. Ctrl HT29 cells.
°p < 0.001 for HT29/MDR, HT29/Tg, HT29/Tun/HT29/Bfa cells vs. the corresponding condition in HT29 cells. c, d. Viability of cells measured
by Neutral red staining. Data are mean ± SD (n = 4). *p < 0.02 for treated cells vs. Ctrl HT29 cells; °p < 0.05 for HT29/MDR, HT29/Tg, HT29/Tun/
HT29/Bfa cells vs. the corresponding condition in HT29 cells. e, f. Crystal violet staining of cells grown in 96-well plates and treated as in a and
b. The images are representatives of at least 5 microscopic fields showing similar cell density. Bars = 500 μM
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levels of all these genes (Additional file 8b). Other up-
stream controllers of Nrf2 such as glycogen synthase
kinase 3β (GSK3β), c-Jun N-terminal kinase 1 (JNK1),
mitogen activated kinase 1 (MAPK1), phosphatidylinositol-
4,5-bisphosphate 3-kinase catalytic subunit δ (PI3KCD),
protein kinase Cα (PRKCA), were increased in HT29/
MDR and HT29/Tun cells, but variably modulated by
PERK-silencing, likely because multiple pathways control
the transcription of these genes. We also analyzed the
expression of Nrf2-target genes (www.geneontolo-
gy.org/), divided into two main categories: 1) genes
encoding for anti-oxidant/detoxifying enzymes and
chaperones, such as glutathione-disulfide reductase (GSR),
glucose-6-phosphate dehydrogenase (G6PD), thioredoxin
reductase 1 (TXNRD1), superoxide dismutase 1 (SOD1),
heme oxygenase 1 (HMOX1), NAD(P)H quinone de-
hydrogenase 1 (NQO1), stress induced phosphoprotein 1
(STIP1); 2) genes encoding for membrane efflux trans-
porters like MRP1 (Additional file 8a). All these genes
were significantly up-regulated in HT29/MDR cells and

HT29/Tun cells and significantly down-regulated in both
populations by either PERK-silencing or Nrf2-inhbition
(Additional file 8b).
The inducible silencing of PERK increased the release of

HMGB1 (Fig. 5a, b) and reduced cell survival (Fig. 5c-e).
ER stress inducers and chemotherapeutic drugs enhanced
the effect of PERK silencing in all the resistant clones
(Fig 5). Similar effects were observed upon inhibition of
Nrf2 (Additional file 9a-d).
Since the expression of PERK and NRF2 is variably

related to patient clinical outcome (Additional file 10),
to better clarify the impact of PERK on tumor progres-
sion and response to therapy in a preclinical model, we
implanted HT29/MDR cells transduced with inducible
shRNA for PERK in NOD SCID BALB/c mice, treated
with oxaliplatin, with or without doxycycline. HT29 cells
were implanted to establish a control oxaliplatin-sensitive
tumor. HT29/MDR cells generated tumors faster than
HT29 cells (Fig. 6a; Additional file 11). Although we did
not detect significant differences in the proliferation rate

Fig. 2 Expression of MRP1 in cells resistant to chemotherapy and to ER stress. a. Immunoblots of the indicated proteins in extracts of untreated cells.
β-tubulin was used as a loading control. The figure is representative of 3 experiments with similar results. b. MRP1 mRNA level as measured by qRT-
PCR. Data are mean ± SD (n = 4). *p < 0.001 vs. HT29 cells. c. Representative flow cytometry histograms of MRP1 protein. Grey peaks: non immune
isotypic antibody. d. Cell surface MRP1 was determined by flow cytometry. Data are mean fluorescence intensity (MFI) ± SD (n = 3). *p < 0.02 vs. HT29
cells. e. Intracellular doxorubicin content, an index of MRP1 activity, measured by fluorimetry. Data are mean ± SD (n = 3). *p < 0.001 vs. HT29 cells
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between sensitive and resistant clones in vitro [7], HT29/
MDR cells displayed higher migration (Additional file 12),
indicating a higher aggressive phenotype. This may ex-
plain the faster growth of tumors derived from HT29/
MDR cells. Oxaliplatin treatment alone reduced tumor
growth and increased the percentage of apoptotic cells in
the HT29-derived tumors but not in the HT29/MDR
tumors, which were strongly positive for PERK and MRP1
(Fig. 6a-d).
Administration of doxycycline decreased HT29/MDR

tumor growth (Fig. 6a, b), reduced the percentage of cells
positive for PERK and MRP1 and increased the number of
cells positive for cleaved caspase 3 (Fig. 6c, d). The antitu-
mor effect of oxaliplatin against HT29/MDR tumors was
fully restored in doxycycline-treated animals, showing a
significant decrease in tumor growth, in line with that of
oxaliplatin-treated HT29 tumors (Fig. 6a, b), a decrease in
the expression of PERK and MRP1, an increase in intratu-
mor apoptosis (Fig. 6c, d).

Discussion
Chemotherapeutic agents act at least in part by trigger-
ing ER stress [3, 4]. We have recently demonstrated that
cells with an acquired resistance to chemotherapy are
also resistant to ER stress-triggered cell death [7]. Here
we demonstrated that also the inverse sequence of
events occurs in cancer cells: the progressive adaptation
of chemosensitive cells to ER stress inducers selects cells
that are resistant to multiple chemotherapeutic drugs.
The acquisition of this double-resistant phenotype, re-
gardless of the ER stress inducer used or the tumor type,
was paralleled by the up-regulation of MRP1.
The correlation between acute exposure to ER stress in-

ducers and MRP1 is matter of debate. For instance, thapsi-
gargin did not change MRP1 level in prostate cancer cells
[24], but increased MRP1 in colon and lung cancer [25].
Acute exposure to tunicamycin alters the glycosylation of
MRP1 and MRP4 and increases the resistance to oxaliplatin
in ovarian cancer cells, but under these conditions MRP4 is

Fig. 3 PERK expression in cells resistant to chemotherapy and to ER stress. a, b. Relative expression of 83 UPR genes in untreated HT29/Tun vs. HT29 cells
(a), and in untreated HT29/MDR vs. HT29 cells (b). The Volcano plots are representative of 4 independent experiments. The spots corresponding to
PERK are encircled. c. Immunoblots of the indicated proteins in extracts of untreated cells. β-tubulin was used as a loading control. The figure is
representative of 3 experiments with similar results. d. Nrf2 mRNA levels in extracts of untreated cells. Data are mean ± SD (n = 4). *p < 0.005
vs. HT29 cells. e. Immunoblot of Nrf2 in nuclear extracts of the indicated cells. TATA-box binding protein (TBP) served as a loading control. The figure is
representative of 3 experiments with similar results. f. Binding of Nrf2 to the ABCC1/MRP1 promoter (ABCC1 pro) as measured by ChIP. The figure is
representative of 3 experiments with similar results. Amplification of ABCC1 promoter from genomic DNA (input) was used as control of equal DNA
loading. No Ab: HT29/MDR DNA fragments were immunoprecipitated without the anti-Nrf2 antibody and used as a negative control

Salaroglio et al. Molecular Cancer  (2017) 16:91 Page 7 of 13



apparently the prominent player in chemoresistance [26].
Acute exposure to brefeldin A prevents MRP1 transloca-
tion from Golgi apparatus to plasma-membrane [27]. Our
study differs from the previous ones because it was aimed
at selecting clones adapted to survive in prolonged condi-
tions of mild ER stress. This approach simulates the process
that occurs in solid tumors constantly facing several condi-
tions inducing ER stress, such as nutrient deprivation,
hypoxia, radiotherapy or chemotherapy [1–4].

By comparing of the expression of UPR-related genes
we noticed that PERK was the only gene significantly
up-regulated in both cells selected for chemoresistance
and cells selected for ER stress resistance. This analysis
led us to investigate whether the activation of PERK was
responsible for the resistance to either ER stress or
chemotherapy.
Depending on tumor type and activation kinetics, PERK

may promote cell death or survival [28, 29]. Such

Fig. 4 Role of the PERK/Nrf2 axis in MRP1 expression and activity. Human chemoresistant colon cancer HT29/MDR cells and ER stress-resistant clones
(HT29/Tg, HT29/Tun, HT29/Bfa) were stably and inducibly silenced for PERK (siPERK). Silencing was induced by doxycycline (doxy, 1 μg/mL, 72 h). HT29
cells were used as control of chemosensitive/ER stress-sensitive cells. a. Immunoblots of protein extracts from the indicated cells stably and inducibly
silenced for PERK (siPERK). β-tubulin was used as a loading control. The figure is representative of 3 experiments with similar results. b. Immunoblots of
Nrf2 in nuclear extracts of cells stably and inducibly silenced for PERK, or treated with PD98059 (10 μM, 72 h), which prevents Nrf2 nuclear translocation.
TBP was used as a loading control. The figure is a representative of 3 experiments with similar results. c. Total MRP1 mRNA in extracts of the indicated
cells. Data are mean ± SD (n = 4). *p < 0.001 for siPERK-treated cells vs. untreated HT29 cells; °p < 0.001 for siPERK + doxy-treated cells/PD98059-treated
cells, vs. the corresponding condition in siPERK – doxy cells. d. Cell surface MRP1 as measured by flow cytometry. Data are mean fluorescence intensity
(MFI) ± SD. (n = 3). *p < 0.002 for siPERK(− doxy)-treated cells vs. untreated HT29 cells; °p < 0.005 for siPERK(+ doxy)-treated cells and PD98059-treated
cells vs. the corresponding cell type in siPERK(−doxy) cells. e. Doxorubicin uptake in cells treated as above and measured by fluorimetry. Data are
mean ± SD (n = 3). *p < 0.001 for siPERK(− doxy)-cells vs. untreated HT29 cells; °p < 0.001 for siPERK(+ doxy)-treated cells and PD98059-treated cells
vs. the corresponding cell type in siPERK(−doxy) cells
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pleiotropism is reflected by the highly variable and tumor-
dependent prognostic role of PERK and Nrf2 in human
tumors: mutations in specific oncogenes or oncosuppres-
sor genes, factors related to the tumor micro-environment
and immune-system anti-tumor activity, different treat-
ments used in patients likely explain the great variability
linking PERK/Nrf2 expression and clinical outcome.

Contrasting findings have been reported also on the
role of PERK in response to anti-cancer treatments. For
instance, acute activation of PERK is required for colon
cancer cell death mediated by sulindac [30], mesalamine
derivatives [31] and histone deacetylase inhibitors [32],
suggesting a chemosensitizing role for PERK. In con-
trast, the prolonged activation of PERK and consequent

Fig. 5 Role of the PERK/Nrf2 axis in resistance to chemotherapy and to ER stress. Human chemoresistant colon cancer HT29/MDR cells and ER
stress-resistant clones (HT29/Tg, HT29/Tun, HT29/Bfa) were stably and inducibly silenced for PERK (siPERK). Silencing was induced by doxycycline
(doxy, 1 μg/mL, 72 h). HT29 cells were used as control of chemosensitive/ER stress-sensitive cells. a, b. Release of the necrosis marker HMGB1 to
culture media of the indicated cells following incubation in fresh medium (Ctrl), or in media containing: thapsigargin (Tg), tunicamycin (Tun),
brefeldin A (Bfa), oxaliplatin (oPt), 5-fluorouracil (5FU), doxorubicin (Dox), as indicated in Methods. Data are mean ± SD (n = 3). *p < 0.001 for
treated cells vs. Ctrl HT29 cells; °p < 0.001 for siPERK – doxy cells vs. HT29 cells treated with the same agent; #p < 0.05 for siPERK + doxy cells vs.
siPERK – doxy cells treated with the same agent. c, d. Viability of cells measured by Neutral red staining. Data are mean ± SD (n = 4). *p < 0.001
for treated cells vs. Ctrl HT29 cells; °p < 0.01 for siPERK – doxy cells vs. HT29 cells treated with the same agent; #p < 0.001 for siPERK + doxy cells vs.
siPERK – doxy cells treated with the same agent. e. Crystal violet staining of cells grown in 96-well plates and treated as in a and b. The
images are representatives of at least 5 microscopic fields showing similar cell density. Bar = 500 μM
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phosphorylation of EIF2α counteract the cytotoxic effects
of tumor necrosis factor-α (TNF-α) and bortezomib [33],
docosahexaenoic acid and TNF-related apoptosis inducing
ligand [34], thereby preventing the UPR-mediated cell
death. These findings are in line with our observations:
indeed, clones exhibiting constitutively active PERK were
more resistant to cell death triggered either by ER stress or
by chemotherapy. The constant challenge with ER stress
inducers selected clones with a constitutive up-regulation
of PERK and MRP1. Our finding that the PERK-induced

Nrf2 activation up-regulates MRP1 expression provides
the mechanism by which ER stress induces MRP1 and
subsequent MRP1-dependent chemoresistance.
The correlation between Nrf2 and chemoresistance is

well known, in particular in colon cancer, where Nrf2
even serves as a marker of chemoresistance [35, 36]. The
resistance to platinum-derivatives in Nrf2 expressing
cells is usually attributed to the simultaneous up-
regulation of antioxidant enzymes, phase II metabolizing
enzymes and drug efflux transporters, including MRP1

Fig. 6 The role of PERK in chemosensitivity in vivo. a. Tumor growth of HT29 and HT29/MDR, inducibly silenced for PERK, untreated (Ctrl) or
treated with oxaliplatin (oPt), as indicated in Methods. Data are mean ± SD (15 mice/group). *p < 0.01 for HT29 oPt vs. HT29 Ctrl group; °p < 0.005
for HT29/MDR Ctrl – doxy vs. HT29 Ctrl, HT29/MDR oPt – doxy vs. HT29 oPt group; #p < 0.005 for HT29/MDR Ctrl + doxy vs. HT29/MDR Ctrl – doxy,
HT29/MDR oPt + doxy vs. HT29/MDR oPt – doxy. b. Photographs of representative tumors of each group. c Sections of tumors from each group
of animals stained with hematoxylin and eosin (HE) or with the indicated antibodies. Nuclei were counter-stained with hematoxylin. Bar = 10 μm.
The photographs are representative of sections from 5 tumors. d. Immunostaining quantification. Percentage of PERK, MRP1 and cleaved caspase
3-positive cells was determined in sections from 5 animals of each group (91–109 cells/field), using Photoshop program. *p < 0.002 for HT29/MDR
Ctrl – doxy vs HT29 Ctrl, HT29/MDR oPt – doxy vs HT29 oPt, °p < 0.02 for HT29/MDR Ctrl + doxy vs HT29/MDR Ctrl – doxy, HT29/MDR oPt + doxy
vs HT29/MDR oPt – doxy
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[37, 38]. Both antioxidant enzymes and MRP1 were in-
deed up-regulated in ER stress-resistant cancer cells,
explaining the refractoriness of these clones to oxalipla-
tin and cisplatin. The strong up-regulation of MRP1
may explain the simultaneous resistance of ER stress-
resistant clones to 5-fluorouracil and doxorubicin, two
other substrates of MRP1.
Of note, we also detected a similar activation of PERK/

Nrf2/MRP1 axis in the HT29/MDR clone, i.e. a clone with
an acquired resistance to chemotherapy and ER stress [7].
It is known that stepwise selection with doxorubicin led to
increased Nrf2 expression in ovary cancer cells [39]. It is
likely that the same process occurred in HT29/MDR cells,
selected with increasing concentration of doxorubicin
[20]. Indeed, the analysis of upstream and downstream
targets of PERK and Nrf2 in PERK-silenced and Nrf2-
inhibited cells revealed a strong parallelism between
chemoresistant and ER stress-resistant cells: in both popu-
lations PERK and its downstream targets are up-regulated,
and PERK controls Nrf2 expression. The PERK/Nrf2 axis
in turn finely controls the expression of specific gene sets,
involved in the protection from oxidant and xenobiotic
agents like chemotherapeutic drugs. We thus propose that
PERK/Nrf2-controlled genes, including MRP1, may be
critical for the acquisition and maintenance of the dual
resistance to chemotherapy and ER stress.
Disrupting PERK/Nrf2 axis re-sensitized both ER

stress-resistant clones and chemoresistant clones to ER
stress-triggered and chemotherapy-triggered cell death,
overcoming the double- and cross-resistant phenotype.
In preclinical models of colon cancer, PERK-inhibition
made ER stress-resistant/MDR tumors as responsive to
oxaliplatin as ER stress-sensitive/chemosensitive tumors:
this chemosensitizing effects was likely due to the de-
creased expression of MRP1 that restored the pro-
apoptotic effects of oxaliplatin in resistant tumors.

