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Radiation therapy is a widely employed and effective tumor treatment, but, in many cases, 

its success is limited by primary radioresistance of tumor cells. Compelling evidence 

indicates that Glioblastoma (GBM), one of the most intractable tumors, contains a 

subpopulation of stem-like cells (GSCs), which are endowed with inherent radioresistance 

and thus responsible for therapeutic failure and rapidly lethal tumor recurrence. GSC 

radioresistance is known to rely on efficient activation of the DNA damage response (DDR), 

but the mechanisms linking this response with the stem status are still unclear.  

Works previously carried out in our laboratory showed that the MET receptor tyrosine 

kinase (i) confers radioresistance to tumor cells, and (ii) it is a functional marker of the GSC 

subpopulation. Here, we show that MET is specifically expressed in a subset of 

radioresistant GSCs and overexpressed in human recurrent GBM, likely due to positive 

selection induced by radiotherapy. We also found that MET pharmacological inhibition 

causes DNA damage accumulation in irradiated GSCs by impairing ATM and p21 activity. As 

result, MET inhibitors associated with radiotherapy promote GSCs depletion in vitro as well 

as in xenografts generated by GSC transplantation, leading to tumor regression.  

We extended our investigation to radiosensitization of locally advanced rectal 

adenocarcinoma, where MET expression was found to be a predictive marker of poor 

response to chemo-radiotherapy often administered before surgical resection. Also in this 

model, we found that MET inhibition radiosensitizes rectal stem-like cells (RCSCs) in vitro 

and blocks the tumor growth of rectal cancer patient-derived-xenografts (PDX) by depleting 

the RCSC subpopulation.  

Therefore, preclinical evidence is provided that MET can be exploited as a therapeutic target 

to radiosensitize tumors by converting CSCs positive selection, induced by radiotherapy, into 

CSCs eradication.  
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1. The Cancer Stem Cell hypothesis and its implications 

 

The term cancer stem cells (CSCs) originated from studies in leukemias, where rigorous 

examination of the properties of different cell subpopulations highlighted that only a small 

subset displayed the ability to self-renew and generate the diverse cells that comprise the 

tumor, thus forming a hierarchy mirroring that found in the corresponding normal 

hemopoietic tissue [1-3]. Subsequent experimental assessment showed that a similar 

hierarchy lead by stem-like cells could be found virtually in every tumor type, including 

glioblastoma, colorectal and breast cancers [4-8]. CSCs share important properties with 

normal tissue stem cells, in the first place self-renewal (by symmetric and asymmetric 

division) and long-term propagation. Moreover, they exhibit tumor-propagating activity in 

transplantation assay and generate heterogeneous cell populations, including (pseudo)-

differentiated (non-stem) cells, which acquire a status of negligible tumorigenic potential [9, 

10].  

Recently developed genetic-lineage tracing strategies allowed to identify defined 

subpopulations retaining CSC properties in mouse endogenous tumors, and to formally 

demonstrate that tumor tissues are hierarchically organized [11-13]. 

It has progressively become clear that CSCs are not necessarily rare like normal stem cells. It 

has been shown that limitations inherent in the experimental models, in particular the use 

of standard immunocompromised mice for cell transplantation, could lead to 

underestimation of the actual frequency of tumorigenic cells (i.e. CSCs) in human tumors 

[14]. Indeed, it must be noticed that CSC rarity is not an essential prerequisite of the model: 

CSC frequency is expected to be very variable, as: (i) this frequency is inversely proportional 

to the differentiation degree of the tumor, and directly proportional to its malignancy [15]; 

(ii) the CSC status is ‘plastic’, i.e. it can be actively sustained or induced by extracellular 

signals such as those promoting epithelial-mesenchymal transition [16-18]. 

The study of cells isolated from tumors for displaying stem-like properties has highlighted 

important implications for cancer therapy: these cells are often endowed with inherent 

resistance against standard chemo-radiotherapy, owing to their tendency to be relatively 

quiescent, and to the constitutive activation of molecular mechanisms promoting DNA 

repair and survival [19, 20]. Therefore, if it is necessary to eradicate CSCs to get rid of “the 

roots of the tumor”, capable of causing relapse after an apparent remission, it is mandatory 
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to hit the molecular mechanisms that operate inside CSCs and sustain their unruly 

phenotype. 

  

1.1. CSCs can be isolated from tumors and grow as spheroids in vitro  

Isolation of CSCs from solid tumors has been hindered by the lack of unequivocal, robust 

cell‐surface markers such as those that characterize the hemopoietic hierarchy and allowed 

the so-called ‘prospective’ identification of leukemia stem cells [21]. As the stem-like status 

is a functional cell-state and not a fixed cell identity, the CSC phenotype is weakly associated 

with the expression of specific markers, but it is operationally defined as the ability to long-

term propagate in vitro (clonogenicity) and to generate tumors after transplantation into 

immunocompromised mice (tumorigenicity) [22].  

After leukemias, GBM is the first solid tumor where a cell hierarchy including tumorigenic 

(stem) and non-tumorigenic (non-stem) cancer cells has been identified. Critical to this early 

success was the application and adaptation of the principles of prospective isolation and 

functional analysis established for leukemia stem cells, on the one hand, and in vitro 

propagation of normal neural stem cells as ‘spheroids’, on the other hand [23-25]. Later, by 

exploiting the spheroid culture method established for GBM stem cells, putative CSCs have 

been isolated and expanded from other several tumor types [26, 27]. 

 

Glioma spheroids (neurospheres) 

The current standard for determining the presence of stem cells in dissociated neural tissues 

is through the neurosphere assay [28]. This in vitro assay employs serum-free, growth 

factor-supplemented medium and non-adherent conditions to create an environment that 

permits stem cells to proliferate and form clonal colonies, growing in suspensions as 

spheroids, called neurospheres. These clonal populations remain highly enriched in stem 

cells, which can be serially dissociated and replated to form additional neurospheres, thus 

displaying self-renewal and long-term proliferative ability. In the meantime, neurosphere 

cells retain other distinctive stem properties, such as (i) an undifferentiated phenotype and 

(ii) multilineage differentiative potential, i.e. the ability to generate neurons, astrocytes 

and/or oligodendrocytes when transferred on adherent plates and in a medium deprived of 

mitogens and supplied with serum [24, 28, 29] (Figure 2). The neurosphere assay crucially 

contributed to demonstrate the presence of stem/progenitor cells in human adult brain 



 
 

10 

[30], and to identify specific surface markers for direct isolation of these cells [31]. The 

neurosphere assay was then essential to show that cells displaying remarkable functional 

and molecular similarities with neural stem cells are present also in brain tumors, including 

glioblastoma and lower grade gliomas and medulloblastomas [5, 32-35]. 

Ignatova and coworkers were the first to report in human cortical gliomas the presence of 

stem-like cells able to form clonal spheres in serum-free and non-adherent culture 

conditions, which exhibit a multipotent differentiation potential and a gene expression 

profile suggestive of deregulated cellular signaling [33]. In 2004, Galli and collaborators 

reported the first isolation and detailed functional analysis of CSCs from adult human 

glioblastomas by rigorously applying the operational criteria used to define neural stem cells 

[5]. They showed the ability of glioblastoma-derived neurospheres to extensively self-renew 

in vitro, and to display a partial differentiation potential toward neural or glial lineages. 

Importantly, they showed the ability of neurospheres to generate in vivo tumors that 

recapitulate the histological feature distinctive of human glioblastomas, including pseudo-

palisading necrosis, microvascular proliferation, and invasion; finally, they also showed that 

from these experimental tumors neurospheres can be rederived, and sustain serial 

transplantation of the tumor itself [5].  

Interestingly, it was found that neurospheres mirrored the genotype and phenotype of 

primary tumors more closely than conventional cell lines selected in serum culture, an 

observation that confers to the model also the technical value of being a more faithful in 

vitro representative of glioblastoma cells [34]. 

 

Colorectal cancer spheroids (colospheres) 

The first evidence that colorectal cancer follows the stem cell model was published in 2007 

by two independent laboratories, which followed the same methodological approaches 

previously used to demonstrate the presence of CSCs in leukemia and brain tumors [6, 7]. 

Ricci-Vitiani and colleagues showed that cells isolated from primary colorectal tumors were 

able to grow indefinitely as tumor spheroids in a typical stem cell medium (i.e. serum free 

medium supplemented with EGF and bFGF), thus displaying self-renewal potential. 

Moreover, these cells maintained the ability to form tumors in mice that resembled the 

parental tumor, even after a high number of passages in vitro[7]. The evidence that 

colospheres are cell cultures enriched with cells displaying properties of colorectal CSCs was 
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supported by further works [36, 37]. Indeed, it was demonstrated that colospheres derived 

from a single-cell cloning expressed the CSCs markers and, when transplanted in mice, 

maintained the ability to generate a tumor identical to the parental [37]. Moreover, it was 

also shown that, in standard culture conditions (i.e. in the presence of serum and adhesive 

dishes), colospheres could differentiate into cells that lost the tumorigenic potential and 

expression of CSCs markers, and upregulated typical markers of intestinal 

differentiation[37]. 

 

1.2. CSCs can be prospectively isolated  

A further step toward the understanding of the hierarchical nature and heterogeneous 

tumorigenic potential of glioblastoma, colorectal cancer and other tumors, was made by 

prospective isolation of stem-like cells, namely by the association of the cancer stem cell 

phenotype with the expression of a specific cell-surface marker. In first studies, CD133 

(prominine-1) was found to mark CSCs in different types of brain tumors, including 

glioblastoma, pediatric medulloblastoma and ependymomas [35, 38, 39]. In addition, 

CD133 was exploited to identify CSCs in colorectal [6, 7] and pancreatic carcinomas [40]. 

CD133 itself appears to be a marker of normal neural stem cells in both humans [31] and 

mice [41]. By analogy with leukemic stem cells, cells isolated (usually by florescence-

activated cell sorting) for their expression of a given marker deserve the title of cancer stem 

cells only if they satisfy rigorous operational criteria, such as (i) the ability to reform a 

phenotypic copy of the original tumor in immunocompromised mice; (ii) a frequency of 

tumor-initiating cells, measured by limiting dilution assay, greater than the tumor cell 

subpopulation negative for expression of the same marker; (iii) the ability to regenerate a 

cell hierarchy in the experimental tumor, from which they can be prospectively re-isolated, 

and sustain tumor serial transplantation [14, 22]. By this methodology, Singh and 

colleagues showed that the ability to form glioblastoma in SCID mice was an exclusive 

property of the CD133+ cell subpopulation. Indeed, as few as 100 CD133+ cells were 

capable of forming tumors, while up to 105 CD133- cells were ineffective. Notably, they also 

showed that the CD133+ cell subpopulation represented a minority of the overall tumor 

population, mostly composed by CD133- cells [35]. These findings greatly contributed to 

the general concept that cancer stem cells, in either leukemia or solid tumors, are present 

at low frequency, and can be unequivocally identified by cell surface markers.  
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Although theoretically elegant, prospective isolation of CSCs by means of cell surface 

markers has however proven to be often unreliable, in the case of glioblastoma as well as 

colorectal cancer [14, 42]. The universal validity and specificity of CD133 was questioned by 

several reports. It was shown that 40% of freshly isolated glioblastoma specimens do not 

contain CD133+ cells [43] and that, although with different kinetics and aggressiveness, 

both the CD133+ and CD133- daughter cells can generate tumors [44]. Also in colon cancer, 

CD133, as well as other markers (CD24, EpCam, CD44, CD166), did not prove to be robust 

enough to unequivocally isolate a pure subpopulation of colon CSCs. Indeed, in some cases 

CD133 can be expressed also by differentiated cells both in murine and human normal 

intestine [45]. Moreover, in metastatic colorectal cancer, it has been shown that also 

CD133- are tumorigenic [45]. Thus, although it remains firmly established that selecting for 

CD133+ cells can provide enrichment of the CSC fraction in some tumors, this marker is 

often associated with the CSC phenotype in a random and unpredictable fashion. Other 

than CD133, a number of cell surface markers have been exploited for the isolation of cell 

subsets enriched in CSCs, including CD44, CD24, epithelial cell adhesion molecule (EpCAM), 

also known as epithelial specific antigen (ESA), ATP-binding cassette B5 (ABCB5), as well as 

Hoechst33342 exclusion by the side population cells [46]. It is still unclear whether these 

markers represent mere identifiers or can regulate CSC function. Notably, none of these 

markers is exclusively expressed by solid tumor CSCs, highlighting the imperative to 

delineate more specific markers or to use combinatorial markers. The dispute about marker 

validity for CSC identification is unsettled, but there is consensus in believing that, in 

tumors, markers should be used to integrate CSC identification based on demonstration of 

distinctive functional properties in vitro (sphere formation and long-term propagation) and 

in vivo (serial tumor transplantation) [47]. Importantly, more reliable markers should be 

searched not among proteins such as CD133, whose functional role is undetermined, but 

among those that actively sustain the stem phenotype. Surface proteins with a key role in 

modulating the self-renewal and tumorigenic capabilities of CSCs are, among others, 

tyrosine kinase receptors. 

 

1.  
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2.  

3.  

4. Figure 1. Isolation of glioblastoma stem-like cells in culture as neurospheres (modified from 

Vescovi et al., Nat Rev Cancer 2006) [24]. 

5.  

6.  
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2. Cancer stem cells and radioresistance 

 

7. Radiation therapy significantly contributed to cancer therapy. However, despite continuous 

improvements, as in the case of other therapeutic modalities, tumors develop adaptive 

responses and become more radioresistant, aggressive, and invasive [48].  

8. A newly emerged plausible explanation for tumor radioresistance is the intrinsic 

refractoriness of CSCs to irradiation as well as chemotherapy [2, 49]. Taking into account 

that tumors can in principle arise even from a single residual CSC, the failure of radiation 

treatments might be attributed to the incomplete eradication of the CSC 

subpopulation[50]. First described for GBM and breast cancer, CSC radioresistance seems 

to be associated mainly with enhanced DNA-repair capacity and defense against reactive 

oxygen species (ROS), as compared to the non-CSC subpopulation [19, 20, 51, 52]. Ionizing 

radiation (IR) and radiomimetic drugs induce formation of double-strand breaks (DSBs) in 

DNA, eliciting in CSCs an efficient DNA-damage response (DDR) and cell survival. 

Conversely, in non-CSC DDR cannot efficiently repair DSBs, and persistence of DNA damage 

induces cell death by the so-called mitotic catastrophe [53]. Moreover, in some tumors, 

CSCs, like their normal counterparts, have been shown to contain more efficient 

antioxidant machinery and lower ROS levels compared to their non stem-like progeny [51]. 

As ROS are critical mediators of ionizing radiation-induced cell killing [54], CSCs develop less 

DNA damage and are preferentially spared after irradiation compared to non-CSC, which 

may contribute to tumor radioresistance. 

9. CSCs can drive tumor recurrence not only by exploiting inherent/adaptive mechanisms of 

radioresistance, but also by evolving under therapeutic pressure. Tumor genetic 

heterogeneity implies coexistence of multiple tumor cell subclones, each fueled by a 

founder, genetically distinct CSC [22, 55-57]. Different genetic alterations can correlate with 

diverse ability to resist to radio-chemotherapy, thus conferring distinct selective 

advantages. Indeed, we have shown that CSCs isolated from glioblastomas recurring after 

chemo-radiotherapy harbor genetic alterations distinct from those found in CSC derived 

from primary tumors, but pre-existing in the primary tumor tissue [58]. 

10. Finally, it has been shown that radiotherapy itself can modulate the CSC phenotype, 

inducing the reprogramming of non-CSC into CSC, as observed in breast cancer, where 

radiation-induced breast CSCs displayed enhanced mammosphere formation and 
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tumorigenicity, and also expressed the same stemness-related genes as the breast CSCs 

isolated from non-irradiated samples [59]. Overall, molecular mechanisms underlying 

radiation resistance in tumors remain poorly understood and require more extensive 

characterization. 

 

2.1. GSCs radioresistance: molecular mechanisms 

GBM is one of the most lethal human malignancies (median survival 12-15 months) [60]. IR, 

either alone or adjuvant after surgery, is, together with temozolomide, part of standard 

treatment. However, prognosis of patients with glioblastoma still remains poor because of 

refractoriness to radio-chemotherapy [19, 61, 62].  

It has been well demonstrated that IR causes single- and double-stranded DNA breaks that 

evoke a multifaceted DNA damage response (DDR). At the apex of the DDR lie the 

serine/threonine protein kinases ataxia telangiectasia mutated (ATM) and ataxia 

telangiectasia and Rad3-related (ATR), which safe-guard genomic integrity by activating 

p53, cell-cycle checkpoint kinases and the ensuing DNA-repair pathways [63, 64]. ATM is 

mainly activated by DNA double-strand breaks (DSBs), whereas ATR responds to single-

stranded regions of DNA generated at stalled replication forks and during processing of 

DSBs by nucleases [65-67]. The MRN (MRE11–RAD50–NBS1) complex has key roles in 

sensing and processing DSBs as well as activating ATM and ATR [68]. ATR activates cell-

cycle checkpoint kinase proteins, including Chk1, whereas ATM primarily activates Chk2. 