Conclusions
We demonstrated for the first time that adaptation to
ER stress leads to the acquisition of a MDR phenotype
in different tumor types, as a consequence of the consti-
tutive activation of PERK/Nrf2/MRP1 axis. Disrupting
this axis may overcome MRP1-dependent chemoresis-
tance, opening new perspectives for the treatment of
aggressive and resistant solid tumors.

Additional files

Additional file 1: IC50 (μM) of chemotherapeutic agents and ER stress
inducers in HT29 and HT29/MDR cells. Data are mean ± SD (n = 3).
*p < 0.02 for HT29/MDR vs. HT29 cells. (XLSX 12 kb)

Additional file 2: Primers used in qRT-PCR experiments. (XLSX 12 kb)

Additional file 3: Effect of oxaliplatin in 3D-cultures of colon cancer
cells. Human chemosensitive HT29 cells, chemoresistant HT29/MDR cells

and ER stress-resistant HT29/Tun cells were cultured 7 days embedded in
Biomimesys™ matrix to generate 3D-systems. Medium was replaced with
fresh medium (Ctrl) or with medium containing 10 μM oxaliplatin (oPt) for
48 h, then cells were analysed by contrast phase microscope. The images
are representative of 3 independent experiments. Bar = 50 μM. (TIF 1680 kb)

Additional file 4: Effects of chemotherapeutic drugs in human
chemosensitive breast cancer cells with acquired resistance to ER stress. a.
Release of the necrosis marker HMGB1 to culture media of human
chemosensitive breast cancer MCF7 cells and the ER stress-resistant clone
MCF7/Tun, grown in fresh medium (Ctrl) or in media containing: thapsigargin
(Tg), tunicamycin (Tun), brefeldin A (Bfa), doxorubicin (Dox), cisplatin (Pt), as
indicated in Methods. Data are mean ± SD (n= 3). *p< 0.001 vs MCF7 Ctrl cells;
°p< 0.001 for MCF7/Tun treated cells vs MCF7 treated cells. b. Viability
of cells measured by Neutral red staining. Data are mean ± SD (n= 3).
*p< 0.05 vs MCF7 Ctrl cells; °p< 0.02 for MCF7/Tun treated cells vs MCF7
treated cells. c. Whole cell lysates were analyzed for the expression of MRP1.
β-tubulin expression was used as control of equal protein loading. The
figure is representative of 3 experiments with similar results. d. MRP1mRNA
levels were measured by qRT-PCR. Data are mean ± SD (n= 3). *p< 0.01 vs
MCF7 cells. e. MRP1 protein on cell surface was measured by flow cytometry.
Left panel: data are presented as mean fluorescence intensity (MFI) ± SD
(n= 3). *p< 0.02 vs MCF7 cells. Right panel: representative flow cytometry
histograms. Grey peak: non immune isotypic antibody. f. Intracellular
doxorubicin content, an index of MRP1 activity, measured by fluorimetry.
Data are mean ± SD (n= 3). *p< 0.005 vs MCF7 cells. (TIF 1434 kb)

Additional file 5: Effects of chemotherapeutic drugs in human
chemosensitive osteosarcoma cells with acquired resistance to ER stress.
a. Release of the necrosis marker HMGB1 to culture media of human
chemosensitive osteosarcoma U-2OS cells and the ER stress-resistant
clone U-2OS /Tun, grown in fresh medium (Ctrl) or in media containing:
thapsigargin (Tg), tunicamycin (Tun), brefeldin A (Bfa), doxorubicin (Dox),
cisplatin (Pt), as indicated in Methods. Data are mean ± SD (n = 3).
*p < 0.005 vs U-2OS Ctrl cells; °p < 0.005 for U-2OS/Tun treated cells vs
U-2OS treated cells. b. Viability of cells measured by Neutral red staining.
Data are mean ± SD (n = 3). *p < 0.02 vs U-2OS Ctrl cells; °p < 0.05 for U-
2OS/Tun treated cells vs U-2OS treated cells. c. Whole cell lysates were
analyzed for the expression of MRP1. β-tubulin expression was used as
control of equal protein loading. The figure is representative of 3
experiments with similar results. d. MRP1 mRNA levels were measured by
qRT-PCR. Data are mean ± SD (n = 3). *p < 0.005 vs U-2OS cells. e. MRP1
protein on cell surface was measured by flow cytometry. Left panel: data
are presented as mean fluorescence intensity (MFI) ± SD (n = 3). *p < 0.02
vs U-2OS cells. Right panel: representative flow cytometry histograms.
Grey peak: non immune isotypic antibody. f. Intracellular doxorubicin
content, an index of MRP1 activity, measured by fluorimetry. Data are
mean ± SD (n = 3). *p < 0.05 vs U-2OS cells. (TIF 1533 kb)

Additional file 6: Expression of genes involved in the UPR in HT29,
HT29/Tun and HT29/MDR cells. ERAD: ER-associated degradation; UPR:
unfolded protein response; ERQC: ER-quality control. Fold-Change
(2^(− Delta Delta Ct)) is the normalized gene expression (2^(− Delta Ct))
in HT29/Tun or HT29/MDR cells, divided the normalized gene expression
(2^(− Delta Ct)) in HT29 cells (n = 4), where Ct is the threshold cycle in
qRT-PCR. Fold-change values greater than 1 indicate up-regulation, fold-
change values less than 1 indicate down-regulation. The p values are
calculated based on a Student’s t-test of the replicate 2^(− Delta Ct)
values for each gene. p < 0.05 was considered significant. Genes
significantly up- or down-regulated more than 2-fold either in HT29/Tun
or HT29/MDR cells are in bold characters. (XLSX 16 kb)

Additional file 7: MRP1 expression on cell surface of sensitive and
resistant colon cancer cells upon PERK/Nrf2 inhibition. a, b. Representative
flow cytometry histograms of MRP1 protein in human chemoresistant colon
cancer HT29/MDR cells and ER stress-resistant clones (HT29/Tg, HT29/Tun,
HT29/Bfa), stably and inducibly transduced with a silencing vector for PERK,
or treated with PD98059 (10 μM, 72 h), which blocks Nrf2
nuclear translocation. HT29 were included as control of chemosensitive/ER
stress-sensitive cells. Grey peaks: non immune isotypic antibody. (TIF 1205 kb)

Additional file 8: Expression of PERK- and Nrf2-upstream and
downstream genes in chemoresistant and ER stress-resistant cells. a.
Schematic representation of upstream and downstream targets of PERK
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and Nrf2. Blue box: genes upstream PERK; red boxes: genes downstream
PERK; orange boxes: genes upstream Nrf2; green boxes: genes downstream
Nrf2. b. Relative expression, indicated in a colorimetric scale, of the indicated
PERK- and Nrf2-upstream and downstream genes, in HT29/MDR and HT29/
Tun cells, grown un fresh medium (Ctrl), transduced with a silencing vector
for PERK, or treated with PD98059 (PD; 10 μM, 72 h), measured by RT-PCR.
The expression of each gene in HT29 cells, used as internal control, was
considered equal to 1. Data are mean ± SD (n = 4). *p < 0.05 for untreated
(Ctrl) HT29/MDR or HT29/Tun cells vs. HT29 cells; °p < 0.05 for significantly
reduced genes in siPERK- and PD-treated cells vs. respective untreated (Ctrl)
HT29/MDR or HT29/Tun cells. GRP78: glucose-regulated protein 78; EIF2S1:
eukaryotic translation initiation factor 2 subunit 1; ATF4: activating
transcription factor 4; GSK3β: glycogen synthase kinase 3β; JNK1: c-
Jun N-terminal kinase 1; MAPK1: mitogen activated kinase 1; PI3KCD:
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit δ;
PRKCA: protein kinase Cα; NFKB: nuclear factor-kB; GSR: glutathione-
disulfide reductase; G6PD: glucose-6-phosphate dehydrogenase;
TXNRD1: thioredoxin reductase 1; SOD1: superoxide dismutase 1;
HMOX1: heme oxygenase 1; NQO1: NAD(P)H quinone dehydrogenase
1; STIP1: stress induced phosphoprotein 1. (TIF 836 kb)

Additional file 9: Nrf2 inhibition reverses the resistance to chemotherapy
and ER stress. Human chemoresistant colon cancer HT29/MDR cells and ER
stress-resistant clones (HT29/Tg, HT29/Tun, HT29/Bfa) were grown in the
absence or in the presence of PD98059 (10 μM, 72 h), which blocks Nrf2
nuclear translocation. a, b. Release of the necrosis marker HMGB1 to culture
media of the indicated cells following incubation in fresh medium (Ctrl), or
in media containing: thapsigargin (Tg), tunicamycin (Tun), brefeldin A (Bfa),
oxaliplatin (oPt), 5-fluorouracil (5FU), doxorubicin (Dox), as indicated
in Methods. Data are mean ± SD (n = 3). *p < 0.001 vs HT29 Ctrl cells;
°p < 0.001 for HT29/MDR, HT29/Tg, HT29/Tun, HT29/Bfa vs HT29 cells;
#p < 0.001 for PD98059-treated cells vs PD98059-untreated cells. c, d.
Viability of cells measured by Neutral red staining. *p < 0.005 vs HT29
Ctrl cells; °p < 0.01 for HT29/MDR, HT29/Tg, HT29/Tun, HT29/Bfa vs
HT29 cells; #p < 0.02 for PD98059-treated cells vs PD98059-untreated
cells. (TIF 3494 kb)

Additional file 10: Correlation between PERK or NRF2 expression and
patient clinical outcome in different tumors. Patient overall survival was
calculated by Cox's proportional hazard model and Kaplan-Meier method
using the GSEA software. Z score: correlation score between gene
expression and survival. FDR: false discovery rate. ACC: adrenocortical
carcinoma; BRCA: breast invasive carcinoma; BLCA: bladder urothelial
carcinoma; CESC: cervical squamous cell carcinoma and endocervical
adenocarcinoma; CHOL: cholangiocarcinoma; COAD: colon adenocarcinoma;
COADREAD: colorectal adenocarcinoma; DLBC: diffuse large B-cell lymphoma;
GBM: glioblastoma multiforme; HNSC: head and neck squamous cell
carcinoma; KICH: chromophobe renal cell carcinoma; KIRC: kidney renal clear
cell carcinoma; KIRP: kidney renal papillary cell carcinoma; LGG: lower grade
glioma; LIHC: liver hepatocellular carcinoma; LUAD: lung adenocarcinoma;
LUSC: lung squamous cell carcinoma; MESO: mesothelioma; OV: ovarian
serous cystadenocarcinoma; PAAD: pancreatic adenocarcinoma; PCPG:
pheochromocytoma and paraganglioma; PRAD: prostate adenocarcinoma;
READ: rectum adenocarcinoma; SARC: sarcoma; SKCM: skin cutaneous
melanoma; TGCT: testicular germ cell tumor; THCA: thyroid carcinoma;
THYM: thymoma; UCEC: uterine corpus endometrial carcinoma; UCS: uterine
carcinosacoma; UVM: uveal melanoma. Significant p values are in bold
characters. (XLSX 17 kb)

Additional file 11: Tumor growth in mice bearing HT29 and HT29/MDR
tumors. Tumor volume (reported in mm3) of HT29 and HT29/MDR,
inducibly silenced for PERK, untreated (Ctrl) or treated with oxaliplatin
(oPt), as indicated in Methods and in the main Figure 6, at different time
points for each animal. (XLSX 24 kb)

Additional file 12: Migration of sensitive and resistant colon cancer
cells. Migration ability of HT29, HT29/MDR and HT29/Tun cells was
evaluated as capacity to close the wound over a period of 24 h.
a. Representative images of 1 out of 3 experiments. Bar: 200 μm.
b. Quantification of migration rate. Data are mean ± SD (n = 3).
*p < 0.002 vs HT29 cells; °p < 0.001 vs HT29/MDR cells.
(TIF 2275 kb)

Abbreviations
ANOVA: Analysis of variance; ATF4: Activating transcription factor 4;
ATF6: activating transcription factor 6; C/EBP-β LIP: CAAT/enhancer-β
liver-enriched inhibitory protein; ChIP: Chromatin immunoprecipitation;
CHOP: C/EBP homologous protein; EIF2AK3: Eukaryotic translation initiation
factor-2α kinase 3; EIF2S1: Eukaryotic translation initiation factor 2 subunit 1;
ER: Endoplasmic reticulum; ERAD: ER-associated degradation; FBS: Foetal
bovine serum; G6PD: Glucose-6-phosphate dehydrogenase; GRP78: Glucose-
regulated protein 78; GSK3β: Glycogen synthase kinase 3β; GSR: Glutathione-
disulfide reductase; HMGB1: High Mobility Group Protein 1; HMOX1: Heme
oxygenase 1; IRE1: Inositol-requiring enzyme 1; JNK1: c-Jun N-terminal kinase
1; MAPK1: Mitogen activated kinase 1; MDR: Multidrug resistance; MRP1, 2, 3,
4: MDR related protein 1, 2, 3, 4; NQO1: NAD(P)H quinone dehydrogenase 1;
Nrf2: Erythroid-derived 2-like 2; PERK: Protein kinase RNA-like endoplasmic
reticulum kinase; Pgp: P-glycoprotein; PI3KCD: Phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit δ; PRKCA: Protein kinase Cα; qRT-
PCR: Quantitative real-time polymerase chain reaction;
RIPA: Radioimmunoprecipitation assay; shRNA: Short hairpin RNA;
SOD1: Superoxide dismutase 1; STIP1: Stress induced phosphoprotein 1;
TNF-α: Tumor necrosis factor-α; TRB3: Tribbles-related protein 3;
TXNRD1: Thioredoxin reductase 1; UPR: Unfolded protein response
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Abstract

The aim of this study was to evaluate differences in T helper cell sub-types and osteoclast

(OCs) precursors in peripheral blood between patients affected by early rheumatoid arthritis

(eRA) and healthy controls. The effect of administration of cholecalcipherol on clinical and

laboratory parameters was subsequently evaluated, by a parallel, randomized double blind,

placebo controlled trial. Thirty nine eRA patients and 31 age-matched controls were enrolled

and compared for levels of 25OH vitamin D, T helper cell sub-types, OCs precursors includ-

ing both classical and non-classical and pro-inflammatory cytokines at baseline. Eligible

patients were female�18 years of age with a diagnosis of RA, as defined by the American

College of Rheumatology 2010 criteria for <6 months prior to inclusion in the study. Patients

with auto-immune or inflammatory diseases other than RA were excluded. Patients treated

with glucocorticoids (GCs), disease modifying activity drugs and biologic agents within the

past 6 months were also excluded. In the second phase of the study, eRA patients were ran-

domly assigned to standard treatment with methotrexate (MTX) and GCs with (21) or with-

out (18) cholecalcipherol (300,000 IU) and followed for 3 months; the randomization was

done by computer generated tables to allocate treatments. Three patients didn’t come back

to the follow up visit for personal reasons. None of the patients experienced adverse events.