These downstream checkpoint kinases activate G1 and G2–M cell-cycle checkpoints, 

including phosphatases such as CDC25, eventually inhibiting cyclin-cyclin dependent 

kinases (cyclin-cdk) complexes and blocking the cell cycle [69] (Figure 2). Then enzymatic 

DNA repair mechanisms can operate, and, if the damage is repaired, cell cycle can resume.  

In a seminal study, Bao et al. reported that CD133-positive represented the radioresistant 

cell subpopulation and could be the source of tumor recurrence after radiation [19]. This 

cell subpopulation showed to retain stem-like features and contributed to glioma 

radioresistance via preferential activation of the DNA damage checkpoint response and an 

increased DNA repair capacity: in both neurospheres and in intracranial xenografts, CD133-

expressing cells survived IR relatively better compared to CD133-negative cells and 

activated Chk2-dependent checkpoint responses to a greater extent than CD133-negative 

cells [19].  
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In a follow-up study, it has been shown that, in GSCs, the ATM pathway is supported by 

L1CAM (CD171) [70]. In irradiated cells the L1CAM intracellular domain undergoes nuclear 

translocation and modulates c-Myc activity thereby regulating expression of NBS1, a critical 

component of the MRN complex that activates ATM [70].  

Other groups have also shown that GSCs are more resistant to radiation compared to non-

GSCs due to high expression of phosphorylated checkpoint proteins. For example, Squatrito 

and colleagues demonstrated that loss of ATM/Chk2/p53 pathway components accelerated 

tumor development and contributed to radiation resistance in gliomas. Chk2 seemed to be 

required for glioma response to IR in vivo and for DNA-damage checkpoints in neural stem 

cells [71]. Additionally, it was reported that the polycomb group protein BMI1 conferred 

radioresistance to GSCs through recruitment of the DNA damage response machinery [72].  

Recently, it was also reported that inhibition of ATM kinase radiosensitizes GSCs and 

effectively abrogate the enhanced GSCs DSB repair proficiency [73]. In addition, inhibition 

of PARP, a key player in DNA single-strand break repair, has also been shown to overcome 

GSCs radioresistance [74]. 

These findings corroborate and extend the landmark study by Bao and colleagues, in which 

inhibition of Chk1 and Chk2 was shown to enhance the radiosensitivity of GSCs [19]. The 

observation that GSCs exhibit upregulated DDR signaling provides both opportunities and 

challenges. While targeting individual DDR components can clearly increase GSC 

radiosensitivity, it could be even more advantageous to broadly inhibit DDR, by interfering 

with upstream regulatory systems. 
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Figure 2. Upregulation of the cell cycle control mechanisms in CSCs. The family of checkpoint 

kinases (Chk1/2 kinases) is activated after ionizing radiation stress and arrest the cell cycle to allow 

DNA repair. In response to DSBs, ATM and ATR orchestrate the DNA damage repair, activating the 

downstream kinases Chk1 and Chk2. These kinases are expressed at higher basal and inducible 

levels in CSCs than in non-stem cells (from Moncharmont C. et al., Cancer letter 2012) [75]. 
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3. Crosstalk between the Receptor Tyrosine Kinases (RTKs) signaling and the DDR in GBM 

radioresistance 

 

Recently, it has been envisaged that GBM radioresistance can rely on RTK signaling. Indeed, 

RTK genetic alteration seems to be an essential oncogenic events in the majority of GBMs, 

leading to hyperactivation of PI3K/Akt/mTOR and Ras/Mitogen-Activated Protein Kinase 

(MAPK) downstream signaling pathways [76, 77]. Several studies have shown that the 

activation of these pathways in cancer cells is significantly associated with radiotherapy 

resistance, either through the modulation of cell survival signaling or by direct regulation of 

the DNA repair machinery [76].  

The epidermal growth factor receptor (EGFR) is one of the most frequently altered RTK in 

GBM patients, being amplified in 40% of GBM overall and in 80% of GBMs of the “classical” 

subtype [76]. The first evidence indicating a possible role of EGFR in the regulation of DNA 

repair came from studies showing that EGFR directly interacts with DNA-dependent protein 

kinase (DNA-PK), one of the key components of the non-homologous end-joining (NHEJ) 

machinery [78]. This initial work, carried out in different mammalian cell lines (A431, DiFi, 

HER14 and MDA-MB453) was followed by reports showing that either IR or cisplatin 

induces the translocation of EGFR into the nucleus, where it interacts with, and promotes 

DNA-PK activity [79]. In another study, performed in lung and breast cancer cell lines, 

inhibition of EGFR nuclear translocation by pre-incubation with the EGFR antibody 

cetuximab, resulted in radiosensitization [80]. Similarly, cetuximab enhanced in vitro and, 

more importantly, in vivo radiosensitivity of head and neck squamous cell carcinoma [81, 

82]. Recently, Golding and co-workers suggested that, in U87 glioma cells, EGFR signaling 

promotes both homologous recombination (HR) and NHEJ DNA repair mechanisms, in a 

EGF dose-dependent manner, an effect significantly reduced in the presence of a specific 

EGFR inhibitor [83].  

EGFRvIII, a deletion mutant of EGFR that lacks the extracellular ligand-binding domain, is the 

most common alteration leading to EGFR constitutive activation, reported in about 50% of 

EGFR-amplified GBMs [76]. Unlike activated EGFR, which stimulates both the 

Ras/Raf/MAPK and PI3K/Akt pathways, EGFRvIII appears to preferentially activate only the 

PI3K/Akt signaling cascade [83-85]. Interestingly, EGFRvIII and the PI3K/AKT pathway 

displays an increased activation in response to IR [86]. Consistently, inhibition of PI3K/Akt 
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signaling impaired DSB repair and enhanced radio-sensitivity of GBM harboring EGFRvIII [87, 

88]. Moreover, Johns et al. showed that treatment with the anti-EGFR monoclonal antibody 

mab-806 radiosensitizes EGFRvIII-positive U87 glioma cells [89]. Taken together, these data 

suggest that EGFR signaling, either directly through the interaction with the DNA repair 

machinery, or indirectly through the activation of PI3K/Akt and Ras/MAPK signaling 

pathways, modulates sensitivity to radiation, supporting the biological rationale for its 

targeting in association with IR, at least in the subset of glioma patients in which this 

signaling is hyperactivated. 

Beside EGFR, several other RTK systems have been associated with cancer cells response to 

DDR and hence are considered as molecular targets for tumor radiosensitization. 

The platelet-derived growth factor (PDGF) signaling is constitutively activated in a subset of 

GBMs, mostly belonging to the so-called “proneural” subtype, either as result of genetic 

alterations (such as PDGFRA gene amplification, intrachromosomal deletion, or activating 

point mutations), or by overexpression of the PDGF ligand [90]. Even though direct 

modulation of the DDR machinery by PDGFR has not been described to date, various 

reports showed that treatment with the PDGFR inhibitor imatinib increases radiation 

sensitivity in glioma cells in vitro and as well as in xenografts [91].  

Although the molecular crosstalk between the RTK signaling and the DDR is beginning to be 

characterized in GBM, this issue has not been fully addressed in GSCs. EGFR signaling was 

known to sustain self-renewal and multipotency of neural stem cells [47], and was later 

found to support the stem and tumorigenic phenotype of GSCs propagated as 

neurospheres [92]. Activation of pro-survival PI3K/Akt pathway, which is downstream of 

EGFR and other RTKs, has been shown to be more intense in GSCs compared to non-stem 

glioma cells. Interestingly, Hambardzumyan et al. showed the importance of the activation 

of PI3K/Akt/mTOR pathway in conferring radioresistance in subpopulations of 

medulloblastoma cells, a highly malignant brain cancer [93]. Further characterization and, 

potentially, inhibition of these pathways hold promises to improve the current 

radiotherapy efficacy in glioma treatment by overcoming the intrinsic radioresistance of 

the GSC subpopulations.  

Moreover, an increasing body of evidence suggested that MET signaling may also be linked 

with critical pathways of the DDR [94]. Interestingly, works previously carried out in our 

laboratory showed that the MET receptor tyrosine kinase (i) confers radioresistance to 
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tumor cells [95], and (ii) it is a functional marker of the GSC subpopulation [96]. In this 

thesis we showed that MET is specifically expressed in a subset of radioresistant GSCs and 

that its inhibition radiosensitize GSCs by impairing the DDR signaling. 

 

 

4. The role of the MET oncogene in invasive growth and radioresistance 

 

The MET oncogene, encoding the hepatocyte growth factor receptor, has been known for 

inducing invasive growth, a genetic program largely overlapping with epithelial–

mesenchymal transition (EMT), and governing physiological and pathological processes 

such as tissue development and regeneration, as well as cancer dissemination [97]. 

Interestingly, it has been shown that induction of the EMT program by other factors results 

in concomitant acquisition of stem properties [98]. Consistently, we and others have shown 

that MET sustains both the stem and the invasive phenotype in glioblastoma stem cells (see 

below). 

In human cancers, MET is affected by genetic alterations, such as mutations or 

amplifications, which lead to a constitutively activation of the receptor, either ligand-

independent, or sensitive to otherwise subliminal HGF concentrations [99]. As result, the 

activated MET oncogene behaves as a cell-autonomous selectable driver of tumor growth. 

Consistently, MET amplification (i) sustains oncogene addiction, that is dependence for cell 

proliferation and survival [99], and (ii) is a selectable mechanism of resistance to therapies 

attacking other regulators of cell proliferation such as Epidermal Growth Factor Receptor 

(EGFR)[100, 101]. The role of MET in tumors is not restricted to the relatively rare genetic 

alterations (1–3% of tumors), but relies on the frequent overexpression of the wild-type 

gene [99, 102, 103]. In the latter case, activation of the tyrosine kinase requires the ligand 

HGF [102].  

Recent studies showed that MET enables cells to overcome damages inflicted by cancer 

anti-proliferative targeted therapies, radiotherapy [95, 104, 105] or anti-angiogenic agents 

[106]. After exposure to such therapies, clones of MET-amplified cancer cells arise within 

the context of genetically heterogeneous tumors and drive recurrence [97]. As part of the 

invasive growth program, MET not only restores the proliferative signal, but it exerts an 

effective anti-apoptotic activity that protects from cell and DNA damaging agents. Indeed, 

this response arises either during targeted or conventional cancer therapies, such as 
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radiotherapy.  

In our previous study, we showed that doses of ionizing radiation commonly used for tumor 

radiotherapy induce MET transcriptional upregulation in glioblastomas and other tumor 

types[95]. The signaling pathway leading to MET overexpression starts with ATM kinase, 

which orchestrate the DNA repair response, and among other effectors, ends in activating 

transcription nuclear factor kappa B (NF-kB), that upregulates a panel of genes responsible 

for adaptive response [107, 108]. These genes include MET that is overexpressed at the cell 

surface and thus undergoes ligand-independent activation or, at least, sensitization to 

otherwise subliminal HGF concentrations, which play a dual role by concomitantly 

promoting invasion and protecting from radiation induced apoptosis (Figure 3). 

Consistently, in mice xenografts treated with radiotherapy, MET inhibition results in 

increased cell death and tumor regression [95].  

It was further shown that MET inhibition prevents formation of the RAD51-BRCA2 complex, 

required for DNA repair by homologous recombination [109]. Concerning the cell response 

to DNA damage, recent works highlight an intriguing interplay between MET and p53 [110, 

111]. These studies suggest that MET effectively protects cells from death induced by DNA 

damage in the presence of normal p53, and can be even more active in case of p53 

mutation [97]. 

Moreover, it was found that, as in the case of resistance to EGFR inhibitors, MET sustains 

primary radioresistance and can drive clonal selection under the pressure of radiotherapy. 

This was observed in mouse models of radiation-induced glioblastoma, where the most 

significant oncogenic event, possibly induced by DNA damage and then selected, was MET 

amplification [112].  
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Figure 3. Effects of ionizing radiation (IR) on transcription and activation of the MET signaling 

pathway (modified from De Bacco et al., JNCI 2011) [95]. 

 

 

 

4.1. MET is predictive factor of poor prognosis in locally advanced rectal adenocarcinoma 

Neoadjuvant chemoradiotherapy (CRT) followed by surgical resection, according to the 

principle of total mesorectal excision, is the standard treatment for locally advanced rectal 

cancer [113]. This approach, determines tumor downstaging in 28–62% [114] of the cases 

and improves local control [115]. However, irrespective of the tumor stage, treatment 

response is very heterogeneous, as complete tumor pathological regression is achieved in 

10–30% of cases [114, 116] and many rectal cancer patients are resistant to preoperative 

CRT[117]. Moreover, tumor recurrence and metastasis, which develop after resection, are 

virtually inevitable and are a major cause of death. Recently, Senetta and colleagues have 

found that YKL-40 and MET immunohistochemical expression in pre-treatment rectal 

cancer biopsies reliably predicts a lack of response to neoadjuvant CRT [118]. Moreover, 

they demonstrated that MET and YKL-40 are independent predictors of poor response to 

CRT [118]. 

As MET is a candidate for target therapy [103] and a related marker of radioresistance [95], 

the efficacy of neoadjuvant CRT in these patients would benefit of therapy sensitizers, i.e. 

targeted MET-inhibitors to improve responsiveness. 
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5. Met is a functional marker of a glioblastoma stem cell subset  

 

Biological proofs in normal tissues and preliminary results on tumors strongly support the 

evidence that MET is expressed by CSCs. In adult tissues MET expression is mainly localized 

to stem and progenitor cells compartments, as seen in the bone marrow, skeletal muscle, 

cardiac muscle and the epithelia of the gastrointestinal tract [102, 119]. Moreover, MET 

was also implied in neural stem cell self-renewal[120]. If cancer stem cells originate from 

the malignant transformation of normal stem cells or early progenitors, it is conceivable to 

assume that MET overexpression in tumors should also be a consequence of the expansion 

of a CSC subpopulation. This, together with the observation that MET expression can be 

increased in tumors by genetic lesions and by the reactive stroma, strongly suggests that 

MET overexpression will sensitize CSCs to HGF to switch on the invasive growth program, 

thus promoting invasiveness. Preliminary data regarding the expression and the function of 

MET in CSCs were obtained in glioblastoma [121] and colorectal cancer [122]. Interestingly, 

the study of Li and coworkers suggested that MET induces a network of reprogramming 

transcription factors (such as Sox2, c-Myc, Klf4, Oct and Nanog) that sustains the 

glioblastoma stem cell phenotype [121].  

In our previous study, we showed the MET is preferentially expressed in a subset of 

neurospheres (~40%) (MET-positive-NS) derived from primary GBM, and that MET 

expression is almost mutually exclusive with EGFR and associate with distinct genetic 

alterations and transcriptional profiles: MET-positive-NS (EGFR-negative) preferentially 

showed to retain a wild-type EGFR gene together with mutation/deletion of PTEN tumor 

suppressor gene, and were classified as “mesenchymal” or “proneural” neurospheres, 

according to Verhaak’s signature [123]. Conversely, MET-negative-NS (EGFR-positive) 

showed to harbor EGFR amplification and PTEN wild type gene and mostly belonged to the 

so called “classical” subtype. These neurospheres displayed different biological properties 

in vitro and in vivo, thus suggesting that MET and EGFR identify different glioblastoma stem 

cell subtype. These findings seem consistent with observations in mouse model systems 

where brain progenitors inheriting high levels of EGFR give rise to astrocytes, whereas 

those inheriting low levels generate oligodendrocytes [124]. Moreover, we found that MET-

positive neurospheres, although clonal, are heterogeneous and contain cells that express 

different levels of MET. MET-positive neurosphere cells could thus be sorted into METhigh 
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and METneg subpopulations (Figure 4), which displayed opposite properties. METhigh retains 

(i) long-term self-propagating and multi-potential ability in vitro; (ii) tumorigenic properties 

in vivo; (iii) ability to reconstitute a mixed METhigh/METneg population in vitro and in vivo. In 

contrast, the METneg subpopulation is devoid of any of the above properties. Thus, we 

concluded that, in MET positive neurospheres, MET marks a cell subset endowed with 

cancer stem cell properties, which generates a pseudo differentiating progeny losing stem 

and tumorigenic properties together with MET expression. Moreover, we showed that MET 

plays a functional role in glioblastoma stem cells, as the MET ligand HGF sustains their 

clonogenicity and long-term self-propagation, and, interestingly, also in vitro cell invasion, a 

typical property of “mesenchymal” cells [96]. 

Along with our study, a report by Joo and coworkers [125] showed that MET expression is 

heterogeneous within the same glioblastoma tissues, with dominant expression in two 

apparently unrelated regions: the proximities of blood vessels and the hypoxic edges. The 

first region may correspond to the “perivascular” niche, a microenvironment required to 

maintain glioblastoma stem-cell properties [126]. Hypoxic areas, which should be far from 

blood vessels and adjacent to necrotic areas, were previously associated with MET 

expression in many tumors, since a transcription factor activated by hypoxia (HIF1: 

Hypoxia-inducible factor 1) activates the MET gene promoter [106]. In the same study, MET 

was successfully used as a surface marker for prospective isolation of glioblastoma stem 

cells, and MET signaling was shown to actively sustain the stem phenotype [125]. In 

summary, MET seems a promising target to inhibit both glioblastoma growth and 

invasiveness, possibly by hitting CSCs. In this perspective, it would be crucial to better 

address the role of MET as a therapeutic target in the context of CSCs. 
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Figure 4. MET and EGFR identify different glioblastoma stem cells (from Boccaccio and Comoglio, 

Cancer Res 2013) [127]. 
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Aim of the work 
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Failure of radiotherapy has been explained by the observation that a small subpopulation of 

cancer cells endowed with stem-like properties (cancer stem-like cells, CSCs) are inherently 

radioresistant, thanks to their ability to promptly activate the molecular mechanisms 

responsible for DNA repair. These mechanisms involve intracellular effectors whose activity 

is modulated by receptors that regulate cell proliferation and survival. In this line, we and 

others recently reported that the tyrosine kinase receptor for HGF, encoded by the MET 

proto-oncogene, sustains radioresistance of conventional cell lines and that MET behaves as 

a functional marker of a glioblastoma stem cell subset (GSCs).  