The main outcome measures were T cells phenotypes, OCs precursors and inflammatory

cytokines. Secondary outcome measure were clinical parameters. In eRA, 25OH vitamin D

levels were significantly lower. CD4+/IFNγ+,CD4+/IL4+, CD4+/IL17A+ and CD4+IL17A

+IFNγ+, cells were increased in eRA as well as non-classical OCs precursors, whereas T

regulatory cells were not altered. TNFα, TGFβ1, RANKL, IL-23 and IL-6 were increased in

eRA. Non-classical OCs, IL-23 and IL-6 correlated with disease severity and activity. Stan-

dard treatment with MTX and GC ameliorated clinical symptoms and reduced IL-23,

whereas it did not affect CD4+ cells sub-sets nor OCs precursors. After 3 months, the com-

bined use of cholecalcipherol significantly ameliorated the effect of treatment on global

health. In eRA, a significant imbalance in T CD4+ sub-types accompanied by increased lev-

els of non-classical OCs precursors and pro-inflammatory cytokines was observed. A single
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dose of cholecalcipherol (300,000 IU) combined with standard treatment significantly ame-

liorates patients general health.

Introduction

Recent studies have focused on the role of hypovitaminosis D in the pathogenesis of rheuma-

toid arthritis (RA) [1] and an inverse relationship between serum levels of 25-hydroxyvitamin

D and disease activity or functional impairment has been observed [2,3].

Recently, a pilot exploratory study demonstrated that supplementation of vitamin D is

effective in ameliorating clinical outcomes in RA patients affected by hypovitaminosis D [4].

Despite these recent efforts, there are no intervention studies that have specifically evalu-

ated the effect of vitamin D treatment on T helper (CD4+, Th) cell phenotypes, cytokine pro-

duction and osteoclast (OCs) precursor cells in RA patients.

It is well known that RA is an immune-mediated disease characterized by T cell activation

and bone erosions with articular inflammation and progressive joint destruction that severely

reduces patients quality of life; nevertheless a clear role for different Th cells has not yet been

established [5].

An imbalance in Th cell activation has been suggested as the main pathogenic features of

RA, nevertheless, studies on the role for different Th phenotypes such as T regulatory cells

(Tregs), Th1, Th2 and Th17, have obtained contradictory results [5].

Different studies on Treg phenotype and function in RA patients have obtained conflicting

results [6–11], these cells may have a role in the control of bone erosions in RA as, in experi-

mental models, are able to inhibit OCs formation and activity [12–13].

Some recent studies also suggest a role for increased Th1 cells in the pathogenesis of RA, in

particular these cells being frequently observed in the synovial fluid of RA patients [14].

Th1 produces IFNγ that have controversial effects on OCs formation and activity [15–16],

and TNFα that induces OCs formation in the presence of adequate levels of RANKL [17],

RANKL being the cytokine mainly responsible for OCs formation and activity.

Th17 have also been investigated in RA and these cells have been shown to play an impor-

tant role in experimental models of arthritis [5,18,19].

In RA patients, Th17 are recruited within the synovium where they exert pro-inflammatory

and pro-osteoclastogenic effects [20,21].

Another Th subtype has been described in RA patients; this is a transitional cell that

expresses both IFNγ and IL-17, and correlates with disease activity [22].

Taken together, these data suggest that both an increase in levels of Th1 and Th17 cells may

be responsible for increased OCs formation and bone erosions in RA, whereas a role for

reduced Tregs still remains controversial.

OCs have a critical role in RA and are required for bone erosions to occur [23].

OCs precursors circulate in the peripheral blood and express the following cell surface anti-

genic markers: CD14+/CD11b+ and CD51/61+ (classical OCs precursors) and CD14 and high

levels of CD16 (CD14+/CD16bright, non-classical OCs precursors). Classical OCs precursors

have been found to be increased in conditions characterized by increased bone resorption

such as post-menopausal osteoporosis, bone metastases and other conditions; whereas non-

classical OCs precursors has been observed during inflammatory diseases characterized by

increased bone resorption [24–26].
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How chronic inflammation affects bone resorption and different OCs precursors in RA is

still largely unclear.

Despite the fact that studies have shown an immunomodulatory effect of vitamin D in ani-

mal models of RA [27], this is the first double-blind placebo-controlled pilot study that specifi-

cally examines the effect of vitamin D administration on Th phenotype, and OCs precursor

cells in patients affected by early RA (eRA), moreover we evaluated the effect of cholecalci-

pherol on clinical signs and symptoms of eRA.

Materials and methods

Trial design

This is a parallel, randomized, placebo-controlled, double blind, trial (registered on 2010-03-

29 in the European Clinical Trials Database (EudraCT) as OM-2009-01 EudraCT 2009-

015835-34, available at https://www.clinicaltrialsregister.eu/ctr-search/trial/2009-015835-34/

IT). The authors confirm that all ongoing and related trials for this drug/intervention are

registered.

The randomization was done by computer generated tables to allocate treatments. The

study was approved by the Ethical Committee of the A.O.U. Città della Salute e della Scienza—

A.O. Ordine Mauriziano—A.S.L. TO1, Turin Italy (protocol number: OM-2009-001, on 2010-

01-12) and informed consent was obtained from all participants.

Patients and controls were enrolled in the Rheumatology Unit, Ospedale Mauriziano, and

in the Rheumatology Department, AOU Città della Salute e della Scienza di Torino, Torino,

Italy. Lab experiments were performed in the bone biology lab of the Department of Medical

Science, Gerontology and Bone Metabolic Disease Section, University of Torino, Torino, Italy,

researcher were in blind as respect to diagnosis (healthy control or eRA) and to treatment

allocation.

The study was divided into two phases: in the first phase, we compared T CD4+ phenotypes,

OCs precursor cells and cytokines in the peripheral blood of women affected by eRA com-

pared to healthy age-matched women.

The second phase of the study was a parallel, double-blind placebo-controlled randomized

trial on the effect of 300,000 IU of cholecalcipherol on clinical features and experimental

parameters of eRA patients.

First phase: Baseline evaluation of patients and control subjects

Thirty nine women affected by eRA not previously treated with glucocorticoid (GC) or disease

modifying activity drugs (DMARDs) and 31 healthy age-matched women were enrolled in the

present study between 2010-07-05 and 2014-25-11.

Eligible patients were female�18 years of age with a diagnosis of RA, as defined by the

American College of Rheumatology (ACR; formerly, the American Rheumatism Association)

2010 [28] criteria for <6 months prior to inclusion in the study.

Patients with a history of auto-immune or inflammatory diseases other than RA, tuberculo-

sis, malignancy, renal, hepatic, hematologic, gastrointestinal, endocrine, pulmonary, cardiac,

neurologic, or cerebral disease were excluded. Patients treated with GCs, DMARDs, biologic

agents within the past 6 months were also excluded. Renal insufficiency was ruled out on the

basis of clinical history and previous creatinine measure.
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Clinical evaluation of eRA

Disease activity and progression was evaluated using the Disease Activity Score 28 (DAS 28)

[17]. This score assesses the number of swollen and tender joints and includes measurement of

erythrocyte sedimentation rate (ESR).

Joint pain was evaluated by the Visual Analog Scale for Pain (VAS Pain) and the Health

Assessment Questionnaire (HAQ) was used to evaluate the functional status (disability) [29].

Global Health (GH) was evaluated on a numeric scale (0–100, 0 worst, 100 best status). Basal

levels of 25-OH vitamin D, ESR and C reactive protein (CRP) were measured in all subjects.

ESR and CRP were not measured in healthy controls as their increase in not sensitive nor spe-

cific in healthy subject.

Enumeration of T helper and osteoclast precursor cells by flow cytometry

Peripheral blood mononuclear cells (PBMCs) were obtained from all the surveyed groups

with the Ficoll-Paque method from 40 ml peripheral blood in lithium heparin as previously

described [17].

Flow cytometry was used to quantify osteoclast precursors and Th cell subsets in peripheral

blood. We measured classical OC precursors identified by staining PBMCs (1×106) with fluo-

rescein isothiocyanate-conjugated (FITC)-conjugated anti-VNR, phycoerythrin-conjugated

(PE)-conjugated anti-CD14 and allophycocyanin-conjugated (APC)-conjugated anti-CD11b

mAb, or with the corresponding isotype control followed by incubation at 4˚C for 30 min. Tri-

ple-positive (CD14+/CD11b+/VNR+) cells were considered as osteoclast precursors according

to previous literature [17].

We also measured non-classical OC precursors stained with anti-CD14 (PE) and CD16

peridinin-chlorophyll protein-conjugated (PerCP) antibodies or with the corresponding iso-

type control followed by incubation at 4˚C for 30 min. Cells positive for CD14 and expressing

high levels of CD16 (CD16bright) were considered non-classical osteoclast precursors according

to previous literature [25].

T helper cells were identified by T helper 1/2/17 phenotyping kit (BD Biosciences, Franklin

Lakes, NJ, USA), according to manufacturer’s instructions. PBMCs (1×106) were incubated in

6-well plates, with the cell cytokine secretion inhibitor, ionomycin (50ng/ml) and phorbol

12-myristate 13-acetate (1μg/ml) (as aspecific stimulus). After 5 hours, cells were collected and

fixed with 1 ml Cytofix Buffer for 20 min at room temperature, then washed and re-incubated

with 1 ml BD Perm/Wash Buffer for 20 min at room temperature.

T-helper lymphocytes were identified by incubating with monoclonal labelled antibodies

cocktail (and corresponding isotype controls): anti-IL4 (APC-conjugated), anti-IL17 (PE-con-

jugated), anti-CD4 (PerCP) and anti-INFγ (FITC-conjugated). Cells were washed and col-

lected in 300 μl 1% PAF.

T regulatory (Treg) cells were identified by the “Human Regulatory T-cell Staining Kit”

(eBioscience Inc. San Diego, CA, USA) in accordance with manufacturer’s instructions.

Briefly, the following labelled monoclonal antibodies and corresponding isotype controls were

used: anti-CD4 (FITC-conjugated); anti-CD25 (APC-conjugated); and anti-FOXP3 (PE-con-

jugated). After surface staining for CD4 and CD25 for 20 min at room temperature, cells were

washed and fixed with the fixative and permeability solution (Fix-Perm Buffer) and incubated

with rat serum to remove aspecific binding sites. Cells were then incubated with anti-FoxP3

(PE-conjugated), as intra-nuclear staining, and collected in 300 μl 1% PAF. Flow cytometry

was performed by FACS Calibur flow cytometer and Cell Quest Software (BD Biosciences)

and each analysis consisted of at least 100,000 events recorded within the lymphocyte gate.
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Measurement of cytokine production

In order to evaluate the activity of various T cell subtypes and to study cytokines involved in

OCs formation we measured the levels of TNFα, IFNγ, TGFβ1, IL-4, IL-17, IL-23, IL-6, OPG

(R&D Duoset, Minneapolis, MN, USA), and total RANKL (BioVendor R&D, Brno, Czech

Republic) by the ELISA technique in serum.

Second phase: Therapeutic intervention

After baseline evaluation, eRA patients were randomly allocated to treatment with: methotrex-

ate (MTX) 15 mg/week (im or sc) and methylprednisolone (GC) per os 2–4 mg/day plus chole-

calciferol 300,000 IU (N = 21) or placebo (N = 18) in single administration at the baseline

evaluation (cholecalcipherol was kindly provided by Abiogen Pharma S.p.A, Pisa Italy),

healthy controls do not participate in this phase of the study. Levels of 25-OH vitamin D were

measured at the end of the study, the use of 300000 UI of cholecalcipherol was decided regard-

less to basal level of 25-OH vitamin D and starting from the hypothesis of the presence of vita-

min D insufficiency in eRA patients, according to previous literature [1–3]. The use of 300000

UI was choose according with Premaor MO and coll. [30], they showed that, in the short term,

a single 300 000 IU oral dose of vitamin D was more effective than 800 IU per day to increase

serum 25(OH)D levels. Randomization was done by the principal investigator, patients were

enrolled by participants in the study, lab measurement and statistical analyses were done in

blind to treatment.

The use of nonsteroidal anti-inflammatory drugs (NSAID) and paracetamol for pain relief

was allowed and recorded at the control visit as “less than 7 day a week” or “daily”. After three

months of therapy, patients were recalled to the centre and baseline evaluations were repeated,

3 patients did not come back to the follow up visit due to personal problems (Fig 1), physician

were asked to register any adverse event, and to judge if such event may be related to cholecal-

cipherol. None of the patients experienced adverse events. Data from patients dropped out

were considered for the comparison with healthy controls, but not on the second part of the

study.

The primary outcome measures of the first phase of the study were differences in Th sub-

types and OCs precursors between patients and healthy controls.

The primary outcome measures of the second phase of the study were changes in number

of Tregs, secondary outcome measures were changes in number of other CD4+ cells, OCs pre-

cursors and clinical parameters.

Statistical analysis

Patients at baseline and controls were compared for the analysed variables by one-way

ANOVA for Gaussian variables and by Mann Whitney test for non-Gaussian variables. T cell

sub-sets, OCs precursors and cytokines were correlated with clinical parameters by means of

Spearman coefficient correlation. To evaluate a possible effect of cholecalcipherol on clinical

parameters and on laboratory variables significantly affected by eRA a multivariate analysis of

variance (MANOVA) for repeated measures was used after logarithmically transforming non-

Gaussian variables. The sample size of the second phase of the study provided an 80% power,

assuming a two-sided significance level of 0.05, to detect differences greater than 1.5% in Tregs

(t-test). Tregs were chosen as key variables on the basis of previous intervention trial in healthy

volunteers [28].

Statistical analysis was performed using SPSS 21.0 for windows. Graphs were drawn using

Graph Pad 7.0 for windows and a p-value <0.05 was considered statistically significant.
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Results and discussion

Clinical characteristics of patients and controls

Patients and control subjects were not significantly different for age, post-menopausal period

and body mass index (BMI), whereas levels of 25-OH vitamin D were significantly lower in

patients compared to controls (Table 1).

T helper cell subsets in eRA

In patients affected by eRA, T helper subsets were significantly altered. In particular, we found

an increase in in the number of CD4+/IL17A+, CD4+/IFNγ+, CD4+/IL4+ and CD4+/IL17A

+/IFNγ+ lymphocytes, whereas Tregs were not significantly affected (Fig 2). CD4+/IL17A+,

cells were the only T h cells correlated with a clinical parameter: CRP (r = 0.35, p = 0.04).

OCs precursor cells in eRA

In order to evaluate the role of OCs precursor cells in bone damage, we measured both classical

and non-classical OCs precursors in PBMCs from eRA and controls. Classical OCs were not

Fig 1. The diagram shows the study design and the number of patients at each visit in bold, the tests

performed at each visits are specified.

https://doi.org/10.1371/journal.pone.0178463.g001
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increased in eRA patients whereas non-classical OCs were significantly increased (Fig 3A and

3B). Interestingly, non-classical OCs precursors, but not classical were directly correlated with

DAS28 score (r = 0.36, p = 0.033) and with CRP (r = 0.37, p = 0.033).

Inflammatory cytokines in eRA

Levels of RANKL were significantly increased in eRA vs controls while OPG was not affected

and, as a consequence, the RANKL/OPG ratio was significantly increased (Fig 3C and 3D).

Furthermore, RANKL/OPG ratio was directly correlated with levels of non-classical OCs pre-

cursor cells (r = 0.36, p = 0.04).

Analysis of other inflammatory cytokines in the peripheral blood of patients revealed a sig-

nificant increase in TNFα, TGFβ, IL-23 and IL-6, whereas IL-17 and IFNγ levels were not sig-

nificantly different in patients compared to controls (Fig 4). IL-23 and IL 6 were significantly

correlated with clinical parameters. In particular, IL-23 was positively correlated with ESR

(r = 0.36, p = 0.04), IL-6 with CRP (r = 0.39, p = 0.03) and DAS28 (r = 0.4, p = 0.02).

Effect of vitamin D on GH in eRA patients

To evaluate the possible effect of vitamin D treatment on clinical signs and symptoms of eRA,

on T cells differentiation and function, on inflammation and osteoclastogenesis, we randomly

assigned eRA patients to receive 300,000 IU of cholecalcipherol or placebo, in addition to stan-

dard treatment. Three months after treatment levels of 25-OH vitamin D were significantly

increased in patients treated with cholecalcipherol (p = 0.015), whereas remained stable in

patients treated with placebo (p = 0.08, Table 2) as expected. Patients receiving standard treat-

ment plus colecalcipherol or placebo had similar clinical characteristics (Table 2).

For clinical parameters, standard treatment significantly reduced DAS28, CRP, ESR and

VAS pain and improved GH and HAQ. Furthermore, the association of vitamin D to standard

treatment was more effective in ameliorating GH, whereas it had no effect on the other param-

eters (Fig 5). As regards the use of NSAID and paracetamol it was equally distributed in the

two groups, in the placebo group 3 patients (17%) used NSAID or paracetamol less than 7day

a week, whereas 15 (83%) used NSAID or paracetamol daily. In the group treated with

Table 1. Clinical characteristics of patients and controls. Mean ± SD is shown for Gaussian variables,

for non-Gaussian variables (indicated by *) median (25–75 percentiles) are indicated. P values were calcu-

lated by means of ANOVA one-way for Gaussian variables and by means of Mann-Whitney test for non-

Gaussian ones.

eRA (39) Controls (31) p

Age (yrs) 54±8 55±13 0.743

post-menopausal period (yrs) 5±9 6±9 0.076

BMI 26.4±6.1 25.7±5.3 0.602

25OH-vitamin D (ng/mL) 16±2.1 26±2.23 0.002

PTH (pg/mL)* 38.15 (25.9–61.8) 32.9 (25.9–50.5) 0.545

Creatinine (mg/dL) 0.60±0.4 0.59±0.35 0.958

DAS 28 5.7±0.9 ND

HAQ 1.3±0.8 ND

NRS 62.9±20.2 ND

ESR* 38 (22.3–57.8) ND

CRP (mg/L)* 10.0 (4.0–25.0) ND

GH 50.1±17.1 ND

https://doi.org/10.1371/journal.pone.0178463.t001
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Fig 2. T helper subsets in eRA patients and healthy controls. Dot plots show CD4+/IFNγ+ (panel A), CD4+/IL4+ (panel B), CD4+/IL17A+ (panel

C), CD4+/IL17A+/IFNγ+ (panel D) and Tregs (panel E);mean and SD are shown, p values were calculated by Mann-Whitney test and are displayed.

https://doi.org/10.1371/journal.pone.0178463.g002
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cholecalcipherol 6 patients (33%) used NSAID or paracetamol less than 7day a week, whereas

12 (67%) used NSAID or paracetamol daily (χ2 = 2.62, p = 0.270).

Standard treatment with or without the addition of vitamin D had no significant effect on T

helper subset and on OCs precursor cells (Table 3). T helper cells and OCs were not signifi-

cantly different between eRA treated with standard treatment or with standard treatment plus

cholecalcipherol (data not shown).

Regarding inflammatory and pro-osteoclastogenic cytokines, standard treatment had a sig-

nificant effect in reducing IL-23, whereas the addition of vitamin D had no significant effect

(Fig 6).

Data on treatment were obtained in 18 eRA patients per group (standard treatment with or

without cholecalcipherol).

In this paper, we evaluated RA patients at the very beginning of their disease, therefore

permitting us to investigate early immunological alterations in RA. Our data revealed a sig-

nificant increase in levels of CD4+/IFNγ+ and CD4+/IL17A cells in the peripheral blood of

eRA patients compared to age- and gender-matched control subjects. This finding supports

previous literature on more advanced RA showing increased homing of CD4+/IFNγ+ and

Fig 3. OCs precursors in eRA patients and healthy controls. Dot plots show classical OCs precursor (panel A), non-classical OCs precursor (panel

B), RANKL (panel C) and RANKL/OPG (panel D); mean and SD are shown, p values were calculated by Mann-Whitney test and are displayed.

https://doi.org/10.1371/journal.pone.0178463.g003
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Fig 4. Inflammatory cytokines in eRA patients and healthy controls. Dot plots show classical IL-23 (panel

A), IL-17 (panel B), IL-4 (panel C), IL-6(panel D), TGFβ1 (panel E), TNFα (panel F) and IFNγ (panel G); mean

and SD are shown, p values were calculated by Mann-Whitney test and are displayed.

https://doi.org/10.1371/journal.pone.0178463.g004
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CD4+/IL17A cells in the inflamed synovium [31,32] and suggests that, during the early

phase, levels of these cells are increased in the peripheral blood and may migrate to the syno-

vium only in the more advanced phase. Moreover, CD4+/IL17A cells detected in the periph-

eral blood are directly correlated to severity of inflammation, as measured by CRP levels,

thus confirming their involvement in the pathogenesis of the disease.

We did not find a significant imbalance in Tregs, on this regard, previous studies have

found conflicting results as some papers described a decrease in Tregs [6–8], whereas others

did not observe this decrease [9,10] or found an increase [11]. This discrepancy largely

depends on differences in the study design [5]. In our study, we found no significant difference

in levels of Tregs in the peripheral blood of eRA patients suggesting that the primum movens of

RA is not due to a decreased ability of the immune system to control inflammation, but to an

increase in T cell activation per se. This observation is also reinforced by the increased levels of

TGFβ1, suggesting an increased reaction of Tregs against auto immunity in these patients. In

addition, CD4+/IL4+ cells were modestly increased in our patients thus suggesting an early

imbalance also in these Th cells; other studies suggested a decrease of Th2 in more advanced

forms of RA, our data suggest that this decrease may be more a consequence of the treatment

rather than a cause of the disease. According to this hypothesis a recent paper on untreated

eRA showed an increase in Th2 cells in peripheral blood [11].

A transitional cell type CD4+/IL17A-IFNγ has been previously described in RA [21] in par-

ticular at the level of the synovium. We found a significant increase in the number of these

cells in the peripheral blood of eRA patients, that may later migrate within the inflamed

synovium.

We also observed a significant increase in levels of non-classical OCs in eRA, whereas clas-

sical ones were not significantly different in patients and controls. Non-classical OCs precur-

sors correlates with the grade of inflammation and the severity of the disease, suggesting that

these cells, more than classical OCs, may be responsible for articular erosions in eRA patients.

Moreover RANKL is increased in eRA and significantly correlates with these cells confirming

a direct involvement of these precursors in RA bone damage.

Table 2. Clinical characteristics of patients treated with standard treatment with or without cholecalcipherol 300000 IU. Mean ± SD is shown for

Gaussian variables, for non-Gaussian variables (indicated by *) median (25–75 percentiles) are indicated. Comparison between the two groups after interven-

tion were calculated by means of ANOVA one-way after Bonferroni correction, p values are shown where appropriate.

Placebo (18) Cholecalcipherol 300000 IU (18) p

Age (yrs) 54±12 56±14

post-menopausal period (yrs) 6±9 5±9

BMI 25.5±5.6 26.0±5.0

Basal 25OH-vitamin D (ng/mL) 16±2.1 16±4

Three month 25-OH vitamin D (ng/mL) 18±3.4 28.7±4.3 0.01

Basal PTH (pg/mL) 37.1 (24.2–71.15) 43.5 (32.9–52)

Three months PTH (pg/mL) 47.2 (41.5–60.0) 32.6 (21.1–50.5) 0.200

Basal creatinine (mg/dL) 0.35±0.24 0.7±0.4

Three months creatinine (mg/dL) 0.3±0.2 0.45±0.3 0.288

DAS 28 5.8±0.9 5.6±0.9

HAQ 1.4±0.7 1.3±1.0

VAS pain 68.3±18.9 57.5±20.6

ESR* 38 (23.5–59) 38 (17.5–60.0)

CRP (mg/L)* 12.35 (5.5–23.5) 10.0 (2.5–31.0)

GH 50.0±16.5 50.3±18.2

https://doi.org/10.1371/journal.pone.0178463.t002
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Fig 5. Effect of treatment with and without cholecalcipherol on clinical parameters in eRA patients. Graphs show DAS28 (panel A), HAQ

(panel B), GH (panel C), CRP (panel D), VAS pain (panel E) and ERS (panel F); mean and SD are shown, p values were calculated by Student

paired t-test and are displayed. Tables (panels G and H) show the MANOVA for repeated measures for DAS28, HAQ, GH, CRP, VAS pain and

ESR and the effect of standard treatment with or without the addiction of cholecalcipherol, quadratic mean, F and p value are shown. All the

analyses were done in 18 patients per group. P values were corrected for multiple comparisons.

https://doi.org/10.1371/journal.pone.0178463.g005

Table 3. The table shows the effect of standard treatment compared with standard treatment plus cholecalcipherol 300000 IU on CD4+/IFNγ+, CD4

+/IL17A+, CD4+/IL4+, CD4+/IL17A+/ IFNγ+ and non-classical OCs precursors (these variables were significantly different between patients and

controls). The variables were transformed in logarithm as they were distributed according to a non-Gaussian curve. Mean±SE, quadratic mean (Q), F and p

values were calculated by MANOVA for repeated measures. P values were corrected for multiple comparisons. P values are shown for comparison between

different treatment (*) and within treatment (baseline vs 3 months **).

Variable Mean±SE basal Mean±SE 3 months p** Q F p*

Treatment (18) CD4+/IFNγ 1.3±0.3 2.6±0.7 0.095 31.41 3.5 0.071

CD4+/IL4+ 0.3±0.1 0.2±0.06 0.917 0.021 0.166 0.687

CD4+/IL17A+ 0.6±0.3 1.2±0.5 0.391 1.933 1.112 0.301

CD4+/IL17A+/ IFNγ+ 0.8±0.3 2.2±0.5 0.238 8.041 0.256 0.617

Non-classical OCs 0.1±0.04 0.1±0.04 0.168 39.84 2.071 0.161

Treatment* Colecalcipherol (18) CD4+/IFNγ 2.0±0.4 2.3±0.7 0.403 3.600 0.403 0.531

CD4+/IL4+ 0.2±0.1 0.2±0.1 0.552 0.004 0.030 0.863

CD4+/IL17A+ 0.6±0.3 0.4±0.5 0.472 5.346 3.077 0.090

CD4+/IL17A+/ IFNγ+ 1.2±0.3 0.7±0.5 0.324 82.34 2.622 0.117

Non-classical OCs 0.1±0.04 0.1±0.04 0.928 26.63 1.384 0.249

https://doi.org/10.1371/journal.pone.0178463.t003
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With regard to inflammatory cytokines, our results confirmed previous studies showing

increased levels of IL-6, TNFα and RANKL [33] also in the early phase of RA. Interestingly, we

also observed increased levels of IL-23 and TGFβ1.

IL-23 is required for the amplification and stabilization of CD4+/IL17A+ cells and an

increase in levels of IL-23 may explain the increased formation of CD4+/IL17A+ [31]. Previ-

ous studies have demonstrated that levels of IL-23 are elevated in the serum and synovial fluid

of patients with established RA, and these levels positively correlated with levels of disease

severity [34,35]. In our study, we observed an increase in IL-23, recognised as occurring earlier

than that the described increase in IL-17 [36].

TGFβ1 modulates anti-inflammatory and immunosuppressive responses and plays a key

role in self-tolerance [37]. TGFβ1 also plays a complex role in the regulation of bone turnover

and has been shown to cause both bone loss and gain in mice [38].

A recent study conducted in RA patients showed a non-significant increase in this molecule

in the serum of patients compared to healthy controls [39], however our study is the first to

Fig 6. Effect of treatment with and without cholecalcipherol on inflammatory cytokines in eRA patients. Graphs show IL-23 (panel A),

IL-17 (panel B), IL-6 (panel C), TNFα (panel D), TGFβ1 (panel E) and RANKL (panel F); mean and SD are shown, p values were calculated by

Mann-Whitney test and are displayed. Tables (panels G and H) show the MANOVA for repeated measures for IL-23, IL-17, IL-6, TNFα, TGFβ1

and RANKL and the effect of standard treatment with or without the addition of cholecalcipherol, quadratic mean, F and p value are shown. The

linear model was carried out after logarithmic transformation of non-Gaussian variables. All the analyses were done in 18 patients per group. P

values were corrected for multiple comparisons.

https://doi.org/10.1371/journal.pone.0178463.g006
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evaluate levels of TGFβ1 in the early RA phase. We showed a significant increase in TGFβ1

that may have a compensatory effect in response to increased inflammatory state.