Based on this evidence, the primary aim of this PhD project was to investigate whether MET 

could mediate GSC radioresistance and whether it could be exploited as a therapeutic target 

to achieve radiosensitization of glioblastoma (GBM), a lethal tumor whose genetic 

heterogeneity hampers targeted therapy, and whose treatment is still mainly based on 

radiotherapy. 

In the first section of the work, our data provide evidence that MET is a marker of 

radioresistance in GSCs and that MET inhibition radiosensitizes a subgroup of MET-

expressing GBM by targeting and depleting the GSC subpopulation. 

These findings compelled us to investigate whether this experimental approach could be 

extended to the radiosensitization of other tumors whose radioresistance depends on MET. 

Such tumors can include locally advanced rectal cancer, where MET expression was recently 

found to be a predictive marker of poor response to the neoadjuvant radiotherapy.  

As limited information is available on CSCs derived from rectal cancer, in the second part of 

the thesis, we isolated and characterized rectal cancer stem-like cells (RSCSs), and we 

investigated their radiosensitization through MET inhibition.  
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Materials and methods 
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Neurosphere derivation from human patients and culture  

From 20 surgical samples of consecutive primary GBM (provided by the Fondazione IRCCS 

Istituto Neurologico C. Besta, according to a protocol approved by the institutional Ethical 

Committee), neurospheres were derived by mechanical dissociation and digestion of tumor 

specimens with collagenase I (Life Technologies-Invitrogen). Single cell suspensions were 

plated at clonal density (1-10 cells/ul) in standard stem cell medium containing: DMEM/F-12 

(Life technologies-GIBCO), 2mM glutamine (Sigma), penicillin-streptomycin (1:100, 

EuroClone), B27 (1:50, Life Technologies-GIBCO), human recombinant fibroblast growth 

factor 2 (bFGF, 20 ng/ml; Peprotech) and epidermal growth factor (EGF, 20 ng/ml; 

Peprotech). During the first passages, medium was replaced or supplemented with fresh 

growth factors until cells started to grow forming floating aggregates. To expand cultures, 

spheres were mechanically dissociated, counted with trypan blue to evaluate the number of 

live cells, and then re-plated as single cells at clonal density in complete fresh medium. Cells 

were incubated at 37°C, 5 % CO2, H2O saturated atmosphere. 

For in vitro experiments, neurospheres were kept in a modified medium with a lower 

concentration of EGF and bFGF (10 ng/ml), and supplemented with human recombinant 

HGF (10 ng/ml). Both media sustain the same NS proliferation rate (data not shown).  

 

Xeno-rectosphere derivation from PDXs and culture 

All procedures involving animal experimentation were approved by the Italian Ministry of 

Health and by the internal Ethical Committee for Animal Experimentation (FPRC-CESA). 

Xenopatients (PDXs) were obtained as described [128] and their tumors were mechanically 

dissociated, digested with Collagenase I (1 mg/ml, Life Technologies-Invitrogen), filtered 

through a 70 µm cell strainer (BD Falcon), and cleared with histopaque-1077 (Sigma), 

according to manufacturer instructions. Single cell suspension were plated in ultra-low 

attachment plastics (Sigma-Corning) at clonal density (1-10 cells/ul) in standard stem cell 

medium containing: DMEM/F-12 (Life technologies-GIBCO), 2mM glutamine (Sigma), 

penicillin-streptomycin (1:100, EuroClone), N2 supplements (Life Technologies-GIBCO), 0,4% 

BSA (Sigma); 4 µg/ml heparin (Sigma), CD Lipid human recombinant concentrate (1:100, Life 

Technologies-GIBCO), human fibroblast growth factor 2 (bFGF, 10 ng/ml; Peprotech) and 

epidermal growth factor (EGF, 20 ng/ml; Peprotech). To expand cultures, spheres were 

enzymatically dissociated using ATV (0.05% trypsin, 0.1% glucose and 0.5 nM EDTA), 

counted with trypan blue to evaluate the number of live cells, and then re-plated as single 
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cells at clonal density in complete fresh medium. Cells were incubated at 37°C, 5 % CO2, H2O 

saturated atmosphere. For in vitro experiments, where indicated, xeno-rectospheres were 

cultured supplemented with human recombinant HGF (10 ng/ul) or in basal medium 

completely avoid of exogenous factors. 

 

Nucleic acid extraction  

From neurospheres and xeno-rectospheres, nucleic acids were extracted as follows: 

genomic DNA (gDNA), using the Wizard® Genomic DNA Purification kit (Promega); total 

RNA, using the mRNeasy Mini kit (Qiagen), according to manufacturer's instructions. 

Extracted purified nucleic acids were quantified with Nanodrop ND1000 (Thermo Scientific). 

 

Copy number analysis 

EGFR, PDGFRA, MET, HGF, CDKN2A, PTEN, PIK3CA and IGF2 gene copy number was assessed 

on gDNA with real-time PCR using TaqMan® Copy Number Assays (Applied Biosystems). 

Relative gene copy number data were calculated by normalizing against endogenous 

controls (TERT, GREB1 and RNase P). A normal diploid human gDNA was used as calibrator 

to obtain ΔΔCt. The copy number of each gene was calculated with the formula 2x 2-ΔΔCt. 

Homozygous deletion was define by lack of PCR amplification for the target gene in the 

presence of PCR product for control probles; heterozygous deletion was defined by a copy 

number <1,5; a copy number between 1.5 and 3 was considered as normal. PDGFR and IGF2 

amplification was defined by a copy number higher than 5 while to discriminate between 

real EGFR or MET amplification and polysomy of the chromosome harboring the two genes 

(Chr7), the calculated copy number was normalized against the copy number of another 

gene mapped on chr7, and usually not amplified (HGF). We define true amplification only a 

copy number difference between EGFR and HGF, or MET and HGF, greater than 5. Copy 

number included between 3 and amplified was considered as copy number gain. 

 

Gene sequencing  

TP53 (full coding region except exon 3), PTEN, APC (exon 15), IDH1 (exon4), KRAS (exon 

2,3,4), NRAS (exon 2,3), BRAF (exon 2), PIK3CA (exon 9,20) purified gDNAs were amplified 

using Platinum® Taq DNA Polymerase (Invitrogen) and specific primer pairs described in 

[129, 130]. PCR conditions were as follow: 95°C for 3 min; 3 x [95°c for 15 sec, 64°C for 
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30sec, and 70°C for 1 min]; 3x [95°C for 15 sec, 61 °C for 30 sec, and 70°C for 1 min]; and 

70°C for 5 min. PCR products were purified using ExoSAP-IT® (Affimetrix) according to 

manufacturer’s instructions. Cycle sequencing was carried out using BigDye Terminator v3.1 

Cycle Sequencing kit (Applied Biosystems). Sequencing products were purified using 

Agencourt CleanSeq (Agencourt Bioscience, Beckman Coulter) and analyzed on a 3730 DNA 

Analyzer ABI capillary electrophoresis system (Applied Biosystems). Sequences were then 

analyzed using Chromas Lite 2.01 software 

(http://www.technelysium.com.au/chromas_lite.html) and compared with reference 

sequences from the Homo sapiens assembly GRCh37 (February 2009).  

All identified mutations were than compared with those reported in the Catalogue of 

Somatic Mutations in Cancer (COSMIC, http://www.sanger.ac.uk/genetics/CGP/cosmic/).  

 

Microarray analysis 

Gene expression profiling and neurospheres classification according to Verhaak’s 

subtypes[123] was performed as previously described[96].  

 

Real-Time PCR 

500 ng of purified mRNA was reverse-transcribed using High Capacity Reverse Transcriptase 

kit (Applied Biosystem) according to manufacturer’s instructions. Real-time PCR was 

performed using commercially available primers and probe sets for MET, RAD51, and ATM 

with TaqMan PCR Master Mix (Applied Biosystems), and ABI PRISM 7900HT sequence 

detection system. Expression levels were normalized against endogenous controls (β2 

microglobulin or β actin) and non-treated cells were used as calibrator. Reported values are 

the mean ± SEM of at least two independent experiments in triplicate. 

 

Immunophenotypical analysis and Fluorescence-Activated Cell Sorting  

Neurospheres and xeno-rectospheres were dissociated and resuspended in PBS 3% BSA at a 

concentration of 2 × 105 cells/100 µl. The following antibodies were used: HGF R/c-MET-PE 

(clone 95106, R&D System); EGFR-PE (clone EGFR.1, Invitrogen); BMI-1-PE (clone 384515, 

R&D System); SOX2-APC (clone 245610, R&D System); CD44-FITC (clone MEM-263, 

Immunological Sciences); Notch-1-APC (clone 527425, R&D System); Nestin-APC (clone 

196908, R&D System); CD133/2-PE (clone AC141, Miltenyi Biotec GmbH); CD24-FITC (clone 
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SN3, Invitrogen). Before analysis, DAPI (Roche) was added to exclude dead cells. Analysis 

was performed on a CyAn ADP (Beckman Coulter) equipped with 488 nM, 405 nM and 642 

nM solid state lasers. Data were collected and processed using Summit 4.3 software 

(Beckman Coulter). For Fluorescence-Activated Cell Sorting, dissociated cells were stained 

with anti-MET-PE antibodies, and filtered with Filcons filters (50 µm, BD Biosciences) to 

avoid aggregates. Cell sorting was performed with a MoFlo™ XDP nine-color cell sorter 

(Beckman Coulter). 

 

Lentiviral transduction of neurospheres 

Neurospheres were dissociated to single-cell suspensions, and 105 cells were transduced in 

standard medium with lentiviral particles expressing a bicistronic luciferase-GFP construct 

(CMV-Luc-IRES-GFP [131]) at a Multiplicity Of Infection (MOI) of 5. Transduction efficiency 

was determined 72 h post-infection by quantifying the amount of GFP-positive cells by FACS 

analysis (an average of 95% and 99% was obtained). 

 

GBM and rectal cancer xenograft models  

All animal procedures were approved by the internal Ethical Committee for Animal 

Experimentation (FPRC-CESA) and by the Italian Ministry of Health. To generate xenograft 

models, neurospheres and xeno-rectospheres were dissociated into single-cell suspensions, 

and injected subcutaneously or orthotopically into 6-8 weeks old female NOD.CB17-

Prkdcscid/J mice (Charles River Laboratories).  

For subcutaneous transplantation, 105 cells were resuspended in 100 µl 1:1 v/v 

PBS/Matrigel (BD Biosciences) and injected into the right flank. Tumor diameters were 

measured every 3 days by caliper and tumor volume was calculated using the formula: 4/3π 

× (d/2)2 × (D/2), where d and D are the minor and the major tumor axis, respectively. 

Tumors were established upon reaching an average volume of 400 mm3. For neurospheres 

orthotopic transplantation, 2.5 × 105 cells expressing the bicistronic luciferase-GFP construct 

(see above) were resuspended in 2 µl PBS, and delivered into the corpus striatum of the 

right hemisphere by stereotactic injection (coordinates were as follows: antero-posterior = + 

0.8 mm; medio-lateral = + 2.0 mm; dorso-ventral = − 3.0 mm). Intracranial tumor growth 

was monitored by bioluminescence (BLI) imaging (IVIS® SpectrumCT, Caliper Life Sciences) 

once a week until animals reached the clinical or experimental endpoints. For BLI, luciferin 
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(firefly D-Luciferin potassium salt, Caliper Life Sciences) was dissolved in PBS (150 mg/kg) 

and administered to mice by subcutaneous injection. Mice were anesthetized with 2.5% 

isoflurane in 100% oxygen at a flow rate of 1 L/min. 

 

Immunohistochemistry analysis of GBM and rectal cancer xenografts 

Tumors explanted from GBM xenografts were formalin-fixed and paraffin-embedded 

according to standard procedures. 4-μm thick tissue sections were dried in a 37°C oven 

overnight. Slides were de-paraffinized in xylene and rehydrated through graded alcohol to 

water. Endogenous peroxidase was blocked in 3% hydrogen peroxide for 30 minutes. 

Microwave antigen retrieval was carried out using a microwave oven (750 W for 10 minutes) 

in 10 mmol/L citrate buffer, pH 6.0. Slides were incubated with individual primary antibodies 

overnight at 4°C inside a moist chamber. After washings in TBS, anti-rabbit secondary 

antibody (DakoEnvision+System-horseradish peroxidase–labeled polymer, Dako) was added. 

Incubations were carried out for 1 hour at room temperature. Immunoreactivities were 

revealed by incubation in diaminobenzidine (DAB) chromogen (DakoCytomation Liquid DAB 

Substrate Chromogen System, Dako) for 10 minutes. Slides were counterstained in Mayer's 

hematoxylin, dehydrated in graded alcohol and cleared in xylene. A negative control slide 

was processed with secondary antibody, omitting primary antibody incubation. The 

following antibodies were used: anti-human Ki67 mouse clone MIB1 1:100, Dako; anti-

human EGFR mouse clone E30 1:20, Dako; anti-MET rabbit (C12) 1:50, Santa Cruz 

Biotecnology.  

In the case of rectal cancer xenografts and the matched human tumors, 3μm thick serial 

paraffin sections were collected and processed by immunohistochemistry using an 

automated immunostainer (Ventana BenchMark AutoStainer, Ventana Medical Systems, 

Tucson, AZ, USA) with antibodies against anti-human cytokeratin 7 (CK7) rabbit monoclonal 

(SP52), Ventana (Roche®); anti-human cytokeratin 20 (CK20), mouse monoclonal (ks20.8), 

Dako; anti-human CDX2, mouse monoclonal (dak-cdx2), Dako. The antigen retrieval step 

was included in the automated programme. DAB (Ventana Medical Systems, Tucson, AZ, 

USA) was used as the chromogen, according to standard protocols. Images were captured 

with the LEICA LAS EZ software with the use of a LEICA ICC50 HD microscope.  
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Limiting dilution sphere forming assay in vitro 

Limiting dilution sphere forming assay was performed to assess the frequency of GSC in (i) 

neurospheres established from original tumors, or (ii) in cells freshly dissociated from 

xenografts obtained by neurospheres transplantation, or (iii) to assess the frequency of RSC 

in xeno-rectospheres derived from rectal PDX. Cells were plated into 96-well plates at 

decreasing concentrations (ranging from 150 cells/well to 1 cell/well). The number of 

growing spheres was counted 14 days after seeding. Data were evaluated through the ELDA 

software (http://bioinf.wehi.edu.au/software/elda/) [132], and reported as percentage of 

stem-like cells ± CI.  

 

Serial transplantation assay 

Neurospheres were irradiated in vitro (p0) with a 5 Gy single dose. 24 hrs after irradiation 

103 cells, both from irradiated and control groups, were resuspended in 100 μl v/v 

PBS/Matrigel, and subcutaneously injected in 4 mice (p1). Tumor formation was monitored 

once a week by caliper as described above. From p1 tumors, cells were dissociated as 

described above for human tumor specimens, and, when neurospheres formed, 103 cells in 

100 μl v/v PBS/Matrigel were subcutaneously injected in 6 mice (p2). From p2 tumors, cell 

isolation and neurospheres formation was repeated as above, and cells were assessed by in 

vivo limiting dilution assay, by injecting 10, 102, 103, or 104 cells in 6 mice per condition (p3). 

Frequency of stem-like cells was calculated using ELDA software as above and reported as 

stem-like cells per 10,000 cells. 

 

Immunofluorescence analysis 

GBM xenograft specimens were embedded in OCT, cryo-sectioned at 10 µm, and incubated 

with mouse monoclonal anti-Met DO-24 (1:100 in PBS/1% BSA) [133], followed by anti-

mouse Alexa-Fluor 555 (1:1000, Molecular Probes by Life Technologies) and nuclei counter-

stain with DAPI, according to standard protocols. Images were acquired with Leica 

fluorescence microscope (LEICA DMI 3000 B) and the Relative Fluorescence Intensity was 

estimated with Leica LAS AF lite software, counting at least 6 HPF (63× magnification) in two 

sections from each tumor, for a total of 3 mice/group. 