Regarding the possible role of vitamin D status in the development of RA, we confirmed

findings from previous studies on the association between RA and lower levels of 25-OH vita-

min D. The administration of standard treatment plus 300,000 IU of cholecalcipherol in this

population was able to ameliorate their global health, but had no significant effect on specific

signs and symptoms of RA, CRP, VAS pain and DAS 28, that were decreased following stan-

dard treatment. A previous open-label study in patients affected by RA showed that the admin-

istration of cholecalcipherol over a period of 3 months in patients with active disease ad

hypovitaminosis contributed to a significant improvement in disease activity [4]. In our study

we did not observe any significant effect of cholecalcipherol on DAS28. This may be due to the

different study setting since we used different doses of cholecalcipherol: we administered

300,000 IU of cholecalcipherol as a single dose and evaluated the effect after three month. In

contrast, the study by Chandrashekara and Patted, patients with active RA and hypovitamino-

sis were enrolled and treated with 60.000 IU/week for 6 weeks, followed by 60,000 IU/month

for a total duration of 3 months [4].

Vitamin D receptor (VDR) gene is widely expressed in a variety of human cell types sug-

gesting that vitamin D has, via the VDR, a far wider physiological function than the control of

calcium homeostasis and bone remodeling. As regards immune system cells of the innate and

adaptive immune system, such as monocytes, T and B cells and monocytes express VDR and

are responsive to vitamin D (see for a review [40]). Here we focused on T cells due to their

important role in the pathogenesis of RA [5] and considering experimental evidence that

points towards an effect of vitamin D in regulating T cell proliferation, differentiation in

different subsets and cytokine production (see for a review [40]). In our study, we found no

significant effect of cholecalcipherol administration on T helper subsets, nor on cytokines pro-

duction. Previous studies have shown that 1,25OH cholecalcipherol inhibits Th1 cytokines

production [41], and promotes Th2 cytokines [42]. More recently it has been shown that

1,25OH cholecalcipherol reduces the differentiation of Th towards CD4+/IL17A+ markers

and their secretion of pro-inflammatory cytokines (IL-17A, IFNγ) and induces differentiation

towards Tregs [43].

Nonetheless, we found no significant effect of cholecalcipherol on T helper cells in eRA in

our study. A recent study in humans affected by chronic autoimmune thyroiditis showed that

oral cholecalcipherol is able to reduce IFNγ+ and IL-17+ Th cells [44] and to increase the

expression Tregs [45]; in patients with type 1 diabetes mellitus the administration of oral cho-

lecalcipherol was able to increase the suppressive capacity of Tregs within 12 months of treat-

ment [46]. The majority of previous studies on the effect of vitamin D on T cells has been

performed in vitro and using 1,25-OH cholecalcipherol. Human studies have been undertaken

in different disease states using different doses of vitamin D, therefore, it is very difficult to

compare the results. Corroborating our findings, a recent double-blind placebo-controlled

study performed in hemodialysis patients showed no effect of oral cholecalcipherol on Th cell

subsets [47]. The present report is the first human study evaluating the effect of cholecalci-

pherol administration in eRA patients. Also standard treatment with MTX has no effect of Th

cells subsets, previous studies showed an effect of MTX on activated T cells in vitro [48, 49],

whereas in a recent paper patients treated with MTX administered orally in a dose ranging

from 7 to 25 mg has no decrease in peripheral T cells count [50]. Our data confirm no effect of

MTX in combination with GCs of different T cells sub-types. As regards the effect of MTX on

OCs it has been recently demonstrated that it inhibits osteoclastogenesis by reducing RANKL-

induced calcium influx into OC precursors [51], however these data were obtained in vitro,

whereas no data on humans in vivo are available. Here we show no effect of cholecalcipherol
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on classical and non-classical OCs precursors, although it has previously been shown that

1,25OH cholecalcipherol is effective in reducing CD16 expression in monocytes from asth-

matic patients in vitro [52], whereas in hemodialysis patients, no effect on CD16+ cells was

observed following treatment with oral cholecalcipherol [47].

We enrolled only women in this study as RA is more frequent in this gender, however this

could be a limitation of the study, also the inclusion of patients regardless their basal 25-OH

vitamin D levels could be a limitation of the study as the effect of cholecalcipherol may be

greater in patients affected by more severe forms of hypovitaminosis D. Nevertheless the result

of our study may be generalized to women with eRA especially considering the absence of

adverse events, probably the administration of cholecacipherol may be more effective in

patients with lower levels of 25OH vitamin D as also shown by Chandrashekara and Patted

[4].

Conclusion

In conclusion, we show that eRA patients significantly differ from age and sex matched con-

trols for 25-OH vitamin D levels, Th cell subsets with increased CD4+/IFNγ+, CD4+/IL4+,

CD4+/IL17A+ and CD4+/IL17A+/ IFNγ+ cells, and increased non classical OCs precursors.

We also observed an increase in TNFα, TGFβ1, RANKL, IL23 and IL-6. Among experimental

parameters non-classical OCs, IL-23 and IL-6 correlated with disease severity and disease

activity.

Since it is known that standard treatment with MTX and GC is able to ameliorate clinical

symptoms, here we show that standard treatment is effective in reducing IL-23, whereas it

does not affect Th subset nor OCs precursors. However, the combined use of 300,000 IU of

cholecalcipherol significantly ameliorates the effect of treatment on global health in eRA

patients.
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Regulatory T cells are expanded by Teriparatide
treatment in humans and mediate intermittent
PTH-induced bone anabolism in mice
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Abstract

Teriparatide is a bone anabolic treatment for osteoporosis,
modeled in animals by intermittent PTH (iPTH) administration, but
the cellular and molecular mechanisms of action of iPTH are
largely unknown. Here, we show that Teriparatide and iPTH cause
a ~two–threefold increase in the number of regulatory T cells
(Tregs) in humans and mice. Attesting in vivo relevance, blockade
of the Treg increase in mice prevents the increase in bone forma-
tion and trabecular bone volume and structure induced by iPTH.
Therefore, increasing the number of Tregs is a pivotal mechanism
by which iPTH exerts its bone anabolic activity. Increasing Tregs
pharmacologically may represent a novel bone anabolic therapy,
while iPTH-induced Treg increase may find applications in
inflammatory conditions and transplant medicine.
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Introduction

Primary hyperparathyroidism is a common cause of bone loss and

fractures due to the continuous production of high levels of para-

thyroid hormone (PTH) by the parathyroid glands [1,2]. By contrast,

when PTH is injected daily, a regimen known as intermittent PTH

(iPTH) treatment, the hormone increases bone volume and strength

due to a stimulation of bone formation tempered by a more moder-

ate increase in resorption [3,4]. As a result, intermittent treatment

with the 1–34 fragment of PTH is an FDA-approved treatment

modality for postmenopausal osteoporosis (PMO) [5].

PTH acts by binding to the PTH/PTHrP receptor PPR, which is

expressed in all osteoblastic cells, including stromal cells (SCs),

osteoblasts, and osteocytes [6–10]. Moreover, PPR is expressed in

conventional CD4+ and CD8+ T cells [11] and macrophages [12].

iPTH stimulates bone formation by increasing osteoblast formation

and life span. Activation of Wnt signaling in osteocytes and osteo-

blasts is one of the proposed mechanisms by which iPTH stimulates

bone formation [4,13,14]. Wnt signaling activation is achieved

through multiple mechanisms including Wnt ligand-independent

activation of Wnt coreceptors [15], blunted osteocytic production of

the Wnt inhibitor sclerostin [16–18], and decreased production by

osteoblasts of the Wnt inhibitor Dkk1 [19].

While osteocytes and their production of sclerostin are critical

for the activity of iPTH, part of this hormone activity is sclerostin

independent [20] and mediated by T cells [21], a cell lineage that

potentiates the anabolic activity of iPTH in trabecular bone

[11,20,22]. Accordingly, iPTH fails to stimulate bone formation and

increase bone mass in T-cell null mice [11]. By contrast, the effects

of iPTH in cortical bone are completely T cell independent

[11,20,22], likely due to the fact that T cells have no contacts with

periosteal surfaces and have limited capacity to communicate with

osteocytes. Among the T cells required for iPTH to exert its full

anabolic activity are bone marrow (BM) CD8+ T cells [11]. CD8+ T

cells express higher levels of the receptor PPR than CD4+ T cells

[11,20,22]. Moreover, BM CD8+ T cells, but not CD4+ T cells,

respond to iPTH by releasing Wnt10b [11,20,22], an osteogenic Wnt

ligand that activates Wnt signaling in osteoblastic cells [23].

Regulatory T cells (Tregs) are a suppressive population of

predominantly CD4+ T cells that play a critical role in maintaining

immune tolerance and immune homeostasis. Tregs are comprised of

thymus-derived Tregs (tTregs, also known as nTregs) and peripher-

ally derived Tregs (pTregs, also known as iTregs) [24]. Tregs are

defined by the expression of the transcription factor Foxp3 and the

ability to block inflammatory diseases and maintain immune
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homeostasis and tolerance [25]. Accordingly, defects in Treg

numbers and/or activity have been implicated in several chronic

inflammatory diseases. Moreover, Tregs have furthermore been

found blunt bone resorption [26,27], prevent ovariectomy-induced

bone loss [28], and regulate osteoclast formation [26,29,30].

In vitro, conventional CD4+ T cells differentiate into Tregs by

TCR stimulation under the influence of TGFb and IL-2 [31–33].

Recently, IGF-1 has been recognized as an additional inducer of

Tregs [34,35]. Since iPTH increases TGFb and IGF-1 production in

bone [36–38], it is likely that iPTH may induce and/or expand BM

Tregs.

This study was designed to investigate the effects of iPTH on

Treg formation and activity in humans and mice, and to determine

whether Tregs play a role in the bone anabolic activity of iPTH in

mice. We report that treatment with iPTH increases the number of

Tregs in humans and mice. In rodents, an increase in the number of

Tregs is required for iPTH to exert its bone anabolic activity.

Results

Teriparatide treatment increases the number of Tregs in human
peripheral blood

The PTH fragment Teriparatide is the only approved bone anabolic

treatment for osteoporosis but its intricate mechanism of action

remains largely unknown. Among the pleiotropic effects of PTH is

the capacity to increase the production of TGFb1 and IGF-1 by

human osteoblasts [39–41], factors which induce Treg differentia-

tion. To investigate whether Teriparatide regulates the number of

Tregs in humans, 40 Italian women afflicted by PMO of similar age

and years since menopause were enrolled in a 6-month-long

prospective clinical trial. Twenty of the 40 women were treated with

calcium and vitamin D (control treatment), while the remaining 20

women were treated with calcium, vitamin D, and human PTH 1-34

(Teriparatide), a treatment modality referred to hereafter as Teri-

paratide treatment. The baseline demographic characteristics of the

study population and the serum levels of calcium, PTH, and 25-

hydroxy vitamin D are shown in Table 1. Peripheral blood mononu-

clear cells (PBMCs) were obtained at baseline and 3 and 6 months

of treatment. Analysis by flow cytometry revealed that Teriparatide

treatment increased the absolute and relative number of Tregs

(CD4+CD25+Foxp3+ cells) in human PBMC at 3 and 6 months of

treatment, compared to baseline (Fig 1A and B). By contrast, treat-

ment with calcium and vitamin D did not alter the number of Tregs

during the 6 months of the study. As a result, both at 3 and

6 months the absolute and relative number of Tregs in PBMC was

higher in women treated with Teriparatide than in those in the

calcium and vitamin D control group.

TGFb1 not only is a critical inducer of Treg differentiation, but is

also an important product of Tregs that contributes to suppress

effector T cells in vivo [25,42]. Production of TGFb1 by Tregs is

therefore an indicator of Treg function. To determine if Teriparatide

regulates the function of Tregs, we measured the level of TGFb1
mRNA in sorted peripheral blood CD4+CD25+ T cells from the last

18 women enrolled in the trial. We selected this cell population

because most CD4+CD25+ T cells are Foxp3+ Tregs, while

measurements of TGFb1 mRNA in Tregs sorted by Foxp3 staining is

not feasible due to the loss of cell viability caused by intracellular

staining. We found that the level of TGFb1 mRNA in this Treg-

enriched population was higher in the Teriparatide-treated group

than in the control group (Fig 1C). Post hoc analysis showed that

TGFb1 mRNA levels were higher at 3 months than at baseline in the

Teriparatide-treated group. Moreover, at 6 months TGFb1 mRNA

levels were higher in the Teriparatide-treated group than in the

control group. Together, these findings demonstrate that Teri-

paratide treatment expands the number and the activity of circulat-

ing human Tregs.

To determine whether Teriparatide targets Tregs directly or indi-

rectly, human peripheral blood CD4+CD25+ T cells were stimulated

in vitro with anti-CD3 Ab and IL-2 for 6 days. Vehicle or Teri-

paratide were added every 2 days for 1 or 24 h. Analysis by flow

cytometry revealed that Teriparatide did not increase the relative

number of Tregs (CD4+CD25+Foxp3+ cells) in cultures of periph-

eral blood CD4+CD25+ T cells (Fig 1D), suggesting that Teri-

paratide regulates the number of Tregs via indirect mechanisms. We

also found that in vitro stimulation with Teriparatide does not

increase the expression of TGFb mRNA in sorted peripheral blood

CD4+CD25+ T cells (Fig 1E), confirming that Teriparatide does not

directly targets Tregs.

iPTH treatment in mice expands the pool of BM Tregs by
increasing Treg differentiation

As in human cells, in vitro PTH stimulation increases in production

of TGFb1 and IGF-1 by murine osteoblasts [36–38]. However, the

effects of iPTH treatment on the production of these factors are

largely unknown. To investigate this matter, 6-week-old mice were

treated with vehicle or iPTH for 2 weeks. BM was then harvested

and cultured for 24 h. ELISAs revealed that iPTH significantly

increases the levels of TGFb1 and IGF-1 in the whole BM culture

media (Appendix Fig S1A and B), suggesting that iPTH may regulate

Treg differentiation.

To investigate the effect of iPTH treatment on the number of BM

Tregs, 6-week-old mice were treated with vehicle or iPTH for 1, 2,

or 4 weeks. BM was then harvested and stained for TCRb, CD4, and
Foxp3. iPTH treatment increased the relative and absolute number

of BM Tregs (TCRb+CD4+Foxp3+ cells) during the entire study

Table 1. Demographic and clinical data of patients with
postmenopausal osteoporosis treated with calcium and vitamin D, or
calcium and vitamin D and teriparatide.

Control Teriparatide P

n 20 20

Age 68.5 � 1.8 69.7 � 1.6 0.535

Years since menopause 18.4 � 2.1 20.8 � 1.6 0.232

Ca (mg/dl) [8.8–10.4 mg/dl] 9.6 � 0.1 9.5 � 0.1 0.851

Serum P (mg/dl) [2.5–4.48
mg/dl]

3.5 � 0.2 3.4 � 0.1 0.608

PTH (pg/ml) [10–65 pg/ml] 42.8 � 9.3 46.8 � 4.1 0.272

25OH vitamin D (ng/ml) [20–
100 ng/ml]

30.2 � 3.1 27.3 � 2.7 0.997

Data are shown as mean � SEM, and P values were calculated by unpaired
t-test. Values in squared parenthesis denote normal range.
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period (Fig 2A and B). The increase in absolute number of BM Tregs

was already significant at 1 week of iPTH treatment, peaked at

2 weeks, and remained significantly increased at 4 weeks of treat-

ment. By contrast, iPTH did not increase the number of splenic,

thymic, and intestinal Tregs (Appendix Fig S2A–E).

iPTH could expand the pool of BM Tregs via multiple mecha-

nisms including increasing the differentiation of conventional CD4+

T cells into Tregs or the proliferation of Tregs within the BM. To

gain mechanistic insights, we determined the effects of iPTH on

Treg differentiation, which is defined as the induction of Foxp3

expression in CD4+Foxp3� T cells [25]. For this purpose, we made

use of B6.Foxp3.eGFP reporter mice, a strain in which eGFP expres-

sion is co-expressed with Foxp3 and restricted to CD4+ T cells.

Conventional CD4+ T cells (CD4+eGFP�) were FACS-sorted from

the spleens of B6.Foxp3.eGFP reporter mice and transferred into

TCRb�/� mice, a strain lacking ab T cells. After 2 weeks, a length of

time sufficient for the engraftment and expansion of donor T cells,

recipient mice were treated with vehicle or iPTH for 1–4 weeks. We

then determined the number of CD4+eGFP+ cells in the BM by flow

cytometry. Treatment with iPTH increased the relative and the abso-

lute number of CD4+eGFP+ cell in the BM at 1, 2, and 4 weeks of

treatment (Fig 2C and D), demonstrating that iPTH increases the dif-

ferentiation of BM Tregs. Additional studies that used BrdU incorpo-

ration to measure proliferation revealed that iPTH treatment for 1,

2, or 4 weeks does not increase BM Treg proliferation

(Appendix Fig S2F). In an additional set of experiments, Tregs

(CD4+eGFP+ cells) were FACS-sorted from the spleens of B6.Fox-

p3.eGFP reporter mice and transferred into TCRb�/� mice. Recipient

mice were treated with vehicle or iPTH for 2 weeks, starting the day

of the Treg transfer. This design was selected to minimize the

confounding effect of the partial loss of Foxp3 expression by

CD4+eGFP+ cells, which may occur after Treg transfer into lympho-

penic host mice [43]. These studies revealed that iPTH does not

affect the relative and the absolute number of CD4+eGFP+ cells

A

D E

B C

Figure 1. Teriparatide treatment in humans increases the absolute and relative number of Tregs in peripheral blood and TGFb expression by Tregs.

A Relative frequency of Tregs in PBMC at 3 and 6 months of treatment. n = 20 patients per group.
B Absolute frequency of Tregs in PBMC at 3 and 6 months of treatment. n = 20 patients per group.
C mRNA levels of TGFb1 in peripheral blood CD4+CD25+ T cells at 3 and 6 months of treatment. n = 9 patients per group.
D Relative frequency of Tregs in cultures of peripheral blood CD4+CD25+ T cells stimulated with vehicle or PTH.
E mRNA levels of TGFb1 in peripheral blood CD4+CD25+ T cells stimulated with vehicle or PTH.

Data information: All data are expressed as mean � SEM. All data were normally distributed according to the Shapiro–Wilk normality test and analyzed by two-way
ANOVA for repeated measures. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to baseline. #P < 0.05 and ##P < 0.01, compared to Ca + D group.
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residing in the BM and the spleen (Appendix Fig S2G–J). These find-

ings, together with a lack of an effect of iPTH on Treg proliferation,

indicate that iPTH does not alter the homing of Tregs to the spleen

and the BM.

In addition to increasing the BM levels of TGFb and IGF-1 [36–

38], iPTH enhances the sensitivity of conventional CD4+ cells to

TGFb. This was disclosed by experiments in which unstimulated

splenic CD4+CD25� cells purified from iPTH-treated mice were

found to express lower levels of the negative regulator of TGFb
signaling SMAD7 as compared to CD4+CD25� cells from vehicle-

treated mice (Fig 3A). To ascertain the functional relevance of this

finding, splenic CD4+CD25� cells from vehicle- or iPTH-treated

mice were stimulated in vitro with CD3/CD28 Ab, IL-2, and TGFb at

2.5 ng/ml for 72 h to induce their differentiation into Tregs [44].

Measurements of phosphorylated SMAD2 and SMAD3 (pSMAD2

and pSMAD3) at the end of the culture period revealed higher

◀ Figure 2. iPTH treatment increases the number of BM Tregs and Treg differentiation.

To determine the effect of treatment on the number of Tregs, BM TCRb+CD4+Foxp3+ T cells were counted by flow cytometry following 1, 2, and 4 weeks of treatment
with vehicle or iPTH. To assess Treg differentiation, conventional CD4+ T cells (TCRb+CD4+eGFP�) from B6.Foxp3.eGFP reporter mice were transferred into TCRb�/� mice.
Recipient mice were treated with vehicle or iPTH for 1, 2, or 4 weeks starting 2 weeks after the T-cell transfer. The number of BM TCRb+CD4+eGFP+ cells was then
determined by flow cytometry.
A Relative frequency of BM Tregs at 1, 2, and 4 weeks of treatment. n = 10–32 mice per group.
B Absolute frequency of Tregs at 1, 2, and 4 weeks of treatment. n = 10–32 mice per group.
C Relative frequency of eGFP+ Tregs at 1, 2, and 4 weeks of treatment n = 10 mice per group.
D Absolute frequency of eGFP+ Tregs at 1, 2, and 4 weeks of treatment n = 10 mice per group.

Data information: Data are expressed as mean � SEM. All data were normally distributed according to the Shapiro–Wilk normality test and analyzed by unpaired t-
tests. ***P < 0.001, and ****P < 0.0001 compared to the corresponding vehicle.

A

C

B

Figure 3. iPTH treatment increases the sensitivity of conventional CD4+ T cells to TGFb.

A Western blotting analysis of SMAD7 levels in unstimulated splenic conventional CD4+ cells. Data are from 1 representative experiment of a total of four experiments.
R.I., relative intensity.

B Western blotting analysis of pSMAD2 and pSMAD3 levels in splenic conventional CD4+ T cells stimulated with anti-CD3/CD28 Ab, IL-2, and recombinant TGFb1 (rTGFb1)
at 2.5 ng/ml for 72 h to induce their differentiation into Tregs. Data are from one representative experiment of a total of four experiments. R.I., relative intensity.

C Relative frequency (mean � SEM) of Foxp3+ Tregs in cultures of conventional CD4+ T cells stimulated with anti-CD3/CD28 Ab, IL-2, and increasing doses of rTGFb1.
Splenic conventional CD4+ T cells were obtained after 1, 2, and 4 weeks of treatment with vehicle or iPTH. n = 10 mice per group. Data were analyzed by two-way
ANOVA and post hoc tests applying the Bonferroni correction for multiple comparisons. **P < 0.01 and ****P < 0.0001 compared to vehicle.
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concentrations of pSMAD2 and pSMAD3 (Fig 3B) in cells from

iPTH-treated mice as compared to those from control mice, suggest-

ing that conventional CD4+ T cells from iPTH-treated mice have a

higher sensitivity to TGFb. To confirm this hypothesis, splenic

CD4+CD25� cells were purified from vehicle- or iPTH-treated mice

and then cultured in vitro for 72 h with anti CD3/CD28 Ab, IL-2,

and increasing doses of TGFb (0.1–5 ng/ml). At each dose of TGFb,
cultures of CD4+CD25� T cells from iPTH-treated mice yielded a

greater percentage of Foxp3+ Tregs than those from vehicle-treated

mice (Fig 3C). Together, these findings indicate that CD4+ T cells

from iPTH-treated mice possess a greater sensitivity to TGFb, which

results in enhanced differentiation of CD4+ T cells into Tregs.

An increase in the number of Tregs is required for iPTH to induce
bone anabolism in mice

A direct means to investigate the contribution of Tregs to the

anabolic activity of iPTH is to assess the effects of iPTH in a model

in which the increase in the frequency of Tregs is prevented. The

surface marker CD25 is expressed at high levels by most CD4+

Foxp3+ Tregs [45]. Accordingly, treatment with anti-CD25 Abs

capable of deleting CD25hi is used to partially deplete Tregs in vivo

[46,47]. We thus treated 6-week-old mice with vehicle or iPTH

(days 1–28) plus four injections (days �2, 0, 5, and 7) of isotype

control Ab or the anti-CD25 Ab PC61 [46,47]. We found CD25hi to

be expressed by CD4+ T cells and by a negligible fraction of CD8+

T cells (Appendix Fig S3A). Anti-CD25 Ab decreased the frequency

of CD25hi CD4+ T cells but not that of CD25lo CD4+ T cells. As

previously reported [48], we also found that treatment with anti-

CD25 Ab decreased the number of CD25hiFoxp3+CD4+ T cells, but

not the number of CD25loFoxP3�CD4+ T cells (Appendix Fig S3B).

In addition, treatment with anti-CD25 Ab did not decrease the

percentage of BM of conventional CD4+ T cells

(TCRb+CD4+CD25+Foxp3� cells) and that of CD8+ T cells

(TCRb+CD8+CD25+ cells) (Appendix Fig S3C–F). Together, these

findings demonstrate that anti-CD25 Ab specifically depletes Tregs.

At sacrifice control mice treated with anti-CD25 Ab had ~37%

fewer Tregs than mice treated with irrelevant (Irr.) Ab (Fig 4A and

B). Moreover, treatment with anti-CD25 Ab prevented the increase

in BM Tregs induced by iPTH. The partial depletion of Tregs

induced by anti-CD25 Ab did not increase the production of

inflammatory and lineage-specific cytokines in the BM. In fact, in

both the vehicle- and iPTH-treated groups, BM cells from mice

treated with anti-CD25 Ab expressed similar levels of TNF, IL-17A,

IL-6, IL-4, and IL-13 mRNAs to those from mice treated with Irr. Ab

(Appendix Fig S4). Moreover, iPTH lowered the mRNA levels of

IFNc, in both the Irr. Ab and the anti-CD25 Ab groups but did not

affect the other cytokines. Since inflammatory cytokines blunt bone

formation [49], these findings indicate treatment with anti-CD25 Ab

does not alter the bone anabolic activity of iPTH by inducing

inflammation. Analysis by in vitro lCT of femurs harvested at sacri-

fice revealed that iPTH induced a significant increase in trabecular

bone volume (BV/TV) in mice treated with Irr. Ab (Fig 4C and D),

but not in those treated with anti-CD25 Ab. Trabecular thickness

(Tb.Th), trabecular number (Tb.N), and trabecular space (Tb.Sp),

which are indices of trabecular structure, were altered by iPTH in

mice treated with Irr. Ab, but not in those treated with anti-CD25

Ab (Appendix Fig S5A–C). By contrast, iPTH increases cortical

volume (Ct.Vo) (Fig 4C and E) and cortical thickness (Ct.Th)

(Appendix Fig S5D) in both groups of mice, confirming that T cells

are not implicated in the mechanism by which iPTH increases corti-

cal volume. Together, these findings demonstrate that the anabolic

effects of iPTH in trabecular bone are dependent on increased

numbers of Tregs.

Analysis of femoral cancellous bone by histomorphometry

revealed that iPTH increased the dynamic indices of bone formation

mineral apposition rate (MAR) and bone formation rate (BFR/BS) in

Treg-replete mice but not in those treated with anti-CD25 Ab

(Fig 4F–H). Moreover, iPTH increased two static indices of bone

formation, the number of osteoblasts per bone surface (N.Ob/BS)

(Fig 4I) and the percentage of surfaces covered by osteoblasts

(Ob.S/BS) (Fig 4J) in Treg-replete mice but not in those treated with

anti-CD25 Ab. The finding that treatment with anti-CD25 Ab did not

decrease bone formation in vehicle-treated mice provides evidence

that partial Treg depletion does not cause a nonspecific inhibitory

effect of on bone formation. Two indices of bone resorption, the

number of OCs per bone surface (N.Oc/BS) and the percentage of

surfaces covered by OCs (Oc.S/BS), were not affected by iPTH

(Fig 4K–M) in both control and Treg-depleted groups. However,

N.Oc/BS was higher in mice treated with iPTH and anti-CD25 Ab, as

▸Figure 4. Depletion of Tregs by treatment with anti-CD25 Ab prevents the bone anabolic activity of iPTH.

A, B Relative and absolute frequency of BM Tregs.
C Images of representative three-dimensional lCT reconstructions of examined femurs from each group.
D Femoral trabecular bone volume (BV/TV) as measured by lCT scanning.
E Femoral cortical bone volume (Ct.Vo) by lCT scanning
F Images are representative sections displaying the calcein double-fluorescence labeling. Original magnification 20×. Scale bar represents 300 lm.
G Mineral apposition rate (MAR).
H Bone formation rate per mm bone surface (BFR/BS).
I The number of osteoblasts per mm bone surface (N.Ob/BS).
J The percentage of bone surface covered by osteoblasts (Ob.S/BS).
K The images show tartrate-resistant acid phosphatase (TRAP)-stained sections of the distal femur. Original magnification 40×. Scale bar represents 300 lm.
L The number of osteoclasts per mm bone surface (N.Oc/BS).
M The percentage of bone surface covered by osteoclasts (Oc.S/BS).
N Serum levels of osteocalcin (OCN), a marker of bone formation.
O Serum levels of type 1 cross-linked C-telopeptide (CTX), a marker of resorption.

Data information: n = 10–25 mice per group. Data are expressed as mean � SEM. All data were normally distributed according to the Shapiro–Wilk normality test and
analyzed by two-way ANOVA and post hoc tests applying the Bonferroni correction for multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001
compared to the indicated group.
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compared to those treated with iPTH and Irr. Ab, suggesting that

Treg depletion may stimulate bone resorption.

Measurements of serum levels of osteocalcin, a marker for bone

formation, revealed that iPTH increased bone formation in mice

treated with Irr. Ab but not in those treated with anti-CD25 Ab

(Fig 4N). Serum CTX, a marker for bone resorption, also increased

significantly in response to iPTH in mice treated with Irr. Ab but not

in those injected with anti-CD25 Ab (Fig 4O). Moreover, mice treated

with anti-CD25 Ab had higher CTX levels than those treated with Irr.

Ab, confirming that Treg depletion is associated with an increase in

bone resorption. The differences between the CTX data and histomor-

phometric indices of bone resorption are explained by the fact that

CTX reflects cortical and trabecular bone resorption, while the histo-

morphometric analysis was limited to the trabecular compartment.