 

 

 

http://bioinf.wehi.edu.au/software/elda/
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Western blotting 

Protein expression and phosphorylation were analyzed in whole-cell lysates solubilized in 

boiling Laemmli buffer or RIPA buffer or in snap-frozen and mechanically dissociated 

xenograft tissues, solubilized in RIPA buffer. Equal amounts of proteins were resolved by 

SDS-PAGE in reducing conditions and analyzed by western blotting with the following 

antibodies: rabbit polyclonal anti-MET (C12; #SC-10, Santa Cruz Biotechnology), anti-AKT 

(#BK9272), anti-phospho-AKT (#BK4060), antiphospho-Chk2 (#BK2661), anti-RAD51 

(#BK8875), anti-phospho H2AX (#BK9718), anti-cleaved caspase 3 (#BK9664), anti-cleaved 

PARP (#BK9546) and anti-ATM (#BK2873) (Cell Signaling Technology), and anti-phospho MET 

(Tyr 1349) (#04-1063, Merck Millipore), and mouse-monoclonal anti-phospho ATM 

(#ab1292, Abcam). For control of equal amount of sample loading, rabbit polyclonal anti-β 

actin (#8457), anti-GAPDH (#5174), anti-H3 (#4499) (Cell Signaling Technology), or 

antivinculin (#V9131, Sigma) antibodies were used. Antibodies were visualized with 

appropriate horseradish peroxidase-conjugated secondary antibodies (Amersham), and the 

enhanced chemiluminescence system (Promega). Blot images were captured using a 

molecular imager (GelDoc XR; Bio-Rad Laboratories) and are representative of results 

obtained in at least two independent experiments.  

 

Collection of matched primary and recurrent human GBMs 

Surgical samples were derived from primary and matched recurrent GBMs surgically 

removed at the Spedali Civili di Brescia, according to a protocol approved by the institutional 

Ethical Committee. All Patients signed an informed consent. Patients were treated with 

standard fractionated radiotherapy (60 Gy) and concomitant chemotherapy (75 mg/m2 of 

Temozolomide) on daily basis for 6 weeks, and then with Temozolomide alone (150-200 

mg/m2) for 5 days in a 28-day for 6 cycles, and up to 12 cycles, if no treatment related 

adverse events were noted or there was no evidence of tumor progression based on both 

clinical evaluation and MRI findings. At tumor progression, second surgery was performed, 

and a second line treatment was offered to selected Patients (Fotemustine). 

 

Immunohistochemical staining of MET on matched primary/recurrent GBMs. 

MET immunohistochemical staining were performed on representative paraffin embedded 

sections (2 μm thick), incubated with rabbit polyclonal anti-Met C12 (1:50 in TBS/1% BSA, 
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Santa Cruz Biotechnology), after blocking of endogenous peroxidase activity with 0.3% H2O2 

in methanol and antigen retrieval in 1mM Citrate buffer (pH 6.0) in a thermostatic bath. 

Signal was revealed using the NovoLinkTM Polymer Detection System (NovocastraTM), 

followed by Diaminobenzidine (DAB) as chromogen and Hematoxylin as counterstain. 

Images were acquired with an OlympusBx60 microscope equipped with a DP70 camera and 

CellF imaging software (Soft Imaging System GmbH). Expression of MET was evaluated by 

two pathologist and was scored semi-quantitatively as percentage of positive cells and 

staining intensity. For the percentage of positive immunoreactive cells, the following scores 

were used: 0, 0-5%; 1, 6-29%; 2, 30-69%; and 3, 70-100%. The staining intensity was 

evaluated as follows: 0, negative staining; 1, low intensity; 2, moderate intensity; 3, strong 

intensity. The cumulative score (from 0 to 6) was obtained by adding the positivity score 

(percentage of positive immunoreactive cells) and the intensity score (staining intensity of 

cells). 

 

Cell viability assay 

To assess neurospheres and xeno-rectospheres viability, ATP cell content were measured 

using Cell Titer Glo® according to manufacturer’s instructions. Cells were plated at clonal 

density (10 cells/μl) in 96-well plates, and treated as described 24 h after seeding (day 0). 

Cell viability were measured using a GloMax 96 Microplate Luminometer (Promega). Data 

are reported with respect to non-treated cells (or viability at time 0) as mean ± SEM of at 

least two independent experiments in quadruplicate. 

 

Radiobiological clonogenic assay 

Methigh and Metneg cell subpopulations were sorted as described above and seeded as single 

cell/well. 24 h after sorting, cells were irradiated in the presence or in the absence of MET 

inhibitors, and then cultured for 14 days. The number of growing neurospheres was 

counted, and the surviving fraction was calculated using the formula, modified from [134]: 

[(n° of NS formed after treatment) / (PE)] x 100, where PE (plating efficiency) is the 

percentage of NS in control conditions. The reported values are the mean ± SEM of two 

independent experiments. 
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Neurospheres and xeno-rectospheres irradiation and treatment with inhibitors 

Neurospheres and xeno-rectospheres were irradiated with a 200 kV X-ray blood irradiator 

(Gilardoni), and a 1 Gy/min dose-rate. In some experiments, HGF (20 ng/ml) was added to 

standard medium 1 h before irradiation. For MET targeting, the kinase inhibitors 

JNJ38877605 (500 nM, Janssen Pharmaceutica) [95] was added to cells 2 h before 

irradiation. 

 

Irradiation and radiosensitization of GBM xenografts and rectal cancer-PDXs 

To establish treatment groups and to minimize the effect of subjective bias, mice bearing 

subcutaneous tumors generated by neurospheres transplantation or rectal cancer-PDX of 

approximately 400mm3, or intracranial tumors with a BLI average radiance signal of 7 × 105 

p/s/sr/cm2, were randomized and group allocated by LAS software [135]. During 

randomization and generation of the experimental arms, mice were excluded from the 

studies if the tumor volume was indicated as outlier by LAS software. No tumor formation, 

due to technical problems during neurosphere injections, was also considered as a criterion 

of exclusion. Xenografted mice or rectal cancer-PDX were anesthetized by i.p. injection 

(zoletil 40 mg/kg + xylazine 7.5 mg/kg) and placed in a plexiglass pie cage (2Biological 

Instruments). Two days before irradiation, high-resolution CT scans (Toshiba Aquilion LB) 

were acquired to delineate the Planning Target Volume (PTV). For subcutaneous xenografts 

or rectal cancer-PDX, lungs and gastro-intestinal tract were considered organs at risk (OARs). 

For intracranial xenografts, the PTV corresponded to whole mouse head (no OARs 

exclusion). A total dose of 6 Gy for GBM models or 5,4 Gy for rectal cancer-PDX was 

delivered in 3 consecutive fractions (day 0, 1, 2) with TomoTherapy HD or the equivalent Hi-

Art (Accuray, Inc.). TomoDirect Intensity Modulated Radiation Therapy (IMRT) technique 

was applied, allowing the delivery of 95% of the prescribed dose to PTV, while sparing OARs. 

In order to further optimize dose delivery, a bolus layer (ELASTO-GEL) was placed upon 

mice's body for subcutaneous xenografts and rectal cancer-PDX, and upon mice’s head for 

intracranial tumors. Before the delivery of each IR dose, a Megavoltage Computed 

Tomography was performed in order to verify the correct mouse positioning. After 

irradiation, mice were awakened on a heating bed and housed in their cages. For 

radiosensitization experiments, in the case of GBM models mice were randomized into four 

groups: (i) vehicle treated; (ii) treated with IR (2 Gy × 3 consecutive days); (iii) treated with 
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JNJ38877605 (50 mg/kg, by daily oral gavage); (iv) treated with association of JNJ38877605 

and IR as above (combo). In the latter case, JNJ-38877605 was administered starting from 

the day before irradiation (day -1), up to 15 or 30 days after irradiation in subcutaneous or 

orthotopic xenografts, respectively. For radiosensitization of rectal cancer-PDX mice were 

randomized into four groups: (i) vehicle treated; (ii) treated with IR (1,8 Gy × 3 consecutive 

days); (iii) treated with JNJ38877605 (50 mg/kg, by daily oral gavage) or Crizotinib (Pfizer®-

PF-02341066, 50mg/kg, by daily oral gavage); (iv) treated with association of JNJ38877605 

or Crizotinib (Pfizer ®) and IR as above (comboJNJ or comboCrz). In the latter case, JNJ-

38877605 was administered starting from the day before irradiation (day -1), up to 15 or 20 

days after irradiation. In an independent experiment JNJ-38877605 or Crizotinib (Pfizer ®) 

were administered from the day before irradiation (day -1), up to 10 days. Mice were 

monitored daily and, in case of systemic suffering, neurological symptoms or significant loss 

of body weight, were sacrificed by intraperitoneal (i.p.) anesthesia (zoletil 40 mg/kg + 

xylazine 7.5 mg/kg) followed by CO2 inhalation. In survival experiments (subcutaneous 

xenografts or rectal cancer-PDX) mice were sacrificed when tumor size reached the pre-

established clinical endpoint of 1600 mm3; animals euthanized before reaching the clinical 

endpoint were included in survival curve as censored observations. In GBM orthotopic 

model, mice were euthanized at day 62 (at the onset of neurological symptoms in the 

control group). Explanted brains were immediately analyzed for GFP signal detection (ex 465 

nm, em 520 nm; IVIS® SpectrumCT).  

 

Limiting dilution assay in vivo 

In vivo serial dilution tumor-propagating assay was performed to evaluate the relative 

frequency of GSCs in subcutaneous xenografts after radiosensitization treatment. 

Subcutaneous xenografts were obtained as described above. Mice were randomized into 

four groups: (i) vehicle treated; (ii) treated with IR (2 Gy × 3 consecutive days); (iii) treated 

with JNJ38877605 (50 mg/kg, by daily oral gavage); (iv) treated with association of 

JNJ38877605 and IR as above (combo). The inhibitor JNJ-38877605 was administered 

starting from the day before irradiation (day -1) and prolonged up to day 10 in which 50% of 

tumor volume regression was reached in the combo group, as compared to day 0. At this 

point, tumors from each group were explanted and dissociated to re-derive tumor cells 

immediately cultured in stem conditions as described above. After cell recovery (about 10 
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days), single-cell suspensions of viable tumor-derived cells for each group (trypan blue 

exclusion test) were injected in the right flank of NOD-SCID mice at the following dilution 

dose 10, 102, 103 or 104 in 100 μl v/v PBS/Matrigel (6 mice/condition). The frequency of 

stem-like tumor propagating cells within heterogeneous cell populations was evaluate on 

the efficiency of secondary xenografts formation and data were evaluated through the ELDA 

software as above and reported as stem-like cells per 10,000 cells. 

 

Collection of rectal cancer cases 

Twenty-eight rectal cancer surgical specimens (formalin fixed-paraffin embedded samples, 

FFPE) were retrieved from consecutive cohorts from the archives of Candiolo Cancer 

Institute FPO-IRCC (pathology division). All patients had a locally advanced rectal 

adenocarcinoma (TNM classification: cT3-T4 stage). Six patients (21,4%) received 

neoadjuvant chemo/radiotherapy (CRT) or neodjuvant radiotherapy alone (RT) according to 

the standard criteria.  

All patients provided informed consent, and samples were procured and the study was 

conducted under the approval of the review boards of the institutions.  

 

Immunohistochemical staining of MET in rectal tumors and the matched PDXs 

MET immunohistochemical staining were performed on representative paraffin embedded 

sections (3 μm thick) incubated with rabbit monoclonal anti-Met (SP44), Ventana (Roche ®) 

and processed by using an automated immunostainer (Ventana BenchMark AutoStainer, 

Ventana Medical Systems, Tucson, AZ, USA). Images were acquired with an OlympusBx50 

microscope equipped with a DP70 camera and CellF imaging software (Soft Imaging System 

GmbH). Expression of MET on human samples was evaluated by two pathologists and was 

scored semi-quantitatively as percentage of positive cells and staining intensity. For the 

percentage of positive immunoreactive cells, the following scores were used: negative 

(neg.), <5%; low, 5-35%; mid, 36-75%; and high, >75%. The staining intensity was evaluated 

both in the cytoplasm and in the membrane of the cells, as follows: 0, negative staining; 1+, 

low intensity; 2+, moderate intensity; 3+, strong intensity. Combining the percentage of 

positive cells and the intensity of the staining, pathologists have identified four groups: MET 

high (>75%; intensity: at least 2+ in the membrane and/or in the cytoplasm ); MET mid (36-
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75%; intensity: from low to moderate); MET low (5-35%; intensity: from low to moderate); 

MET neg (<5%, intensity:low).  

 

Tissue Microarray (TMA) construction and immunohistochemical analysis 

For each rectal cancer-PDX, we selected the tumor foci for the TMA construction by 

marking them on the more representative hematoxylin–eosin (H&E)-stained slide with a 

waterproof pencil. The number of selected fields varied depending on the heterogeneity 

of the histological pattern and were at least three for each PDX tissue in triplicate (n=9 

fields/condition). Care was taken to select areas from both the leading edge and the 

center of the tumor. In some cases, two different slides of the same tumor (corresponding 

to two different tissue blocks) were marked. One area of normal tissue was selected 

whenever possible to build up an internal control. TMA blocks were prepared and sliced 

by a dedicated technician and processed for immunohistochemical staining. Using the 

advanced tissue arrayer (mod. ATA-100, Chemicon International, Tamecula, CA, USA), 

tissue cylinders with a diameter of 1 mm were punched under the stereomicroscope from 

the specific areas of the “donor” block and brought into the “recipient” paraffin block. The  

block was incubated in an oven at 45°C for 20′ to allow complete embedding of the 

grafted tissue cylinders in the paraffin of the recipient block, and then stored at 4°C until 

microtome sectioning. For immunohistochemical reaction, sections of 3 μm thick were 

collected on Super Frost Plus slides (Menzel Glaser, Braunschweig, Germany) and 

processed by immunohistochemistry using an automated immunostainer (Ventana 

BenchMark AutoStainer, Ventana Medical Systems, Tucson, AZ, USA) with antibodies 

against Ki67 (Dako; mouse monoclonal, clone MIB1, 1:100) and phospho-S6 ribosomal 

protein (Cell Signaling Technology; rabbit polyclonal #4858, 1:100).The antigen retrieval step 

was included in the automated programme. Diaminobenzidine (Ventana Medical Systems, 

Tucson, AZ, USA) was used as the chromogen, according to standard protocols. Images were 

captured with the LEICA LAS EZ software with the use of a LEICA ICC50 HD microscope. 

Positive cells quantification was performed using NIH ImageJ software (National Institutes of 

Health, Bethesda, MD). Ki67 (brown nuclei) and phospho-S6 (brown cytoplasmatic area) 

stainings were quantified by averaging the number of immunoreactive cells in 3 high-power 

fields (HPF) (×10 magnification) for each PDX (n = 3 per group), excluding the necrotic area.  
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Statistical analysis  

Values were expressed as mean ± standard error of the mean (SEM). Student t-test, one-

way Analysis of Variance (ANOVA) or Wilcoxon test were used as indicated. Survival curves 

were analyzed using the Kaplan-Meier method with groups compared by respective median 

survival; log-rank P value was measured using the Mantel-Cox test. Chi-squared tests and 

confidence intervals 95% (CI 95%) for limiting dilution assays were performed by ELDA 

software. A p-value < 0.05 was considered to be significant for all the statistical tests used. 
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1. Genetic, phenotypic and functional characterization of glioblastoma stem-like cells 

(GSCs) 

In collaboration with the group of Dr. G. Finocchiaro (Istituto Neurologico C. Besta, Milan, 

Italy), we derived neurospheres (NS) from 20 human GBM samples removed by surgery 

without prior treatments. 

NS were analyzed for the presence of genetic alterations known to occur at high frequency 

in GBM, such as: copy number alterations of EGFR, PDGFRA, MET, PTEN and CDKN2A and 

mutations of TP53, PTEN and IDH1. NS were then classified as proneural, classical, or 

mesenchymal by transcriptional profiling, according to the Verhaak’s signature [123] (Table 

1).  

We have previously shown that the MET oncogene is preferentially expressed in a subset of 

NS (~40%). Interestingly, MET expression is almost mutually exclusive with EGFR and 

associates with distinct genetic alterations and transcriptional profiles: MET-pos-NS (EGFR-

negative) preferentially retain a wild-type EGFR gene together with mutation/deletion of 

PTEN tumor suppressor gene, and are classified as “mesenchymal” or “proneural” NS. 

Conversely, MET-neg-NS (EGFR-positive) usually harbor EGFR amplification and PTEN wild 

type gene, and basically belong to the “classical” subtype [96]. We further demonstrated 

that in each MET-pos-NS MET marks and functionally sustains a GSC subpopulation retaining 

cancer stem-like cell properties [96].  

To investigate the relationship between MET expression and GSC radioresistance, from our 

panel we chose a subset of MET-pos-NS (Table 2). 

In order to assess the stem-like phenotype of the established MET-pos-NS, we analyzed the 

expression of some relevant stem markers such as BMI-1, SOX2, Nestin, CD44, Notch-1 and 

CD133, which have been proposed as specific of the stem-like cell subpopulation [35, 123, 

136-139]. Flow cytometric analysis showed that in MET-pos-NS, BMI-1, SOX2 and Nestin are 

expressed at high levels by the majority of cells, while Notch-1, CD44 and CD133 are more 

heterogeneously expressed among and within neurospheres (Figure 1A). Moreover, this 

analysis showed that in MET-pos-NS, EGFR expression is barely detectable or absent [96] 

(Figure 1A). 

All MET-pos-NS displayed the features of GSCs, namely, self-renewal, clonogenicity, and 

tumorigenicity, as they propagated in vitro at clonal density for an indefinite number of 
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passages, and generated tumors that phenocopy the originals after transplantation both 

subcutaneously and intracranially in NOD-SCID mice.  

Histopathologic analysis of subcutaneous xenografts demonstrate a striking glioblastoma-

like tissue pattern. This was characterized by the presence of several areas of necrosis and 

many mitotic figures (Figure 1B). Notably, tumors derived from conventional glioblastoma 

cell lines usually do not display human glioblastoma-specific features [5]. Strikingly, when 

transplanted orthotopically, MET-pos-NS were able to form intracranial tumors 

characterized by the presence of several areas of necrosis surrounded by typical pseudo-

palisade structures (Figure 1C), an elevated extent of proliferation as measured by Ki67 

staining (Figure 1D) and, in some cases, a migratory and infiltrative pattern distinctive of 

human GBM (data not shown). Interestingly, immunohistochemical analysis showed that 

xenografts derived from MET-pos-NS gave rise in turn to MET-positive/EGFR-negative 

glioblastomas, maintaining the specific pattern of mutual exclusion (Figure 1D). 
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Table 1. Neurosphere genetic alterations. Copy number alterations are expressed as follows: --: homozygous deletion (lack of PCR amplification for the target gene in 
the presence of a PCR product for control probes); -: heterozygous loss (copy number <1.5); wt: copy number between 1.5 and 3; ++: amplification (PDGFR copy 
number >5; copy number difference between EGFR and HGF or MET and HGF greater than 5) +: copy number gain (copy number >3 in absence of amplification).PTEN, 
TP53 and IDH1 mutations are indicated on both coding and protein sequences. (a): gene expression profile (GEP) subtype according to the Verhaak’s signature [123] ; 
CL:classical;MES:mesenchymal;PN:proneural.
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Table 2. MET/HGF expression in neurospheres 
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Table S3. MET/HGF expression in neurospheres (NS) 

 

NS 
MET 

mRNAa 
MET protein 
(%  pos cells)b 

HGF 
mRNAa 

HGF protein 
(a.u.)c 

      
M

E
T

-p
o
s-

N
S

 
BT205 5.9 5.1 ± 0.1 3.11 8.8 

BT287 12.7 64.22 ± 0.28 11.66 n.a. 

BT302 7.4 17 ± 2 4.6 2.4 

BT308 13.7 46 ± 2 3.26 5.2 

BT314 3.1 15.5 ± 0.5 11.09 3.4 

BT328 12.6 16.77 ± 4.77 3.02 n.a. 

BT337 12.5 92 ± 2 neg 0.8 

BT347 9.5 17.75 ± 1.25 6.497 n.a. 

BT371 15.4 90.5 ± 8.5 7.6 2 

BT398 11 93.04 ± 1.045 6.75 n.a. 

BT437 8.4 17.91 ± 3.03 4.21 n.a. 

BT452 13.8 95.45 ± 0.85 3.77 3.3 

BT463 10.6 70 ± 0 2.97 5.2 

      

M
E

T
-n

eg
-N

S
 

BT273 2.6 neg neg neg 

BT275 1.9 neg neg neg 

BT334 4.2 neg neg neg 

BT358 0.9 neg neg neg 

BT373 1.6 neg neg neg 

BT421 8.6 neg neg neg 

BT443 2.8 neg neg neg 

      

 

a: MET/HGF mRNA measured by real time PCR and reported as 40-Ct;  

b: MET protein measured by flow-cytometry. Percentage of positive cells was reported as mean ± SEM. 

c: HGF protein measured by western blot on NS lysates. HGF densitometric quantification was normalized on β-actin. 

a.u.: arbitrary units. n.a.: not available. 
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Figure 1. Phenotypic characterization of neurospheres and GBMs generated by neurosphere 
transplantation. A. Flow-cytometric analysis of MET, EGFR and stem markers (BMI-1, SOX2, CD44, 
Notch-1, Nestin, CD133, red lines) in three representative MET-pos-NS (BT308, BT463, BT371). Grey 
line: negative controls; B. Representative images of tumors generated by subcutaneous injection of 
105 cells (BT308 and BT371NS). Scale bar, 100 μm (left, 20× magnification; right, 40× magnification).  
C. Representative images of tumors generated by orthotopic injection of 105 cells (BT308NS) which 
reproduce the intraparenchymal invasion pattern with pseudo-palisade cells surrounding necrosis 
area, typical of human GBM. Scale bar, 100 μm (20x magnification). D. Representative 
immunohistochemical staining of Ki67, EGFR and MET in intracranial tumors generated by injection 
of BT308 NS. Scale bar, 100 μm (40x magnification). 
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2. The neurosphere GSC subpopulation is positively selected by ionizing radiation 

It has been well demonstrated that ionizing radiation (IR) destroy the tumor bulk but not 

GSCs, which drive tumor recurrence [19].  

By definition, NS are clones deriving from expansion of single self-renewing GSCs. However, 

each NS entails a certain degree of phenotypic heterogeneity, which arises within the 

progeny of the founder GSC, and implies loss of stem properties, including radioresistance. 

We thus investigated whether, within the whole MET-positive heterogeneous NS, the GSC 

subpopulation was more radioresistant than its non-stem progeny and whether it was 

positively selected by IR. Indeed, we showed that irradiation positively selected cells 

displaying stem-like properties, as measured by limiting dilution assays (LDA) performed in 

vitro and in vivo. In a representative panel of MET-pos-NS, irradiation with 5 Gy significantly 

increased the frequency of sphere-forming cells in vitro (Figure 2A).  

To conclusively demonstrate that IR positively selects the GSC subpopulation, we performed 

a serial xeno-transplantation experiment. This is inspired to the classical repopulation assay 

used to identify true hematopoietic stem cells [140]. As depicted in Figure 2B, NS were 

irradiated in vitro (NS-IR, p0) and, after 24 h, transplanted subcutis in the mouse (p1). In 

parallel, an equal number of non-irradiated NS cells (NS-ctrl) were transplanted as control. 

Both NS-IR and NS-ctrl generated tumors (p1) from which secondary NS were re-cultured; 

then an equal number of NS cells was transplanted into new recipients for a second passage 

(p2). Next, NS derived from tumors generated in p2 were assessed for their tumorigenic 

potential by performing an in vivo limiting dilution assay, by transplanting from 10 to 104 

cells in p3 mice.  

Of note, during serial transplantation we could observe that the median volume of tumors 

generated by both NS-IR and NS-ctrl progressively increased, according to the notion that 

stem-like subpopulations are positively selected during this procedure [22]. However, the 

tumors generated by NS-IR, still comparable to those generated by NS-ctrl at p1, were 

significantly larger than controls in the subsequent passages (Figure 2C-D). The latter 

observation indicates that the GSC subpopulation was further enriched from the start by 

irradiation. Consistently, the in vivo GSC frequency, estimated by performing p3 as LDA, was 

~11-fold higher in tumors originated from NS-IR, as compared with tumors from NS-ctrl 

(Figure 2E-F). In addition, in vitro LDA with cells derived from p3 tumors showed that also 

the sphere-forming ability significantly increased in cells from tumors that originated from 

NS-IR, as compared with controls (Figure 2G).  
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Finally, an increased GSC frequency was also observed in a second GBM model treated with 

radiotherapy. In order to mimic the human protocol of irradiation, xenografts established by 

intracranic injection of MET-pos-NS, were treated with fractionated IR (2 Gy × 3 days). 

Secondary NS isolated from intracranial tumors were assessed by in vitro LDA 62 days after 

in vivo treatment, showing that the irradiated GBM displayed a significantly higher 

frequency of GSCs (Figure 2H-I). Collectively, these results show that the cell subpopulation 

endowed with the clonogenic and tumorigenic properties that qualify GSCs is positively 

selected by IR. 
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Figure 2. The neurosphere GSC subpopulation is positively selected by ionizing radiation. A. LDA 
(sphere-forming) measuring the enrichment of GSCs after IR (5 Gy). Ctrl: non-irradiated cells *: χ2 
test, P < 0.05. n = 2. B. Schematic representation of serial xenotransplantation. Control (NS-ctrl) and 
irradiated (NS-IR) BT308NS were tested for tumor-initiating ability by serial subcutaneous injection 
of the indicated number of cells (p1, n = 4; p2, n = 6; p3, n = 6 for each condition). C. Scatter plot 
showing take and volume (14 weeks after cell injection) of tumors generated by control (NS-ctrl) and 
irradiated (NS-IR) NS for each transplantation passage (103 cells). *: t-test, P < 0.05; n.s. not 
significant. n = 4 for p1; n = 6 for p2 and p3. D. Table showing data represented in (C). E. Tumor 
incidence in the LDA performed in p3 mice, as described in (B). F. Histogram showing the in vivo GSC 
frequency measured by LDA in p3 tumors. GSC frequency (95% CI) was as follows: NS-ctrl, 1/258.2 
(97.67-683.9); NS-IR 1/22.1 (8.05-62.6). χ2*: test, P = 1.6 × 10-4. n = 6. G. LDA (sphere-forming) 
measuring the in vitro frequency of GSCs in cells derived from p3 tumors. *: Χ2 test, P = 0.0006. n = 3. 
H. Schematic representation of intracranial tumors generated by BT463 NS and irradiated in vivo (2 
Gy × 3 days) (n = 3). Tumor growth was monitored by bioluminescence imaging. 62 days after 
radiotherapy brain tumors were explanted and dissociate to perform in vitro LDA. I. LDA (sphere-
forming) measuring the in vitro frequency of GSCs in cells derived from intracranial tumors 
represented in (H). Ctrl: non-irradiated tumors. *: χ2 test, P = 2.04 × 10-11. Data information: Data are 
represented as mean ± CI in (F,G,I) or ±SEM in (A,C). 
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3. MET expressing GSCs are selected by irradiation in experimental models 

We have previously shown that MET is a marker of the GSC subpopulation (METhigh) [96] in a 

subset of MET-pos-NS (Figure 3A) and that MET promotes radioresistance of conventional 

cancer cell lines [95]. Based on these premises, in the subset of MET-pos-NS from our panel 

(table 2), we investigated the relationship between MET expression and GSC 

radioresistance. 

Accordingly with our previous data, in vitro LDA showed that the METhigh subpopulation, 

sorted from representative MET-pos-NS, was enriched in GSCs (Figure 3B). As assessed by 

flow cytometry, in MET-pos-NS, the number of MET-expressing cells, and their mean 

fluorescence intensity (MFI), significantly increased 24 h after irradiation (Figure 3C) and an 

even higher enrichment of MET-expressing cells was observed after a chronic IR treatment 

(Figure 3D). Accordingly, in tumors established by subcutaneous transplantation of MET-

pos-NS, the number of MET-expressing cells and the intensity of staining were significantly 

increased 72 h after receiving the last in vivo fractionated irradiation dose (2Gy x 3 days) 

(Figure 3E-G). Moreover, western blot performed on lysate of the whole tumor tissue 

confirm a significant increase of the MET protein in the irradiated group as compared to 

controls (Figure 3H). 

Collectively, these data indicate that MET-expressing GSCs are radioresistant, likely due to 

cell-positive selection mechanism.  
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Figure 3. MET expressing GSCs are selected by irradiation. In MET-pos-NS, the METhigh subpopulation 
retains GSC properties and generates a heterogeneous progeny including also METneg 

pseudodifferentiated cells. B. LDA (sphere-forming) measuring the GSC frequency after IR (5 Gy) in 
METhigh and METneg subpopulations sorted from BT308NS. *: χ2 test, P = 0.001. n = 2. C. Flow cytometric 
analysis of MET in irradiated BT308NS, 24 h after the last irradiation (2 Gy × 3 days or a single dose of 5 
Gy). Dotted lines: threshold to define the percentage of MET-expressing cells. Ctrl: non-irradiated cells. 
The MFI was as follows: ctrl, 18; 2 Gy × 3, 22.77; 5 Gy, 19.49. D. Flow cytometric analysis of MET in 
BT308NS weekly treated with IR (2 Gy) for 6 weeks. Dotted lines: threshold to define the percentage of 
MET-expressing cells. Ctrl: non-irradiated cells. E. Representative immunofluorescence staining of MET 
(red) on tumors generated by subcutaneous injection of BT308NS irradiated (2 Gy × 3) and explanted 72 
h after the last irradiation. Nuclei are counterstained with DAPI (blue). Ctrl: non-irradiated tumors. Scale 
bar, 10 μm (63× magnification). F. Quantification of the percentage of MET-expressing cells in tumor 
sections represented in (E) (n = 12 HPF/group). HPF: high-power field. *: t-test, P = 0.001. G. 
Quantification of MET mean fluorescence intensity in tumor sections represented in (E) (n = 12 
HPF/group, fold versus non-irradiated cells, ctrl). *: t-test,P = 0.00016. H. Western blot showing MET 
expression in tumor sample represented in (C) (n= 3/group). β-actin was used as loading control. Data 
information: Data are represented as mean ± CI in (B, F, G). 
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4. MET expression is enriched in recurrent glioblastoma 

We asked whether radioresistance of MET-expressing GSCs could drive tumor recurrence in 

patients by positive selection under therapeutic pressure. To this aim, we collected a panel 

of 19 pairs of GBMs, each including a primary tumor removed by surgery without prior 

treatment, and the matched recurrent tumor, arising after adjuvant chemo-radiotherapy 

(Table 3). Immunohistochemical analysis of whole patients’ tissues showed that significant 

MET expression (MET cumulative score ≥ 2) was detectable in 36% of primary tumors (7/19), 

but in 84% of recurrent tumors (16/19) (Table 4). Remarkably, in the majority of cases, the 

percentage of MET-positive cells and/or the intensity of MET staining (summed in the 

cumulative score) increased in the recurrent as compared with the matched primary tumor 

(Figure 4A and Table 4). MET expression enrichment in the recurrent GBMs suggests that, in 

primary tumors, MET-positive cells, being resistant to the standard chemo-radiotherapy, can 

drive tumor recurrence. Although we do not provide functional proofs, we reason that the 

MET-positive cell subpopulation expanded in the recurrent tumor can largely correspond to 

stem-like cells because: (i) In MET-pos-NS, the MET-negative cell subpopulation is devoid of 

stem properties, as previously shown [96] and further investigated by in vitro LDA (Figure 

3B); and (ii) GSC differentiation is characterized by loss of MET expression, as shown in vitro 

[95]. 

 

Figure 4. A. MET expression is enriched in recurrent glioblastoma. Representative MET 
immunohistochemical staining of matched primary and recurrent tumors. Scale bar, 50 μm (40x 
magnification). B. Dot plot representing the MET cumulative score (MET-positive cell score + MET 
staining intensity score) in 19 primary and recurrent tumors *: Wilcoxon test, P < 0,02. Data 
information: Data are represented as mean ± SEM in (B).  
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 Table 3. Clinical data of matched primary and recurrent GBMs 
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Table 4. MET expression (immunohistochemistry: cumulative score) in matched primary and 

recurrent GBMs  
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5. METhigh GSCs are more radioresistant than the METneg subpopulation and efficiently 

activate DNA damage repair (DDR) 

The biological response to IR of the MET-expressing stem-like subpopulation was assessed in 

METhigh and METneg cells sorted from MET-pos-NS. Viability, measured in dose–response 

experiments 24 h after IR, was significantly higher in METhigh than in METneg cells at all doses 

tested (Figure 5A). Consistently, in radiobiological clonogenic assays, the surviving fraction 

of METhigh cells remained almost unchanged even after irradiation with the highest dose (10 

Gy), while that of METneg cells significantly decreased after 10 Gy (Figure 5B). Cell death of 

the MET-negative subpopulation was likely due to apoptosis, as shown by western blot 

analysis of PARP and caspase-3 activation, which was evident in sorted and irradiated 

METneg cells, but not in METhigh cells (Figure 5C).  

The radioresistance of the METhigh subpopulation was then correlated with constitutive 

activation of two crucial DDR signal transducers: (i) ATM, the apical kinase unleashed by 

DNA damage sensors, responsible for H2AX phosphorylation[64] and (ii) the ATM substrate 

Chk2, whose activation correlates with GSC radioresistance [19]. Indeed, untreated METhigh, 

but not METneg cells, displayed constitutive phosphorylation of ATM and Chk2 kinases. After 

irradiation ATM phosphorylation was significantly increased in METhigh cells, but only weakly 

induced in METneg (Figure 5D). Accordingly, histone H2AX phosphorylation, a key step in the 

nucleation of DNA repair complex at double strand-breaks (DSB) [141, 142], was 

undetectable in METhigh indicating DSB repair. Conversely, in METneg cells, H2AX was still 

phosphorylated 24 h after irradiation (Figure 5D), suggesting DSB persistence. 