To determine the role of Tregs in mediating the effects of iPTH on

osteoblastogenesis, BM was harvested at sacrifice and cultured for

1 week to allow SCs to proliferate. SCs were then purified and

counted. This analysis revealed that iPTH treatment increases the

number of SCs in samples from mice treated with Irr. Ab while it had

no effects in those treated with anti-CD25 Ab (Fig 5A). To investigate

the mechanism involved, BM was cultured for 1 week, and SCs were

purified and used to determine their rate of proliferation and apopto-

sis. These experiments revealed that iPTH increases significantly the

proliferation of SCs from mice treated with Irr. Ab, while it had no

effect on the proliferation of SCs from mice treated with anti-CD25

Ab (Fig 5B). iPTH decreased the rate of SC apoptosis in mice treated

with Irr. Ab, while it had no effect on SC apoptosis in mice treated

with anti-CD25 Ab (Fig 5C). Analysis of the expression levels of

osteoblastic genes in SCs revealed that iPTH treatment increased the

expression of type 1 collagen (Col1), runt-related transcription factor

2 (Runx2), osterix (Osx), bone sialoprotein (BSP), and osteocalcin

(Ocn) mRNAs in SCs from mice treated with Irr. Ab, while it had no

effect on SCs from mice treated with anti-CD25 Ab (Fig 5D). These

findings demonstrate that iPTH regulates osteoblast proliferation,

differentiation, and life span through a Treg-dependent mechanism.

To further investigate the relevance of Tregs for the anabolic

activity of iPTH, experiments were conducted utilizing DEREG mice

[50], a strain that expresses a fusion protein of the human diphthe-

ria toxin (DT) receptor (hDTR) and eGFP under control of the Foxp3

promoter. Foxp3+ Tregs can be selectively depleted upon DT

administration to DEREG mice, since WT mice do not express the

hDTR receptor and are thus insensitive to DT. DT is known not to

cause toxic effects in mice [51]. While Treg ablation in DEREG mice

causes scurfy-like symptoms in newborn animals, older mice do not

develop autoimmune diseases [50,51] as DT treatment of older

DEREG mice causes a partial Treg depletion [52] and the residual

Treg population is sufficient to prevent disease in adult mice [52].

We treated 6-week-old mice with DT (1 lg/mouse, i.p. two times

per week for 4 weeks), a treatment modality titrated to block the

increase in Tregs induced by iPTH. Mice were also treated with

vehicle or iPTH for 4 weeks starting after the first two DT injections.

Controls included DEREG mice not treated with DT and WT litter-

mate (LM) mice treated with DT. Analysis of BM samples harvested

at sacrifice revealed that iPTH had expanded Tregs in control mice

but not in DEREG + DT mice (Fig 6A and B). As expected, analysis

of vehicle-treated groups showed that DEREG + DT mice had a

lower absolute and relative numbers of Tregs as compared to

control groups. Analysis by lCT of femurs harvested at sacrifice

revealed that iPTH induced a significant increase in BV/TV in the

two control groups but not in DT-treated DEREG mice (Fig 6C and

D). Analysis of distal femurs also revealed that Tb.Th, Tb.N, and

Tb.Sp were differentially altered by IPTH in Treg-replete and Treg-

depleted mice (Appendix Fig S5E–G). By contrast, iPTH increased

Ct.Vo (Fig 6C and E) and cortical thickness (Ct.Th) (Appendix Fig

S5H) in all groups of mice. Together, these findings confirmed that

the anabolic effects of iPTH in trabecular bone are dependent on

increased numbers of Tregs.

Analysis of femoral cancellous bone by histomorphometry

revealed that iPTH increased the dynamic indices of bone formation

MAR and BFR/BS in the two control groups but not in DT-treated

DEREG mice (Fig 6F–H). N.Ob/BS and Ob.S/BS, which are static

indices of bone formation, were also increased by iPTH in DEREG

mice and littermate controls but not in DEREG + DT mice (Fig 6I

and J). Two indices of bone resorption, N.Oc/BS and Oc.S/BS, were

similar in all groups of mice (Fig 6K–M). Analysis of biochemical

markers of bone turnover revealed that iPTH increased serum level

of osteocalcin and CTX in control mice but not on Treg-depleted

mice (Fig 6N and O), confirming that the increase in the number of

BM Treg is required for iPTH to increase bone turnover. In vehicle-

treated mice, serum CTX was higher in Treg-depleted mice than in

Treg-replete controls, confirming that Treg depletion leads to a stim-

ulation of bone resorption.

Discussion

iPTH treatment is an approved bone anabolic treatment for osteo-

porosis but its intricate mechanism of action remains largely

unknown. We report that in vivo iPTH treatment increases the

number of BM Tregs in mice. The increase in the BM Treg pool is

essential for the bone anabolic activity of iPTH. The increase in the

number of Tregs is due to enhanced differentiation of peripherally

induced Tregs, a phenomenon driven by the capacity of iPTH to

upregulate the levels of TGFb and IGF-1 in the BM and to increase

the sensitivity of naı̈ve CD4+ cells to TGFb.
To translate our findings in humans, we measured the absolute

and relative frequency of Tregs in the peripheral blood of osteo-

porotic women treated with Teriparatide, a form of iPTH treatment.

We found that Teriparatide increases the number of Tregs at 3 and

6 months of treatment. Teriparatide also increases TGFb1 mRNA

levels, an indicator of Treg activity. By contrast, we found that

in vitro treatment of Tregs with PTH does not affect the number of

Tregs and TGFb production, indicating that iPTH regulates human

Tregs indirectly.

Tregs are a suppressive population of predominantly CD4+ T

cells that play a critical role in maintaining immune tolerance and

immune homeostasis. Accordingly, defects in Treg numbers and/or

activity have been implicated in several chronic inflammatory

diseases. Tregs are also known to regulate osteoclast formation

[26,29,30], blunt bone resorption [26,27], and prevent ovariectomy-

induced bone loss [28]. However, CD4+Foxp3+ Tregs have not

been previously reported to stimulate bone formation, and iPTH

treatment was not known to regulate the number of BM Tregs.

Our findings demonstrate that one mechanism by which iPTH

expands murine BM Tregs is enhanced differentiation of peripher-

ally induced Tregs. We also found iPTH not to alter Treg
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proliferation and homing to the BM. Whether additional mecha-

nisms, such as increased life span, contribute to the numeric

increase in BM Tregs remains to be determined.

PPR is expressed by conventional CD4+ cells and CD8+ cells but

not by Tregs. On the other hand, iPTH upregulates the BM levels of

TGFb and IGF-1, factor capable of inducing Treg differentiation

in vitro [31–35]. Therefore, iPTH is likely to induce murine Treg dif-

ferentiation indirectly.

In the mouse, iPTH treatment for 4 weeks did not increase the

number of Tregs in the spleen, thymus, and intestinal wall, suggest-

ing that a treatment period longer than 4 weeks might be required

for iPTH to expand Tregs in peripheral blood and lymphoid organs,

a hypothesis supported by our findings in humans at 3 and

6 months of treatment. It is also likely that the increase in Tregs

induced by iPTH occurs first in the BM because of environmental

cues. iPTH increases the osteoblastic production of TGFb and the

A B

C D

Figure 5. Depletion of Tregs by treatment with anti-CD25 Ab blocks the effects of iPTH on SC number, proliferation, apoptosis, and expression of osteoblast
differentiation genes.

A BM harvested at sacrifice was cultured for 1 week and SCs purified and counted.
B SCs were purified from BM cultured for 1 week, seeded in equal number, and pulsed with [3H]-thymidine for 18 h, to assess their proliferation. Data are expressed in

CPM.
C SCs were purified from BM cultured for 1 week and the rate of apoptosis quantified by determinations of caspase-3 activity.
D SCs were purified from BM, cultured for 1 week and the level of OB marker gene mRNAs, bone sialoprotein (BSP), type I collagen (Col1), osteocalcin (Ocn), osterix

(Osx), and runt-related transcription factor 2 (Runx2) analyzed by RT–PCR.

Data information: Data are expressed as mean � SEM. n = 5 mice per group. All data were analyzed by two-way ANOVA and post hoc tests applying the Bonferroni
correction for multiple comparisons. **P < 0.01, ***P < 0.001, and ****P < 0.0001 compared to the indicated group or Irr. Ab vehicle.
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bone matrix is the largest reservoir of TGFb in the body [36,53].

iPTH also increases the osteoblastic production of IGF-1 [36,38]. It

is thus likely that in the first 4 weeks of treatment the increase in

the number of Tregs induced by iPTH is confined to the BM because

of the higher levels of TGFb and IGF-1 present in the BM as

compared to the spleen.

We have used two experimental models to assess the relevance

of Tregs for the anabolic activity of iPTH in the mouse, depletion

of Tregs in WT mice by treatment with anti-CD25 Ab, and deple-

tion of Tregs in DEREG mice by treatment with DT. Both strategies

prevented the increase in the number of Tregs induced by iPTH.

In both cases, blockade of the increase in the number of Tregs

prevented the increases in bone formation and trabecular bone

volume induced by iPTH, demonstrating that an enlargement of

the pool of BM Tregs is required for iPTH to increase trabecular

bone mass. By contrast, blockade of Tregs did not blunt the capac-

ity of iPTH to increase cortical bone volume. These findings are in

agreement with previous reports from our laboratory demonstrat-

ing that T cells do not contribute to iPTH-induced cortical bone

anabolism [11,20,22]. We hypothesize that iPTH induces cortical

bone anabolism primarily by regulating the osteocytic production

of sclerostin.

Recently, there has been an explosion in research investigating

the potential to manipulate Tregs for clinical purposes [54–58].

Among these studies are several phase I clinical trials to test

whether boosting Treg numbers and/or function is a feasible, safe,

and potentially effective way to treat diseases such as graft vs. host

disease, type 1 diabetes and to prevent the rejection of transplanted

organs [54–58]. Osteoporosis is a common chronic disorder that

represents a major source of disability in the elderly. Novel anabolic

treatments are needed because the long-term use of current antire-

sorptive agents is associated with significant adverse events and

complications. An increase in the number of Treg is achievable by

Treg transfer or treatment with mTOR inhibitors, self-antigens, or

cytokines [59], and inhibition of CD28 costimulation (e.g. CTLA-

4Ig). Based on our findings, pharmacological Tregs may represent a

novel therapeutic modality for osteoporosis or for potentiating the

anabolic activity of iPTH. Moreover, the use of iPTH to increase the

number of Tregs may find applications in transplant medicine or as

a treatment for inflammatory and autoimmune conditions.

Materials and Methods

Human study population

All human studies were approved by the Ethical Committee of the

A.O.U. Città della Salute e della Scienza—A.O. Ordine Mauriziano—

A.S.L. TO1, Turin, Italy, and informed consent was obtained from all

participants. The study population was recruited from the patients of

A.O.U. Città della Salute e della Scienza, Turin, Italy. The study popu-

lation included 40 women affected by PMO. The demographic charac-

teristics of the study population are shown in Table 1. The diagnosis

of PMO was established based on WHO criteria [60]: the presence of

secondary osteoporosis was ruled out by medical history, physic

examination and blood examinations quantifying calcium, phospho-

rus, 25OH vitamin D, and PTH. Twenty patients were treated with

calcium carbonate (1,000 mg/day) and cholecalciferol 800 UI/day

(control treatment). The remaining twenty patients were treated with

human PTH 1-34 (Teriparatide, Eli Lilli, Indianapolis) 20 lg/day
subcutaneously, calcium carbonate (1,000 mg/day), and cholecalcif-

erol 800 UI/day. Patients in the Teriparatide group had prior fragility

fractures, whereas those in the control treatment group had not,

according to guide lines for PMO treatment of the Italian Health

ministry. Blood samples (40 ml) were collected in EDTA-containing

vacuum tubes at baseline and after 3 and 6 months of treatment.

Study design

No randomization procedure was used to assign humans and mice

to experimental groups. All murine and human samples were

analyzed in blinded fashion. The investigators analyzing the human

samples were blind to the identity of the study participant, disease

state, treatment status, and all other clinical variables. The investi-

gators analyzing mouse samples were blind to the genotype and

treatment group. Congenic WT mice or nontransgenic littermates

were used as controls for transgenic mice.

Inclusion and exclusion criteria for the human study population

None of the subjects enrolled were affected by disease states

affecting bone health other than PMO. Subjects affected by renal or

◀ Figure 6. Depletion of Tregs by treatment of DEREG mice with diphtheria toxin (DT) prevents the bone anabolic activity of iPTH.

A, B Relative and absolute frequency of BM Tregs.
C Images of representative three-dimensional lCT reconstructions of examined femurs from each group.
D Femoral trabecular bone volume (BV/TV) as measured by lCT scanning.
E Femoral cortical bone volume (Ct.Vo) by lCT scanning.
F Images are representative sections displaying the calcein double-fluorescence labeling. Original magnification 20×. Scale bar represents 300 lm.
G Mineral apposition rate (MAR).
H Bone formation rate (BFR).
I The number of osteoblasts per mm bone surface (N.Ob/BS).
J The percentage of bone surface covered by osteoblasts (Ob.S/BS).
K The images show tartrate-resistant acid phosphatase (TRAP)-stained sections of the distal femur. Original magnification 40×. Scale bar represents 300 lm.
L The number of osteoclasts per mm bone surface (N.Oc/BS).
M The percentage of bone surface covered by osteoclasts (Oc.S/BS).
N Serum levels of osteocalcin, a marker of bone formation.
O Serum levels of type 1 cross-linked C-telopeptide (CTX), a marker of resorption.

Data information: n = 9–13 mice per group. Data are expressed as mean � SEM. All data were normally distributed according to the Shapiro–Wilk normality test and
analyzed by two-way ANOVA and post hoc tests applying the Bonferroni correction for multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001
compared to the indicated group.
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hepatic insufficiency or chronic inflammatory conditions such as

rheumatoid arthritis, psoriasis, and inflammatory bowel disease

were excluded, as these diseases are known to influence bone

status. Subjects treated with drugs active on bone turnover such as

bisphosphonates, denosumab, teriparatide, hormone replacement

therapy, selective estrogen receptor modulator, strontium ranelate,

glucocorticoids, androgens, or GN-RH agonists for any length of

time during the 6 months prior to enrollment were excluded.

Flow cytometric analysis of human samples

Peripheral blood mononuclear cells were purified from 40 ml blood

obtained from all patients at each time point using the Ficoll–Paque

gradient method, as previously described [61]. The Human Regula-

tory T-cell Staining Kit (eBioscience Inc., San Diego, CA, USA) was

used in accordance with manufacturer’s instructions to stain PBMCs

for Tregs. Briefly, the following labeled monoclonal antibodies and

corresponding isotype controls were used: anti-CD4 (FITC-conju-

gated), anti-CD25 (APC-conjugated), and anti-Foxp3 (PE-conju-

gated). After surface staining for CD4 and CD25, cells were washed,

fixed, and permeabilized (Fix-Perm Buffer). Cells were then incu-

bated with anti-Foxp3 for intra-nuclear staining. Flow cytometry

was performed on an Accuri C6 flow cytometer (BD Biosciences).