Collectively, these findings indicate that the positive selection of METhigh GSCs by IR resides 

on the intrinsic radioresistance of this subpopulation, likely conferred by enhanced basal 

activity, and efficient hyperactivation of DDR effectors after irradiation. 
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Figure 5. METhigh GSCs are more radioresistant than the METneg subpopulation and efficiently 

activate DNA damage repair (DDR). A. Cell viability of METhigh and METneg subpopulations sorted 
from BT308NS, measured 96 h after IR (1–10 Gy, fold versus non-irradiated cells, ctrl). *: t-test, P < 
0.001. n = 2. B. Clonogenic assay with METhigh and METneg subpopulations sorted from BT308NS and 

irradiated (1–10 Gy, fold versus non-irradiated cells, ctrl). *: t-test, P < 0.05. n = 3. C. Western blot of 
METneg and METhigh subpopulations sorted from BT452NS, showing activation of PARP (cleaved PARP) 

and caspase-3 (cleaved casp-3) after IR (5 Gy). Vinculin was used as a loading control D. Western 
blot of METneg and METhigh subpopulations sorted from BT308NS, showing constitutive (ctrl) and/or 
IR-induced phosphorylation of ATM (pATM), Chk2 (pChk2), and H2AX (γH2AX) 24 h after IR (5 Gy). 
Total ATM protein is also shown. b-actin was used as a loading control. Data information: data are 
representative as mean ± SEM in (A, B).  
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6. MET inhibition radiosensitizes GSCs by impairing ATM and p21 activity 

The above results indicate that MET is a marker of a radioresistant GSC subpopulation. We 

thus investigated whether MET signaling has a functional role in sustaining radioresistance, 

and whether its inhibition can radiosensitize GSCs. MET-pos-NS were kept in a standard 

EGF/bFGF medium, supplied with HGF to better mimick the brain (tumor) 

microenvironment [143, 144]. In this condition, after irradiation, MET gets 

hyperphosphorylated (Figure 6A) consistently with previous results obtained in cell lines [95, 

145]. We then showed that association of the specific MET inhibitor JNJ-38877605 to IR 

significantly reduced cell viability as compared with treatment with IR alone (Figure 6B). 

Consistently, caspase-3 activation was barely detectable in cells treated with IR alone, to 

become well evident in those treated with IR and the MET inhibitor (Figure 6C). These 

outcomes, observed in whole NS, were obviously due to the activity of the inhibitors in MET-

expressing GSCs and not in the MET-negative non-stem subpopulation, which, by definition, 

lacks the target. Finally, in LDA (in vitro sphere-forming assay) performed on METhigh and 

METneg sorted subpopulations, the GSC frequency of the METhigh subpopulation was abated 

by combination of IR with the MET inhibitor, while, as expected, the low GSC frequency of 

the METneg subpopulation was further decreased only by IR (Figure 6D). Interestingly, a 

significant decrease of METhigh GSC frequency was also observed after treatment with the 

MET inhibitor alone, indicating that HGF present in the culture medium plays a role in 

sustaining self-renewal, as previously shown [96, 121] (Figure 6D).  

These findings show that MET behaves as a functional marker of radioresistance, whose 

inhibition efficiently radiosensitizes METhigh GSCs.  

We thus asked whether MET inhibition directly impinges on the molecular mechanisms 

regulating DDR. We previously showed that, after irradiation of conventional cell lines, ATM 

upregulates MET expression through NF-κB transcription factor [95]. We now show that 

MET, in turn, triggers a signal transduction cascade that sustains ATM activity and DDR. We 

found that, in irradiated MET-pos-NS kept in the standard medium, addition of HGF 

increased ATM and Chk2 phosphorylation, and RAD51 expression (Figure 6E). In a 

complementary experiment, in irradiated MET-pos-NS kept in the medium supplied with 

HGF, addition of the MET inhibitor significantly reduced ATM and Chk2 phosphorylation, 

and the expression of the DNA recombinase RAD51 [146] (Fig 6F). 
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Although to show the detailed interplay between MET and ATM is beyond the purpose of 

this thesis, the mechanistic link between the two kinases that we recently reconstructed 

[129] is briefly summarized here. By the use of different inhibitors of MET downstream 

signaling we found that MET initiates a signaling cascade whose crucial players are AKT and 

Aurora kinase A, which ends in sustaining ATM phosphorylation. This, in turn, activates DDR 

effectors including Chk2 and Rad51 (Figure 6G). When the MET inhibitor is added, this 

signalling cascade is blocked and ATM activity is significantly compromised. The relevance of 

the AKT pathway was also supported by analysis of p21. When p21 it is phosphorylated by 

AKT on a specific site, it is retained in the cytoplasm. Indeed, in MET-pos-NS treated with IR 

alone, p21 was phosphorylated on Thr145 and mainly localized in the cytoplasm. When cells 

were irradiated in the presence of the MET inhibitor, p21 phosphorylation by AKT was 

prevented and, thus, p21 translocated into the nucleus where it is known to block the cell 

cycle and release its inhibition on apoptosis [129] (Figure 6G). 

Impairment of these signaling circuits provides a mechanistic explanation for the 

radiosensitizing effect of MET inhibitors.  
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Figure 6. MET inhibition radiosensitizes GSCs by impairing ATM and p21 activity. A. Western blot of 
BT308NS showing MET tyrosine phosphorylation (pTyr) in NS kept in the presence of HGF (10 ng/ml), 
extracted at the indicated time points after irradiation (5 Gy). B. Cell viability of BT308NS, irradiated 
in the absence (5 Gy) or in the presence (5 Gy + JNJ) of the MET inhibitor JNJ38877605 (500 nM) and 
analyzed at the indicated time points. Vehicle: non-irradiated cells (fold versus vehicle-treated cells 
at time 0, mock). *: t-test, P < 0.01. n = 2. C. Western blot of BT308NS showing caspase-3 activation 
(cleaved casp-3), at the indicated time points after IR in the absence (-) or in the presence (+) of 
JNJ38877605. Vinculin was used as a loading control. D. LDA (sphere-forming assay) with METneg and 
METhigh subpopulations sorted from BT308NS, measuring GSC frequency after irradiation in the 
absence (5 Gy) or in the presence (5 Gy + JNJ) of JNJ38877605. Vehicle: non-irradiated vehicle-
treated cells. *: χ2 test, P = 0.0002. n = 2. E. Western blot of BT463NS showing phosphorylation of 
ATM (pATM) and Chk2 (pChk2), and accumulation of RAD51 at the indicated time points after IR in 
the absence (5 Gy) or in the presence (5 Gy + HGF) of HGF (10 ng/ml). Total ATM is also shown. H3 
was used as a loading control. F. Western blot of BT308NS showing phosphorylation of ATM (pATM) 
and Chk2 (pChk2) and accumulation of RAD51 at the indicated time points after IR in the absence (5 
Gy) or in the presence (5 Gy + JNJ) of the MET inhibitor JNJ38877605 (500 nM). Total ATM is also 
shown. β-actin was used as a loading control. Veh: non-irradiated vehicle-treated cells. G. Schematic 
representation of the MET-driven signaling pathways that sustain DNA repair and prevent apoptosis 
and cell cycle arrest. 
Data information: data are represented as mean ± SEM in (B) and mean ± CI in (D). 
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7. MET inhibition sensitizes GBM xenografts to radiotherapy 

In order to investigate whether combination with MET inhibitors could increase response to 

radiotherapy, we generated GBMs by in vivo transplantation of MET-pos-NS in NOD-SCID 

mice. As assessed, the MET inhibitor JNJ38877605 crosses the blood–brain barrier (Figure 

7A). GBMs were then established by orthotopic transplantation of BT463NS transduced by 

GFP reporter construct. Ten days after NS injection, mice were randomized into four 

treatment groups: (i) vehicle, (ii) fractionated IR (2 Gy × 3 days), (iii) JNJ38877605, 

administered for 30 days, and (iv) combination therapy (combo, IR and JNJ38877605). 

Approximately 60 days after the beginning of treatment, at the onset of severe neurological 

symptoms in controls, mice were sacrificed and brains were analyzed by epifluorescence 

imaging (Figure 7B). Combination therapy dramatically reduced tumor growth, measured as 

GFP intensity, as compared with IR or MET inhibitor alone (Figure 7B). In a second model, 

tumors were established by subcutaneous transplantation of BT308NS and were treated as 

above (JNJ38877605 was administered for 15 days). When tumors reached the established 

end-point (tumor volume: 1,600 mm3), mice were sacrificed to generate survival curves. 

Tumors treated with vehicle, or the MET inhibitor alone, reached the experimental endpoint 

within 18 or 32 days, respectively. Tumors treated with IR alone remained stable for 40 days 

after beginning of the treatment, leading to the experimental endpoint within 63 days. 

Remarkably, tumors treated with the combination therapy showed clinical regression 

(volume reduction > 50% as compared with day 0), which persisted until 40 days, leading to 

the experimental endpoint 90 days after beginning of the treatment (Figure 7C,D). A 

significant growth inhibition (~2-fold) by combination therapy as compared with 

radiotherapy alone was observed also in tumors generated by transplantation of BT371NS, 

although these tumors were not completely arrested by any therapy (Figure 7E). Also in this 

model, combination therapy significantly prolongs mice survival as compared to irradiation 

treatment alone (Figure 7F). Accordingly with in vitro data, the radiosensitizing effect of 

JNJ38877605 was related to the impairment of DDR pathway by significant inhibition of AKT, 

ATM and Chk2 phosphorylation, as shown by western blot analysis performed on whole 

lysate of in vivo treated tumors (Figure 7G). Collectively, this data demonstrate that MET-

inhibitor associated with radiotherapy enhance the efficacy of radiation in blocking tumor 

growth and prolongs mice survival. 
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Figure 7. MET inhibition sensitizes GBM xenografts to radiotherapy. A. Western blot showing 
phosphorylation of MET (pMET1349) and the phospho-S6 kinase (pS6) on tumors, generated by 
intracranial injection of GTL-16 cells, and treated for three consecutive days by oral administration 
with the MET inhibitor JNJ38877605. Tumors were collected at the indicated time points after the 
last administration and analyzed. GAPDH was used as loading control (n=2/condition) B. Timeline of 
therapeutic treatments undergone by mice intracranially injected with BT463NS. Left: 
Representative images of ex vivo epifluorescent GFP signal of intracranial tumors, generated by 
injection of BT463NS and explanted 62 days after IR in the absence (2 Gy × 3 days) or in the presence 
(combo) of the MET inhibitor JNJ38877605 (50 mg/kg). Right: Quantification of epifluorescent GFP 
signal (logarithmic scale) from tumors represented on the left (n = 4/condition). Vehicle: non-
irradiated vehicle-treated tumors. *: one-way ANOVA, P = 5.5 × 10-5. C. Growth curves of tumors, 
generated by subcutaneous injection of BT308NS, irradiated in the absence (2 Gy × 3 days) or in the 
presence (combo) of JNJ38877605, which was administered for 15 days as indicated (n = 
7/condition). Vehicle: non-irradiated vehicle-treated tumors. *: one-way ANOVA, P = 0.0006. D. 
Survival analysis of mice bearing tumors generated and treated as in (C). Black dot: censored mouse. 
Log-rank (Mantel-Cox) test, (combo) versus (2 Gy × 3 days), P = 0.0019. E. Growth curves of tumors, 
generated by subcutaneous injection of BT371 NS, irradiated in the absence (2 Gy × 3 days) or in the 
presence (combo) of JNJ38877605, supplied from day 0 to 15 (n = 6/condition). Vehicle: non- 
irradiated vehicle-treated tumors. Data are represented as fold change vs. day 0. *: one-way ANOVA 
test, p<0.05. F. Survival analysis of mice bearing tumors generated and treated as in (E). Log-rank 
(Mantel-Cox) test, p<0.0001. G. Western blot showing phosphorylation of ATM (pATM), Chk2 
(pChk2) and AKT (pAKT) on tumors, generated by subcutaneous injection of BT308NS and treated as 
in (B). Tumors were collected 24h after the last in vivo radiation dose and analyzed. β-actin was used 
as loading control (n=3/condition). 
Data information: data are represented as mean ± SEM in (B,C,E). 
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8. MET inhibition associated with radiotherapy depletes GSCs in vivo 

As depicted in Figure 8A, we performed an independent experiment with tumors generated 

by subcutaneous transplantation of MET-pos BT308 NS and xenografts were treated as 

above. Ten days after beginning of the treatment, that is when tumor regression was 

observed (Figure 8B), we isolated NS from tumors of each condition and analyzed by LDA. 

Both in vitro clonogenic (Figure 8C) and in vivo tumorigenic (Figure 8D–F) LDA indicated a 

significant GSC frequency decrease in tumors treated with combination therapy, as 

compared with controls or radiotherapy or the MET inhibitor alone. Of note, in vitro but not 

in vivo LDA (p1) allowed to detect an increased GSC frequency after radiotherapy alone. This 

is expected, as in vivo LDA, measuring tumorigenic potential, requires at least two serial 

passages (p2) to highlight positive selection and enrichment of GSCs by irradiation, as shown 

above (Figure 2C-F). However, in this experiment, further serial passaging was prevented by 

the minimal volume, and poor cell viability, of tumors generated by the first passage (p1) 

after combination therapy (Figure 8G).  

Collectively, these data indicate that radiosensitization of GBM by MET inhibitor not only 

impairs tumor growth, but also target and depletes the GSC subpopulation, responsible for 

tumor generation and recurrence. 
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Figure 8. MET inhibition associated with radiotherapy depletes GSCs in vivo. A. Experimental 
design to measure GSC frequency in tumors treated as in (B) (JNJ was administered for 10 days). 
Explanted tumors were dissociated and viable cells were tested by in vitro sphere-forming LDA or in 
vivo single-passage (p1) LDA. B. Growth curves of tumors, generated by subcutaneous injection of 
BT308 NS, irradiated in the absence (2 Gy × 3 days) or in the presence (combo) of JNJ38877605, 
supplied from day 0 to 10 (n = 3/condition). Vehicle: non-irradiated vehicle-treated tumors. Data are 
represented as fold change vs. day 0 *: one-way ANOVA test, p<0.05. C. In vitro LDA (sphere-
forming) measuring GSC frequencies as described in (A) (n= 3/condition). * χ2 test, P < 10-5. D. Tumor 
incidence in the in vivo LDA performed on tumors generated and treated as described in (A). E. 
Histogram showing GSC frequencies measured by in vivo LDA, as described in (A). *, χ2 test, P = 5.47 
x 10-6. F. Table showing GSC frequencies measured by in vivo LDA, represented in (E). G. In vivo LDA: 
table showing the volume of tumors obtained by injection of the indicated number of cells, derived 
from tumors treated as indicated in (B). 
Data information: Data are represented as mean ± SEM in (B) or mean ± CI in (C, E). 
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9. MET is extensively expressed in locally advanced rectal adenocarcinoma 

Recently, Senetta R. et al., have shown that, in an ample cohort of rectal adenocarcinoma 

biopsies, MET is expressed in 50% of patients and that MET is a predictive factor of poor 

response to neoadjuvant chemo/radiotherapy, usually administered before surgical 

resection [118]. Based on these findings, we set out to further investigate whether MET-

expressing rectal cancer could be radiosensitized by MET-inhibition, and whether 

radiosensitization results from depletion of cancer stem-like cells.  

From the patient-derived xenograft (PDX) platform already established in our institute by 

the group of Trusolino and Bertotti [128], we identified a panel of 28 locally advanced rectal 

cancers (according to TNM classification) including both neoadjuvant irradiated and naïve 

(non-neoadjuvant treated) tumors (Table 5). In collaboration with pathologists, we screened 

the corresponding paraffin-embedded tumor samples from the original patients for MET 

expression, in order to identify representative MET-expressing and control cancers to 

proceed with derivation of stem-like cells (rectospheres, RS). 

In patients’ tissue samples MET expression was evaluated by immunohistochemistry and 

scored semi-quantitatively by evaluating the percentage of positive cells and the staining 

intensity. Samples with a strong staining intensity (at least 2+) and a high number of positive 

cells (>75%) were classified as MET high-positive rectal tumors (4/28), while the others, 

showing a lower intensity and/or a focal positivity, were classified as mid- (15/28) or low-

MET positive tumors (6/28). Only the tumors with an almost complete absence of 

expression in the membrane or cytoplasm were considered as MET-negative cases (2/28) 

(Figure 9A,B and Table 6). To our surprise, in our panel we found that MET is actually 

expressed in the majority of rectal cancers (26/28). The apparent discordance with the 

previous study [118] is probably due to the different sampling methodology used to assess 

MET expression: in this study an extensive analysis (at least three sections/patient) of the 

whole tumor was performed, which could spot even focal positivity, while, in the previous 

study, only single small biopsies were analyzed from each tumor, which could have resulted 

in MET expression underestimation. 

In the MET-positive group, 6/26 patients received neoadjuvant radiotherapy while the 

others (20/26) did not. The two MET-negative rectal cancers were both naïve (Figure 9B). 

Interestingly the subset of neoadjuvant irradiated tumors is enriched (although without 

reaching statistical significance) with cases expressing mid to high levels of MET (MID: 4/6; 
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HIGH: 2/6); vice-versa, naïve tumors tend to express lower MET levels (HIGH: 2/20; 

MID:12/20; LOW: 6/20; NEG: 2/20) (Table 6).  

The MET-positive tumors derived from naive patients are a suitable model in order to study 

the primary response to the association of radiotherapy with MET-inhibitors, while those 

removed from patients that received neoadjuvant irradiation could be exploited to study a 

possible enrichment in radioresistant cells. Moreover, it would be intriguing to study the 

response of the rare MET-negative tumors, either naïve or not, which we are trying to 

collect in adequate number by currently screening additional patients.  
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TNM staging (American Joint Committee for Cancer); Neo-adj CRT: Neo-adjuvant chemo/radiotherapy; SCRT : 
Short course radiotherapy (5Gy x 5 days); LCRT: long course radiotherapy (2 Gy x 4-5 weeks: 45-50 Gy); FU: 
fluorouracil; Mandard TRG (Tumor Regression Grade): response to neoadjuvant RT/CRT according to Mandard 
criteria [147], which are classified into five grades from TRG1 (complete regression) to TRG5 (no regression), 
based on the presence of residual cancer cells and on the degree of fibrotic changes.  