Human T-cell immunomagnetic separation

Human CD4+CD25+ T cells were isolated from whole blood at each

time point using The Complete Kit for Human CD4+CD25+ Regula-

tory T Cells, which includes RosetteSep CD4+ T Cell Enrichment

Cocktail and EasySep Human CD25 Positive Selection Kit (STEM-

CELL Technologies, Auburn, CA, USA) according to the manufac-

turer’s instructions. The purity of CD4+CD25+ T cells was 93–95%

as assessed by flow cytometry.

Real-time RT–PCR and human primers

RT–PCR was used to evaluate the mRNA levels of TGFb1 in

CD4+CD25+ T cells. RNA was isolated using TRIzol reagent

(Ambion, Huntingdon, UK), according to the manufacturer’s proto-

col; 1 lg of RNA was reverse-transcribed to single-stranded cDNA

using the High Capacity cDNA Reverse Transcription Kit (Applied-

Biosystems). RT–PCR was performed with IQ SYBR Green Supermix

(Bio-Rad). The housekeeping control gene was b-actin, and gene

expression was quantified using the 2�DDCt method. The primers

used were as follows: 50-CTCTCCGACCTGCCACAGA-30 (forward)

and 30-TCTCAGTATCCCACGGAAATAACC-50 (reverse) for TGFb1;
50-CCTAAAAGCCACCCCACTTCT-30 (forward) and 30-CACCTCCCCT
GTGTGGACTT-50 (reverse) for b-actin.

In vitro PTH treatment of human CD4+CD25+ T cells

Purified CD4+CD25+ T cells were cultured for 6 days in RPMI

medium containing 10% fetal bovine serum (FBS), 1% penicillin

streptomycin (Gibco, Thermo Fisher Scientific, MA, USA), with

500 U/ml rIL-2 (Tebu-bio srl, Milano, Italy) and 2 lg/ml anti-CD3

antibody (Biolegend, San Diego, CA, USA). Human PTH 1-34

(50 ng/ml) or control vehicle was added to the cultures for 1 h or

24 h for three times during the 6-day culture to mimic the anabolic

effects of intermittent PTH 1-34. Cells were then harvested and

utilized for flow cytometry and RNA extraction.

Animals

All the animal procedures were approved by the Institutional Animal

Care and Use Committee of Emory University. All in vivo experi-

ments were carried out in female mice. In vitro experiments were

conducted using primary cells from female mice or EL4 cells. Female

C57BL/6 WT, TCRb�/�, DEREG, and Foxp3 eGFP knock-in mice

were purchased from Jackson Laboratories (Bar Harbor, ME). All

mice were maintained under specific pathogen-free conditions and

fed sterilized food (5V5R chow) and autoclaved water ad libitum.

In vivo iPTH treatment

For the in vivo iPTH studies, 80 lg/kg/day of hPTH 1-34 (Bachem

California Inc., Torrance, CA, USA) or vehicle was injected daily

subcutaneously into female mice for 1–4 weeks starting at the age

of 6 weeks, as described [11,20,22,62].

TGFb1 and IGF-1 ELISA

BM cells from long bones were cultured for 24 h. Supernatants were

collected and assayed for TGFb1 or IGF-1 by ELISA kits (R&D

Systems) following the manufacturer’s instruction. When checking

TGFb1, the medium without the cells was run as the control of the

baseline levels of TGFb1. To isolate CD4+ T cells from BM, BM

CD8+ T cells were discarded by EasySep Mouse CD8a Positive

Selection Kit II (StemCell Technologies). CD4+ T cells were then

positively isolated using APC-anti-TCRb antibody and EasySep

Mouse APC Positive Selection Kit (StemCell Technologies).

T-cell purification and adoptive transfer

Splenic T cells from 6- to 8-week-old Foxp3 eGFP knock-in mice

were enriched by negative selection using EasySep Mouse T Cell

Isolation Kit (StemCell Technologies). Next, conventional CD4+ T

cells (CD4+eGFP�) were purified from enriched splenic T cells by

FACS sorting and transferred into 4-week-old TCRb�/� recipient

mice by IV injection (3 × 106 cells per mouse). Recipient mice were

treated with vehicle or iPTH for 1–4 weeks starting 2 weeks after

the CD4+eGFP� cell transfer. For Treg isolation, CD4+eGFP+ cells

were sorted from enriched splenic T cells of Foxp3 eGFP knock-in

mice and injected into 6-week-old TCRb�/� recipient mice via tail

vein (2 × 106 cells per mouse). The purity of CD4+eGFP+ cells was

99% checked by flow cytometry. Vehicle or iPTH treatment was

started the day of the Treg transfer for 2 weeks. At the end of the

treatment period, the number of CD4+eGFP+ cells was determined

by flow cytometry in spleen and BM cells.

Small intestine Lamina propria lymphocyte (SILP) isolation

Lamina propria lymphocyte isolation was performed as described

[63]. Briefly, the small intestine was removed and flushed of fecal

contents, and intestinal segments containing Peyer’s patches were

excised. The intestine was opened longitudinally and cut into 5-mm

pieces. Tissues were transferred into a 50-ml conical tube and
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shaken at 250 rpm for 20 min at 37°C in HBSS medium (Life Tech-

nologies, Grand Island, NY, USA) supplemented with 5% FBS

(Mediatech Inc., Manassas, VA, USA) containing 2 mM EDTA. The

tissue suspension was passed through a strainer, and the remaining

intestinal tissue was washed and then minced, transferred into a

fresh 50-ml conical tube, and shaken for 20 min at 37°C in

HBSS + 5% FBS containing type VIII collagenase (Sigma-Aldrich, St.

Louis, MO, USA) at 1.5 mg/ml and DNase I at 100 lg/ml (Roche).

The tissue suspension was collected, passed through a strainer, and

pelleted by centrifugation at 267 g for 5 min. The pellet was

suspended in 5 ml HBSS and 5 ml 90% isotonic Percoll, and then

transferred into a 15-ml tube and mixed by tilting back and forth.

The cell content was layered onto 2 ml of 70% isotonic Percoll. The

gradient was centrifuged at 742 g for 20 min. Cells were collected

from the interface area. When these cells were used for flow cytom-

etry, the live cells were discriminated by LIVE/DEAD Fixable Yellow

Dead Cell Stain Kit (ThermoFisher).

BrdU incorporation studies

Mice were injected IP with 40 mg/kg/day of BrdU solution for

4 days and sacrificed 24 h later. BrdU detection was performed by

using the BrdU Flow Kit (BD Biosciences, San Diego, CA) and

analyzing cells by flow cytometry. The percentage of BrdU+ Treg

cells was quantified by gating CD4+Foxp3+ cells in the TCRb+ cell

population.

Anti-CD25 Ab treatment

Six-week-old WT mice were injected daily with vehicle or PTH

for 4 weeks (days 1–28). Mice were also injected with anti-CD25

Ab (clone PC61, 500 lg/mouse/injection IP) (BioXCell, West

Lebanon, NH, USA) on days �2, 0, 5, and 7 or isotype-matched

irrelevant Ab.

DT treatment

DT was purchased from Merck (catalog number 322326), and each

lot was tested for toxicity in WT mice and titrated for potency in

DEREG mice prior to use. DEREG and littermate control mice were

administered 1 lg DT intraperitoneally on two consecutive days

each week for total 4 weeks.

lCT measurements

lCT scanning and analysis of the distal femur were performed as

reported previously [20,64,65] using a Scanco lCT-40 scanner (Scanco

Medical, Bassersdorf, Switzerland). Femoral trabecular and cortical

bone regions were evaluated using isotropic 12-lm voxels. For the

femoral trabecular region, we analyzed 140 slices from the 50 slices

under the distal growth plate. Femoral cortical bone was assessed using

80 continuous CT slides located at the femoral midshaft. X-ray tube

potential was 70 kVp, and integration time was 200 ms.

Quantitative bone histomorphometry

The measurements, terminology, and units used for histomorphomet-

ric analysis were those recommended by the Nomenclature

Committee of the American Society of Bone and Mineral Research

[66]. Nonconsecutive longitudinal sections of the femur were

prepared and analyzed as described previously [65]. Mice were

injected subcutaneously with calcein at day 7 and day 2 before sacri-

fice. Nonconsecutive longitudinal sections (5 lm thick) were cut

from methyl methacrylate plastic-embedded blocks along the frontal

plane using a Leica RM2155 microtome and were stained with Gold-

ner’s trichrome stain for the static measurements. Additional sections

were cut at 10 lm and left unstained for dynamic (fluorescent)

measurements. Measurements were obtained in an area of cancellous

bone that measured � 2.5 mm2 and contained only secondary spon-

giosa, which was located 0.5–2.5 mm proximal to the epiphyseal

growth cartilage of the femurs. Measurements of single-labeled and

double-labeled fluorescent surfaces and interlabel width were made

in the same region of interest using unstained sections. Mineral appo-

sition rate (MAR) and BFR were calculated by the software by apply-

ing the interlabel period. Histomorphometry was done using the

Bioquant Image Analysis System (R&M Biometrics).

Markers of bone turnover

Serum CTX and osteocalcin were measured by rodent-specific ELISA

assays (Immunodiagnostic Systems, Scottsdale, AZ, USA).

Stromal cell purification

BM SCs were purified as previously described [11,20,22]. In brief,

BM cells from long bones were cultured for 7 days in a-MEM

medium containing 10% FBS, 100 mg/ml of penicillin, and

100 IU/ml of streptomycin, to allow the proliferation of SCs. After

removing nonadherent cells, adherent macrophages were elimi-

nated by positive selection using anti-CD11c MACS Microbeads

(Miltenyi Biotech, Auburn, CA, USA). The remaining adherent

cells were defined as SCs as they express alkaline phosphatase

(ALP), type I collagen, and Runx2, and have the capacity to form

mineralization nodules when further cultured under mineralizing

conditions.

SC thymidine incorporation assay

The proliferation of purified SCs was measured by [3H]-thymidine

incorporation assay. SCs were pulsed with [3H]-thymidine (0.5 lCi/
10,000 cells) for 18 h and were harvested with a Cell Harvester

(Skatron, Inc., Sterling, VA, USA). [3H]-thymidine incorporation

was read by a LS 6000 IC Liquid Scintillation Counter (Beckman

Coulter, Inc., Fullerton, CA, USA).

SC apoptosis assay

The activity of caspase-3, the critical protease in the induction of

apoptosis, was measured in SCs using CaspACE Assay System

(Promega Corporation, Madison, WI, USA) according to the manu-

facturer’s protocol.

In vitro Treg differentiation

Assessment of Treg differentiation in vitro was carried out as

described [67]. Splenic CD4+ T cells from WT mice treated with
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vehicle or iPTH were purified by negative selection using EasySep

Mouse CD4+ T Cell Isolation Kit (StemCell Technologies). CD25+

cells were then removed using the EasySep Mouse CD25 Regulatory

T Cell Positive Isolation Kit (StemCell Technologies). The remaining

cells (CD25� enriched CD4+ T cells) were cultured in plates coated

with anti-CD3 Ab (3 lg/ml) in the presence of anti-CD28 Ab (3 lg/
ml), IL-2 (5 ng/ml), and TGFb1 (0.1–5 ng/ml) for 3 days. Cells were

then harvested and analyzed by flow cytometry to enumerate

CD4+Foxp3+ cells.

Western blotting

Resting or cultured conventional CD4+ T cells were lysed in lysis

buffer (20 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1 mM Na2EDTA,

1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate,

1 mM b-glycerophosphate, 1 mM Na3VO4, and 1 lg/ml leupeptin,

Cell Signaling Technology, Danvers, MA, USA). Halt Protease and

Phosphatase Inhibitor Cocktail (ThermoFisher Scientific) were

added into the reagents before using. Lysates were cleared by

centrifugation, and the supernatants were boiled in SDS loading

buffer. The same amount of proteins was separated on 10% Mini-

PROTEAN TGX Precast Gels (Bio-Rad) and electroblotted to nitro-

cellulose membrane (ThermoFisher Scientific). Proteins were

detected by anti-Smad7 (catalog no. sc-365846, Santa Cruz

Biotechnology), anti-phospho-Smad2 (Ser465/467) (catalog no.

3108), or anti-phospho-Smad3 (Ser423/425) (catalog no. 9520)

(Cell Signaling Technology, Danvers, MA) antibodies. Anti-beta-

actin (catalog no. sc-1616) antibody bought from Santa Cruz

Biotechnology was used as the loading control. Western blot anal-

ysis was conducted by using Luminata Crescendo Western HRP

substrate (EMD Millipore). Band intensities were quantified with

Quantity One 1D Analysis Software (Bio-Rad Laboratories) and

expressed relative to beta-actin.

Flow cytometry

Flow cytometry was performed on a LSR II system (BD Biosciences,

Franklin Lakes, NJ, USA), and data were analyzed using FlowJo

software (Tree Star, Inc., Ashland, OR). For intracellular Foxp3

staining, APC-Foxp3 (clone FJK-16s, eBioscience) antibody was

added after cell fixation and permeabilization with BD Transcription

Factor Buffer Set (BD Biosciences). The following anti-mouse anti-

bodies were used for cell surface staining: purified CD16/32, BV

421-TCRb (clone H57-597), PerCP/Cy5.5-CD4 (clone RM4-5), PE-

CD25 (clone PC61), and BV 711-CD8 (clone 53-6.7) (Biolegend).

Real-time RT–PCR and murine primers

Total RNA was isolated from total BM cells and SCs using TRIzol

reagent (ThermoFisher Scientific). cDNA was synthesized with

random hexamer primers (Roche) and AMV reverse transcriptase

(Roche). mRNA levels of bone sialoprotein (BSP), collagen 1 (Col1),

osteocalcin (Ocn), osterix (Osx), and runt-related transcription

factor 2 (Runx2) in SCs and that of TNF, IL-6, IFNc, IL-4, IL-13, and
IL-17A in total BM were quantified by real-time PCR. Changes in

relative gene expression between vehicle and iPTH groups were

calculated using the 2�DDCT method with normalization to 18S

rRNA. The primers used are provided in Appendix Table S1.

Statistical analysis

Human Tregs and human TGFb1 data were analyzed by ANOVA for

repeated measures. Human demographic and clinical data were

analyzed by unpaired two-tailed t-tests. When murine data were

normally distributed according to the Shapiro–Wilk normality test,

they were analyzed by unpaired two-tailed t-tests, one-way or two-

way analysis of variance, as appropriate. This analysis included the

main effects for animal strain and treatment plus the statistical inter-

action between animal strain and treatment. When the statistical

interaction between animal strain and treatment group was not

statistically significant (P > 0.05) nor suggestive of an important

interaction (P > 0.10), P-values for the main effects tests were

reported. When the statistical interaction was statistically significant

(P < 0.05) or suggestive of an important interaction, then t-tests

were used to compare the differences between the treatment means

for each animal strain, applying the Bonferroni correction for multi-

ple comparisons. Data that were not normally distributed (as tested

by Shapiro–Wilk normality test) were analyzed by Kruskal–Wallis

nonparametric tests.

Expanded View for this article is available online.
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