 

Table 5. Clinical data of locally advanced rectal cancer 
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Figure 9. MET expression in locally advanced rectal adenocarcinoma. A. Representative MET 
immunohistochemical staining of locally advanced rectal cancer. Left: Scale bar, 500 μm (4x 
magnification); Right: Scale bar, 200 μm (10x magnification). B. Pie chart representing distribution of 
MET expression and the proportion of naïve and neodjuvant, chemo-radio treated rectal cancer 
(NeoAdj CRT). 
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Mandard TRG (Tumor Regression Grade): response to neoadjuvant RT/CRT (radiotherapy/chemoradiotherapy) 

according to Mandard criteria[147], which are classified into five grades from TRG1 (complete regression) to 

TRG5 (no regression) based on the presence of residual cancer cells and on the degree of fibrotic changes. 

Staining intensity score: neg., negative; 1+ low; 2+ moderate; 3+ high. n.a. =not assessed. MET expression 

score: NEG: negative < 5% cells; LOW: 5-35 % cells; MID: 36-75% cells; HIGH: > 75%. 

 
Table 6. MET expression (immunohistochemistry: cumulative score) in naïve and neoadjuvant 
treated locally advanced rectal cancer  
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10. Genetic, phenotypic and functional characterization of patient-derived rectal stem-like 

cells (RCSCs) 

PDX models of colorectal cancer were validated as faithful representative of the original 

tumors, able to retain the genetic and phenotypic features across multiple serial passages 

[128]. Moreover, as demonstrated in previous works from our laboratory [130, 148], 

colospheres derived from metastatic colorectal PDX (“xenospheres”) display the operational 

properties of cancer stem-like cells and are a reliable in vitro model to investigate the 

therapeutic response at stem cell level. To unveil the mechanisms underlying the putative 

radioresistance of rectal cancer-stem like cells (RCSCs), taking advantage of the xenopatient-

xenospheres platform (Figure 10A), we derived from PDX (xenopatients) a panel of RCSCs 

that were long-term propagated in culture as “xeno-rectospheres”(x-RS), and we used them 

to generate secondary tumors in recipient mice (“spheropatients”). In parallel, despite 

technical difficulties, we tried to isolate RS directly from human samples, in order to 

generate the so-called “patient-rectospheres”, p-RS (Figure 10A). PDX models are also 

amenable to directly undergo radiotherapy and combination treatments and, most 

importantly, from treated xenografts, x-RS can be derived in vitro to evaluate stem-like cell 

frequency in response to therapy.  

We could observe that the levels of MET expression of the human tumors were maintained 

after transplantation and propagation as PDX (Figure 10B). From 10 xenopatients displaying 

different levels of MET, five distinct x-RS lineages were established that displayed the ability 

to long-term self-propagate in vitro (efficiency of x-RS derivation: 50%). Two x-RS were 

derived from naïve tumors, while three x-RS were obtained from neoadjuvant irradiated 

samples (Figure 10C). Based on the standard protocol for CSC derivation, rectal spheroids 

were selected in serum-free medium supplemented with EGF and bFGF. This procedure 

revealed to be significantly longer than in cases of more aggressive tumors such as 

metastatic colorectal cancer or glioblastomas, thus the isolation of additional x-RS and p-RS 

is still ongoing.  

The established PDX and the corresponding matched x-RS underwent analysis of genetic 

alterations frequently occurring in colorectal cancer: mutations of APC, TP53, KRAS, NRAS, 

BRAF and PIK3CA and copy number alteration of APC, EGFR, MET, PIK3CA, IGF2 . So far, 

from our panel we genetically characterized two naïve x-RS and one naïve PDX (Table 7).  
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x-RS 1436 and 1190 (derived from naïve patients) were then analyzed for expression of MET 

and markers previously used to isolate and characterize CSCs, such as BMI-1, SOX2, CD133, 

CD44 and CD24 [37] (Figure 10D). Flow-cytometric analysis showed that MET was highly and 

homogeneously expressed, thus both R1436 and R1190 were classified as MET-positive-x-

RS. Both x-RS expressed high levels of BMI-1 and SOX2 in >90% of cells, and of CD44 and 

CD24 in at least 50% of cells; CD133, previously used to prospectively isolate CSCs from 

colorectal cancer [7], was expressed in 50% of cells in R1190 and in 20 % of cells in R1436.  

To assess the tumorigenic potential of R1190 and R1436, 105 cells were injected 

subcutaneously into NOD/SCID mice to generate "spheropatients". Spheropatients 

reproduced the same morphology and showed a highly similar immunostaining pattern as 

the corresponding original human tumors (Figure 10E,F). Both spheropatients and patients 

expressed cytokeratin 20 (CK20) and CDX2, but not cytokeratin 7 (CK7) (Figure 10F), which is 

a typical pattern of rectal cancer tumors [36, 149], thus confirming the tumorigenic and 

pseudo-differentiating ability of RSCs [7, 22, 37, 150]. Like in GBM and metastatic colorectal 

cancer, secondary x-RS could be rederived from spheropatients, which retained the same in 

vitro properties and tumorigenicity of the primary x-RS, namely the ability to sustain serial 

transplantation (data not shown). 
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Figure 10. Characterization of patient-derived rectal stem-like cells (RCSCs). A. The xenopatient–
xenosphere–spheropatient platform. The patient's surgical sample is xenografted in NOD/SCID mice 
and propagated (xenopatient, PDX). From these xenografts, cancer stem-like cells are selected and 
expanded in stem cell medium (X-rectospheres). RS could be also directly derived from patients’ 
samples (P-Rectospheres). After transplantation in mice (spheropatient), these cells generate tumors 
that faithfully retain the genotypic and phenotypic features of the original tissues. B. Representative 
MET immunohistochemical staining on patient sample and the corresponding PDX. Scale bar, 50 μm 
(40x magnification). C. Table showing derivation of RS from 10 MET-expressing rectal cancer PDX. % 
of established RS: 50% D. Flow-cytometric analysis of MET and stem markers (BMI-1, SOX2, CD44, 
CD133, CD24, red lines) in two representative RS (R1190, R1436); Grey line: negative control; E. 
Representative hematoxylin and eosin (H&E) staining and immunohistochemical analysis of relative 
differentiation markers (CK20, CDX2, CK7) in original human tumor and the corresponding 
spheropatient (R1436). H&E Scale bar, 50 μm (40x magnification). Immunohistochemistry, Scale bar 
100 μm (20x). 
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Table 7. Genetic alterations in rectospheres and rectal cancer PDX. Copy number alterations are expressed as follows: -: heterozygous loss (copy number 
<1.5); wt: copy number between 1.5 and 3; ++: amplification (IGF2 copy number >9; copy number difference between EGFR and HGF or MET and HGF greater 
than 5) +: copy number gain (copy number >3 in absence of amplification). APC, TP53, KRAS, BRAF, NRAS, PIK3CA are indicated on both coding and protein 
sequences.
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11. MET inhibition radiosensitize RCSCs in vitro 

Having shown that MET is a therapeutic target for radioresensitization of the GSC 

subpopulation, next we investigated whether it could be exploited to radiosensitize MET-

pos-RS as well.  

First, in cell viability assays, we observed that the representative MET-positive KRASwt x-RS 

(R1190) proliferated only in the presence of standard exogenous growth factors(EGF-bFGF), 

whereas representative KRASmut x-RS (R1436) displayed the same proliferation rate 

irrespective of exogenous growth factors, and its proliferation was not further increased by 

either EGF and/or bFGF supplied to the medium (Figure 11A). These data confirmed that 

proliferation of RASwt but not RASmut xenospheres requires exogenous growth factors, as 

previously shown by Luraghi et al. in an ample panel of xenospheres derived from 

metastatic colorectal cancer [130]. To assess radiosensitization of xeno-rectospheres, R1190 

x-RS were kept in a standard EGF/bFGF medium, supplied with HGF to better mimick the 

tumor-microenviroment and warrant MET activation. HGF supply did not further increase 

proliferation (not shown). R1436 x-RS was kept in basal medium devoid of any exogenous 

growth factors, as this x-RS not only displayed proliferative autonomy, but also a HGF/MET 

autocrine loop (data not shown). In both x-RS, the association of the specific MET inhibitor 

JNJ-38877605 to irradiation significantly and similarly reduced cells viability as compared 

with irradiation alone (Figure 11B,C).  

Accordingly with our findings in neurospheres, also in MET-positive x-RS, in time-point 

experiments, we found that MET phosphorylation was markedly increased by irradiation, 

peaking at 30’ after treatment and lasting, although progressively decreasing, at least for 48 

hours. MET phosphorylation was accompanied by sustained AKT and ATM phosphorylation. 

IR-induced MET phosphorylation was fully prevented by the MET inhibitor, while AKT and 

ATM phosphorylation was significantly inhibited only at late time-points. Interestingly, 

distinctive markers of apoptosis activation, such as PARP and caspase 3 cleaved forms, 

significantly increased in cells irradiated in the presence of the MET inhibitor, concomitantly 

with ATM and AKT inhibition (Figure 11D). Together, these findings indicate that also in 

MET-positive xeno-rectospheres, MET inhibition efficiently radiosensitizes cancer stem-like 

cells. 
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Figure 11. MET inhibition radiosensitize RCSCs in vitro. A. Cell viability of x-RS kept in basal stem-
cell medium either alone (no growth factors) or with the indicated growth factors for 7 days. 
Columns, relative cell viability versus cell viability at time 0. Left: R1190 x-RS (KRASwt); Right: R1436 
x-RS (KRASmut); n=3. B. Cell viability of R1190 x-RS (KRASwt) cultured in standard stem-cell medium 
(EGF-bFGF) supplied with HGF (10ng/ul), irradiated in the absence (5 Gy) or in the presence (5 Gy + 
JNJ) of the MET inhibitor JNJ38877605 (500 nM). Cell viability was assessed at day 7. Vehicle: non-
irradiated cells (fold versus vehicle-treated cells at time 0, mock). *: t-test, P <0.001 . n=2. C. Cell 
viability of R1436 x-RS (KRASmut) cultured in basal stem-cell medium (no growth factors, GF), 
irradiated in the absence (5 Gy) or in the presence (5 Gy + JNJ) of the MET inhibitor JNJ38877605 
(500 nM). Cell viability was assessed at day 7. Vehicle: non-irradiated cells (fold versus vehicle-
treated cells at time 0, mock). *: t-test, P <0.05. n=2. D. Western blot of R1436 x-RS showing 
phosphorylation of ATM (pATM), MET (pMET), AKT (pAKT) and activation of PARP (cleaved-PARP) 
and caspase 3 (cleaved-caspase 3) at the indicated time points after IR in the absence (5 Gy) or in the 
presence (5 Gy + JNJ) of the MET inhibitor JNJ38877605 (500 nM). Total ATM, MET and AKT are also 
shown. Vinculin was used as a loading control. Veh: non-irradiated vehicle-treated cells.  
Data information: data are represented as mean ± SEM in (A,B,C). 
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12. MET inhibition sensitizes rectal cancer PDX to radiotherapy and targets RCSCs in vivo 

While isolating and characterizing rectal stem-like cells from PDX, we started to assess 

whether MET inhibitors can radiosensitize rectal xenopatients and decrease their CSC 

content.  

As performed in GBM xenografts, MET-expressing rectal cancer PDX underwent a 

tomotherapy treatment established in collaboration with the Radiotherapy Unit in our 

institute, which mimicks the human neoadjuvant irradiation protocol, it is targeted to the 

tumor area and it is well tolerated by NOD-SCID mice [151]. PDX were also treated in 

combination or in alternative with the MET inhibitor JNJ38877605. 

First, we tried to radiosensitize R1436 PDX (as mentioned above derived from a naive rectal 

cancer harboring KRAS mutation and a HGF/MET autocrine loop). Once established, PDX 

were randomized into four treatment groups: (i) vehicle, (ii) fractionated IR (1,8 Gy x 3 

days), (iii) JNJ38877605, administred for 20 days starting from the day before the first 

irradiation, and (iv) combination therapy (combo, IR and JNJ38877605). As showed in Figure 

12A, this tumor was highly radioresistant, as radiotherapy alone negligibly impaired tumor 

growth. Remarkably, xenopatients responded to combination therapy with tumor 

stabilization, which lasted for 30 days. Of note, the survival analysis showed that the 

experimental endpoint of 1600 mm3 in tumor volume was reached significantly later in the 

combo group as compared with the radiotherapy alone group (Figure 12B).  

Next, the radiosensitizing effect of MET-inhibition was assessed on R1170 PDX (another 

naïve rectal cancer lacking mutations in KRAS, BRAF, NRAS and PIK3CA- referred to as 

quadruple wild type). Once established, rectal PDX were randomized in four groups and 

treated as described above. Also R1170 xenopatients displayed a remarkable 

radioresistance as radiotherapy alone slowed down tumor growth for a few days, but then 

the tumor size doubled within 18 days from the beginning of treatments. Interestingly, 

association of MET-inhibition with radiotherapy induced desease stabilization for 20 days 

(Figure 12C). Then, tumors in the combo group restarted to grow slowly, reaching the 

establish tumor volume endpoint after 40 days. Consistently, survival analysis showed that, 

also in this model, combination therapy significantly enhanced mouse survival as compared 

with other treatments alone (Figure 12D).  

In an independent experiment, performed again with R1436 PDX, the effect of MET 

targeting associated with radiotherapy was also assessed by the use of the clinically 
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approved, promiscuous small-molecule inhibitor crizotinib (targeting MET and ALK kinases). 

Xenopatients were treated as described above and MET-inhibitors were supplied for 10 

days. As showed in Figure 13A, crizotinib blocked tumor growth, displaying a 

radiosensitizing effect comparable with JNJ38877605. Ten days after the beginning of the 

therapy, in tumors treated with the association of MET-inhibitors (crizotinib or 

JNJ38877605) and radiotherapy, Ki67 index showed to be significantly reduced as compared 

with tumors in the other treatment arms (Figure 13B). Notably, together with a reduced 

tumor volume and Ki67 index, in combo-treated PDX we could observe larger necrotic areas 

as compared with PDX that received each other treatment alone (Figure 13B and data not 

shown). As compared with the other treatment arms, tumors of combo groups showed also 

a significant reduction in phosphorylated S6 kinase, a surrogate biomarker of MET 

inhibition, as observed by immunohistochemistry (Figure 13 C). 

To further assess whether MET inhibition associated with radiotherapy results in targeting 

rectal-stem like cells in vivo, we isolated RCSCs from explanted tumors of each treatment 

arm, and evaluated their frequency by in vitro (sphere-forming) LDA. Although the RCSC 

frequency measured by this assay is relatively low even in untreated tumors, a significant 

RCSC depletion was observed in tumors treated with combination therapy with either 

inhibitor, as compared with the other treatment arms.  

Collectively, these data indicate that MET inhibitors radiosensitize MET-expressing rectal 

PDX. Radiosensitization likely occurs at the level of the whole tumor cell population, which 

extensively express MET, and affects also the cancer stem cell subpopulation.
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Figure 12. MET inhibition sensitizes rectal cancer PDX. A. Growth curves of rectal R1436 PDX 
(KRASmut), irradiated in the absence (1,8 Gy × 3 days) or in the presence (combo) of JNJ38877605, 
which was administered for 20 days as indicated (n = 7/condition). Vehicle: non-irradiated vehicle-
treated PDX. Data are represented as fold change vs. day 0. One-way ANOVA, P = 0,0247; *: t test, 
(combo) vs (1,8Gy x 3 days), P < 0,05. B. Survival analysis of R1436 PDX treated as in (A). Black dot: 
censored mice. Log-rank (Mantel-Cox) test, p = 0,0019; Log-Rank (Mantel Cox) test, (combo) versus 
(1,8 Gy × 3 days), P = 0,0027. C. Growth curves of rectal R1170 PDX (quadruple wt), irradiated in the 
absence (1,8 Gy × 3 days) or in the presence (combo) of JNJ38877605, supplied from day 0 to 15 (n = 
7/condition). Vehicle: non- irradiated vehicle-treated PDX. Data are represented as fold change vs. 
day 0. One-way ANOVA test, P=0,014; *: t test, (combo) vs (1,8Gy x 3 days), P < 0.05 D. Survival 
analysis of R1170 PDX treated as in (C). Black dot: censored mouse. Log-rank (Mantel-Cox) test, 
p=0.0003; (combo) vs (1,8Gy x 3 days), Log-Rank (Mantel Cox) test, p = 0.01. 
Data information: data are represented as mean ± SEM in (A,C). 
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Figure 13. Analysis of tissues and stem-cell frequency in PDX radiosensitized with MET inhibitors. 
A. Growth curves of rectal R1436 PDX (KRASmut), irradiated in the absence (1,8 Gy × 3 days) or in the 
presence (combo) of JNJ38877605 or Crizotinib (Crz.) respectively. Small molecule inhibitors were 
administered for 10 days (n = 3/condition). Vehicle: non-irradiated vehicle-treated PDX. Data are 
represented as fold change vs. day 0. One-way ANOVA, P = 0,006; B. Left: Ki67 immunohistochemical 
staining of R1436 PDX tumor TMA (tissue microarray) sections treated as indicated in (A). Scale bar, 
200 μm (10x magnification). Right: Quantification of Ki67 positive cells (n = 9 HPF/group). HPF: high-
power field. One-way ANOVA, p < 0.0001; *: t-test, (comboJNJ) vs (1,8Gy x 3 days), p= 0,002; 
(comboCrz.) vs (1,8Gy x 3 days), p= 0,0065 C. Left: pS6 immunohistochemical staining of R1436 PDX 
tumor TMA sections treated as indicated in (A). Scale bar, 200 μm (10x magnification). Right: 
Quantification of pS6 positive cells (n=9 HPF/group). One-way ANOVA, p < 0,0001; *: t-test, 
(comboJNJ) vs (1,8Gy x 3 days), p <0.0001; (comboCrz.) vs (1,8Gy x 3 days), p < 0.0001. D. LDA 
(Sphere-forming) measuring the in vitro frequency of RCSCs in tumors treated as indicated in (A) (n= 
3/condition) * χ2 test, p = 0,0017; (comboJNJ) vs (1,8Gy x 3 days), p= 0,0002. 
Data information: data are represented as mean ± SEM in (A,B,C) or mean ± CI in (D). 
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Radiation therapy is a double-edge sword in cancer treatment [76, 152]. On the one hand, 

thanks to continuous technological progress, ionizing radiation (IR) can be very precisely 

targeted to the tumor bulk, effectively killing tumor cells while sparing the surrounding 

normal tissues; on the other hand, it often promotes positive selection of a subpopulation 

of radioresistant cells that drive recurrence of intractable tumors. The genetic and 

molecular basis of tumor radioresistance are still poorly understood and deserve accurate 

elucidation in order to identify therapeutic targets to circumvent radiotherapy pitfalls. In 

GBM the inevitable failure of current standard treatments and targeted monotherapies has 

been associated with the existence of GBM cancer stem-like cells (GSCs), which may drive 

tumor recurrence [153]. Pioneering works have been shown that these resilient GSCs are 

endowed with the intrinsic ability to efficiently activate DDR in response to IR and/or 

chemotherapy [19, 52, 70, 138, 154-156], a property conceivably inherited from the cell of 

origin, a neural stem/progenitor cell [157]. The intrinsic radioresistance of GSCs has been 

significantly associated also with the ability to efficiently activate pro-survival pathways, 

either through the direct modulation of anti-apoptotic mechanisms, or by regulation of the 

DNA repair machinery itself [76, 83, 88, 158]. These pathways are largely controlled by 

receptor tyrosine kinases (RTKs), such as the epidermal growth factor receptor (EGFR), 

which is known for sustaining the stem and tumorigenic phenotype of GSCs, propagated in 

vitro as neurospheres [92]. As suggested by previous studies, the typical EGFR amplification, 

usually harbored by neurospheres displaying the so-called ‘classical’ GBM signature [96, 

123], could play a key role in conferring radioresistance to GSCs [76]. More recently, GSC 

radioresistance has been distinctively associated with the GBM ‘mesenchymal’ 

transcriptional profile [159]. These findings imply a causal role for the subtype-specific 

genetic lesions and/or signaling circuits, in particular of the NF-κB pathway [159]. 

Interestingly, previous work in our laboratory, showed that MET is a transcriptional target of 

NF-κB, upregulated by ionizing radiation and inflammatory signals, such as TNF-α, often 

released by irradiated tumor cells and microenvironment [95, 160]. Thus, in mesenchymal 

and proneural neurospheres, usually lacking EGFR amplification [96], we investigated 

whether a relevant role in radioresistance could be played by the wild-type MET oncogene, 

which was previously associated with the mesenchymal profile in both GBM tissues [123, 

138] and neurospheres [96], and is usually expressed in a mutually exclusive fashion with 

EGFR [96, 123].  
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Building on previous studies by our laboratory and others, showing that MET is a marker of a 

GSC subtype, which identifies and sustains the stem phenotype [96, 121, 125], we showed 

that MET is a functional marker of GSC radioresistance.  

We previously reported that about 40% of neurosphere lineages derived from primary GBM 

express MET [96]. In each lineage, every neurosphere is a heterogeneous mix of cells that 

either highly express MET (METhigh) or that do not express MET at all (METneg). The METhigh 

subpopulation, in each neurosphere, displays the distinctive characteristics of stem-like cells 

[96]. In the current study, we found that the METhigh subpopulation is selectively enriched 

upon irradiation of MET-positive neurospheres in vitro, and of xenografts derived by 

neurosphere transplantation in immunocompromised mice. We hypothesized that the 

observed enrichment is due to the intrinsic radioresistance of the METhigh stem-like cells, 

and indeed we found that the METhigh subpopulation was significantly more radioresistant 

than its METneg counterpart. Moreover, in the METhigh cells, the DDR kinase ATM and its 

downstream kinase Chk2 [63] were constitutively active, and their activities were further 

increased by IR. Such a heightened DDR response conceivably allowed these cells to 

efficiently repair radiation-induced DNA damage and successfully survive IR. 

The protective role of MET likely operates in human GBMs treated with the standard 

combination of radio- and chemotherapy [161]. Indeed, in the analyzed panel of patients’ 

recurrent GBM, MET expression was significantly enriched as compared with the matched 

primary tumor. This evidence suggests the expansion of MET-expressing (stem-like) cells, 

likely benefitting of a selective advantage under therapeutic pressure, and thus possibly 

mediating the peculiar radioresistance of the recurrent tumor. Not surprisingly, analysis of 

the TCGA dataset indicates that a high MET expression in primary GBM is associated with 

primary therapeutic resistance and poorer prognosis [129]. On these premises it would be 

expected that MET amplification would confer distinctive radioresistance to primary GBM. 

Unfortunately, this genetic alteration being found only in 3% of all GBM [162], we had no 

representative neurosphere to assess. However, the hypothesis is supported by an 

independent experimental model of murine high grade gliomas, where irradiation leads to 

development of tumors with frequent MET amplification [112]. In summary, considering 

that (i) IR transcriptionally upregulates MET; (ii) MET-expressing GSCs are positively selected 

by IR; and (iii) MET amplification can be induced and positively selected by IR, it is expected 

that radiotherapy could both generate and select MET-overexpressing GSCs that would 
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drive tumor recurrence and therapy resistance. 

This evidence compelled us to investigate the possibility to overcome GSC radioresistance 

by MET inhibition. Indeed, we show that MET small molecule kinase inhibitors combined 

with IR decrease the radioresistance of GSCs (METhigh) to levels comparable with non-stem 

(METneg) cells. Importantly, we could also observe that the addition of HGF increased 

radiation-induced ATM and Chk2 activation, while the MET inhibitor impairs ATM 

phosphorylation and the downstream DDR pathway.  

Till now, the relationship between receptor tyrosine kinase signaling and DDR has been 

poorly characterized. To mechanistically elucidate the link between MET signaling and ATM 

activation, we examined two pathways downstream MET, the PI3K-AKT and MAP kinase 

(MAPK) signaling cascades [103]. We found that both AKT and MAP kinases are 

hyperphosphorylated in irradiated cells. This hyperactivation depends on MET, as it is 

prevented by combining IR with the MET inhibitor. Moreover, IR combination with either 

MAPK or AKT inhibitors showed that AKT, but not MAPK, is the likely connection between 

MET and ATM phosphorylation. Interestingly, AKT activation has been previously correlated 

with poor prognosis in GBM [138], and with radioresistance in other brain tumors [93]. 

However, it was currently unknown whether AKT can directly affect ATM phosphorylation. 

We showed that a plausible intermediary is Aurora A, known to be both an AKT substrate 

and a kinase active on ATM [64], but not yet implied in DDR modulation by growth factor 

signaling. AKT appears to play also an additional role in MET-mediated radioresistance: AKT-

dependent phosphorylation of p21 has been shown to result in cytoplasmic retention of 

p21, where it exerts anti-apoptotic functions [163]. We showed that MET activation in MET-

positive neurospheres results in p21 phosphorylation and its cytoplasmic retention, and that 

this can be reversed by MET inhibition. Thus, MET appears to promote GSC survival both by 

stimulating DSB repair as well as by inhibiting apoptosis.  

Translationally, these results clearly indicate that MET inhibition may be a possible strategy 

for sensitizing GSCs to IR in the clinical setting. To provide proof of concept, we established 

tumors by intracranial or subcutaneous xenotransplantation of MET-positive neurospheres 

in NOD-SCID mice, which faithfully recapitulate the histology of the original tumors. 

Xenografts were treated with a combination of fractionated radiotherapy and JNJ38877605, 

a MET inhibitor that crosses the blood-brain barrier, as shown by us [129]. Indeed, we found 

that the combination treatment significantly delayed tumor growth and, in some cases, lead 
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to tumor regression, increasing mice survival as compared to radiotherapy alone. 

Importantly, combination treatment not only caused tumor shrinkage, but also reduced the 

GSC content. We think that the evaluation of the therapeutic outcome on cancer stem cells 

is essential to establish whether a treatment has the potential to be long-term effective, 

and, ideally, curative. Disappointedly, this kind of evaluation is mostly disregarded in 

conventional settings testing either radio-chemotherapy and/or targeted agents, which 

remain based on assessment of tumor shrinkage [50, 156, 164]. 

These findings open new perspectives for combination therapy in GBM patients expressing 

the MET receptor and/or its downstream effectors. Inhibitors for MET, AKT, and Aurora-A 

are already in clinical trials, and, most recently, crizotinib—a small-molecule MET inhibitor, 

has been shown to drive tumor regression in adult and pediatric glioma patients [165, 166]. 

Although the effect of crizotinib (or other inhibitors given as monotherapy), is likely 

negligible in the absence of a genetic alteration of the target, our pre-clinical data provide a 

strong rationale for the concomitant administration of IR and MET inhibitors in all patient 

that express wild-type MET. It must be also considered that MET expression can be 

heterogeneous within a single GBM (our unpublished data). In these cases, the tumor is 

likely to contain, together with MET-positive ‘mesenchymal’/’proneural’ areas, also MET-

negative ‘classical’ areas that usually harbor EGFR amplification (our unpublished data and 

[167]). Therefore, it would be appropriate to model heterogeneous tumor in the mouse and 

assess strategies to concomitantly radiosensitize MET-positive and MET-negative areas. In 

the latter, EGFR inhibition could be effective. 

Results obtained in GBM prompted us to further investigate whether this combinatorial 

approach could be extended to other tumors whose radioresistance depends on MET, 

possibly to achieve depletion of the stem cell subpopulation. Senetta and colleagues, 

recently found that in locally advanced rectal adenocarcinoma, MET expression reliably 

predicts a lack of response to neoadjuvant chemo-radiotherapy (CRT) [118], thus suggesting 

a protecting role of MET.  

The role of MET in the development of intestinal epithelium [168] and in the pathogenesis 

of colorectal cancer has been extensively described [169, 170]. More recently it was shown 

that MET amplification is a mechanism of both primary and secondary resistance to anti-

EGFR therapies [101] and that HGF can sustain the WNT self-renewal pathway [122, 171], a 

well-known regulator of normal and cancer stem cell self-renewal. Accumulating evidence 
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indicates that also in colorectal cancer the CSC subpopulation is responsible for cancer 

initiation, relapse, and metastasis [6, 7, 36, 37, 130, 172]. In a previous study from our 

laboratory, Luraghi and colleagues demonstrate that MET was expressed in xenospheres of 

metastatic colorectal cancer and that HGF sustains their long-term proliferation [130]. 

Moreover, in xenospheres MET was downregulated upon differentiation in vitro, suggesting 

a specific association of MET expression with the stem/progenitor compartment. Although 

colon CSCs have been widely described, limited information is available on those derived 

from rectal cancer. In addition, the gradual changes in colorectal cancer molecular features 

within the bowel [173, 174] can cause significant biological differences between colon and 

rectal CSCs (RCSCs). Recently, in rectospheres derived from primary rectal cancer, Fan and 

coworkers identified a CD44+/CD54+ RCSC subpopulation that retained the peculiar CSC 

features, and efficiently resisted to a conventional chemotherapeutic regimen and/or to 

cetuximab in vitro and in vivo [175]. Interestingly, the CD44+/CD54+ cell subpopulation 

displayed a mesenchymal phenotype [175] previously associated with poor prognosis in 

colorectal cancer patients [176]. Although the colorectal mesenchymal signature has been 

recently associated to extensive contamination by cancer-associated stroma [177] much 

evidence shows that epithelial-mesenchymal transition is associated with the cancer stem 

cell phenotype [18], and it is reminiscent of the invasive growth phenotype induced by MET 

[97]. 

Based on this evidence, we set out to study the role of MET in RCSCs. To this end we 

collected a panel of 28 locally advanced cancer both naïve or treated with neoadjuvant 

radiotherapy, finding that MET is widely expressed in most samples. We then isolated RCSCs 

as xeno-rectospheres (x-RS), i.e. from xenopatients (PDX) established by transplantation of 

MET expressing tumors inspiring to previous work that showed the validity of this model to 

evaluate the therapeutic response at stem cell level [130, 148, 178]. x-RS displayed MET 

expression and the operational properties of CSCs. Indeed, they showed long-term self-

renewal ability in vitro, and, when implanted in immunocompromised mice, formed tumors 

almost indistinguishable from the originals, with a pattern of markers expression highly 

similar to the corresponding original human tumors. So far, we have fully characterized two 

x-RS harboring distinct genetic lesions and growth factor requirements for proliferation and 

self-renew, confirming the relevance of the KRAS gene status for proliferation and survival. 
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Indeed, KRAS mutation self-sustains x-RS growth which cannot be further stimulated by 

exogenous growth factors [130]. 

Although we did not provide functional evidence of the role of MET in supporting the stem 

phenotype in RCSCs, we could observe that, like in MET- positive neurospheres, MET 

inhibition significantly radiosensitizes both x-RS, irrespectively of their genetic makeup. 

Moreover, we found that in RCSCs, upon irradiation, MET was hyperphosphorylated and 

efficiently activated the pro-survival PI-3 kinase-AKT pathway. Consistently, MET inhibition 

not only prevented IR-induced MET phosphorylation but also inhibited AKT and ATM 

activation, thereby quenching the DDR pathway and inducing cell apoptosis. This study, 

provided also preclinical evidence that MET inhibition associated with radiotherapy can 

radiosensitize highly radioresistant rectal PDX and significantly prolong mouse survival. 

Importantly, in a case harboring a RAS mutation and expressing an autocrine HGF/MET loop, 

both the specific MET inhibitor JNJ38877605 or the clinically approved- MET/ALK inhibitor – 

crizotinib, combined with radiotherapy, efficiently impaired tumor growth by depletion of 

the RCSC subpopulation.  

Even though in both GBM and rectal cancer models we could target and decrease the CSC 

frequency within tumors radiosensitized by MET inhibition, in some mice we could not 

achieve a complete depletion of the CSC subpopulation, which resulted in tumor regrowth. 

A possible explanation could reside in the limited bioavailability of the small molecules 

agents and/or not appropriate irradiation protocol. In this respect, it is known that MET-

expressing CSCs may be located in hypoxic niches, adjacent to necrotic areas, with little or 

no blood perfusion [106, 125]. This relative CSC inaccessibility could be critical especially if 

the plasma half-life of the drug is short. Taking into account this important issue, we are 

currently trying to assess different protocols by changing doses, administration schedules 

and drug delivery systems to optimize the outcome of the combinatorial treatments. 

Another explanation for the incomplete elimination of CSCs in the tumor relates with the 

issue of intratumor heterogeneity, well evident in GBM as mentioned above, but also 

possible in colorectal cancer. It is becoming clear that genetic heterogeneity reflects at the 

cancer stem cell level [57, 179]. As result, distinct and coexistent stem-like cell subclones 

might be differentially selected under the therapeutic pressure targeting a single CSC 

subpopulation [55-58, 180]. In addition, as reported by recent findings, targeted elimination 

of CSCs could be hindered by the plasticity of the CSC status, which implies the possibility of 
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CSC regeneration from the differentiated non-CSCs through extracellular signals and 

reprogramming mechanisms [17, 59, 181]. Notwithstanding these reservations, targeting 

tyrosine kinases and the DDR pathway in CSCs is a promising strategy to improve the 

efficacy of radiotherapy by depletion of CSCs subpopulation. 

In targeting MET in GBM and rectal cancer patients, like in the case of any other targeted 

therapy, the success of MET inhibitors or antibodies will ultimately depend on the accurate 

identification of patients expressing the functional target. According to the analysis 

presented in this and previous studies [96, 118, 182] it is expected that a relevant fraction of 

GBM patients (~40%) and the majority of rectal cancer will be MET-positive. In the clinical 

setting, to identify these patients it should be recommended to integrate protein expression 

and genetic data, ideally obtained by analysis of multiple tumor tissue specimens or more 

accessible biological samples containing traces of tumor proteins and DNA (liquid biopsy).  
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