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Abstract  1 

The role of carbonic anhydrase XII (CAXII) in the chemoresistance of glioblastoma is 2 

unexplored.  3 

We found CAXII and P-glycoprotein co-expressed in neurospheres derived from 3/3 patients 4 

with different genetic backgrounds and low response to temozolomide (time to recurrence: 6-5 

9 months). CAXII was necessary for the P-glycoprotein efflux of temozolomide and second-6 

line chemotherapeutic drugs, determining chemoresistance in neurospheres. 7 

Psammaplin C, a potent inhibitor of CAXII, re-sensitized primary neurospheres to 8 

temozolomide by reducing temozolomide efflux via P-glycoprotein. This effect was 9 

independent of other known temozolomide resistance factors present in the patients. The 10 

overall survival in orthotopic patient-derived xenografts of temozolomide-resistant 11 

neurospheres, co-dosed with Psammaplin C and temozolomide, was significantly increased 12 

over temozolomide-treated (p<0.05) and untreated animals (p<0.02), without detectable signs 13 

of systemic toxicity.  14 

We propose that a CAXII inhibitor in combination with temozolomide may provide a new 15 

and effective approach to reverse chemoresistance in glioblastoma stem cells. This novel 16 

mechanism of action, via the interaction of CAXII and Pgp, ultimately blocks the efflux 17 

function of Pgp to improve glioblastoma patient outcomes. 18 

  19 
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Introduction 1 

Glioblastoma (GB) is the most common and lethal adult primary brain tumor. The standard-2 

of-care treatment comprises surgery, followed by radiotherapy and chemotherapy, then 3 

maintenance chemotherapy.  Chemotherapy is based on the drug temozolomide (TMZ). With 4 

treatment, the increase in median survival rate for all patients is two months, while the 5 

median overall survival is 12-15 months (1). In the subset of GB patients with the O6-6 

methylguanine-DNA methyltransferase (MGMT) promoter methylated, the two year survival 7 

is higher at approximately 40% (1).  8 

GB stem cells (SC), a subpopulation of GB that govern tumor initiation and recurrence, are 9 

particularly difficult to eradicate with chemotherapy (2). One cause is an elevated expression 10 

of P-glycoprotein (Pgp), an efflux pump that recognizes a broad spectrum of 11 

chemotherapeutics as substrates, including TMZ (3,4). The co-administration of a Pgp 12 

inhibitor with chemotherapy has met with limited success however, owing to serious side 13 

effects and toxicity (5). The identification of an alternative and safer mechanism to counter 14 

Pgp-mediated drug resistance in GB SC is of high unmet need. 15 

Tumor acidosis is a hallmark of cancer (6). Membrane-bound carbonic anhydrases IX and/or 16 

XII (CA, EC 4.2.1.1) maintain the intracellular/extracellular pH for efficient Pgp activity (7), 17 

and optimal tumor growth, invasion and metastasis (6). 18 

CAIX and CAXII specific inhibitors are increasingly being investigated as potential 19 

antitumor agents (8). Inhibitors of CAXII indirectly reduce Pgp activity and re-sensitize solid 20 

tumors to Pgp substrates with a magnitude similar to tariquidar, a validated Pgp inhibitor (9).   21 

CAXII and Pgp mRNA were detectable in GB patient (Tissue Cancer Genome Atlas, 22 

https://cancergenome.nih.gov), but CAXII (http://www.proteinatlas.org/ENSG00000074410-23 

CA12/pathology) and Pgp (http://www.proteinatlas.org/ENSG00000085563-24 

https://cancergenome.nih.gov/
http://www.proteinatlas.org/ENSG00000074410-CA12/pathology
http://www.proteinatlas.org/ENSG00000074410-CA12/pathology
http://www.proteinatlas.org/ENSG00000085563-ABCB1/pathology
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ABCB1/pathology) proteins were poorly detectable by immunohistochemistry. This trend led 1 

us to hypothesize that CAXII and Pgp may be co-expressed in specific GB niches, e.g. SC-2 

enriched niches, with CAXII maintaining optimum pH for Pgp activity.  3 

CAXII is overexpressed in aggressive GB (10) and is a negative prognostic factor in 4 

infiltrating astrocytoma (11). CAXII is also highly expressed in 3D-culture of GB cells 5 

(neurospheres, NS) (12), a mimic of cancer-derived GB SC. The therapeutic implications 6 

surrounding CAXII have been poorly investigated in GB or GB SC. Here, we demonstrate 7 

that CAXII mediates resistance to TMZ in GB SC in a Pgp-dependent manner. We show that 8 

the combination of a CAXII inhibitor and TMZ substantially improve TMZ efficacy against 9 

GB SC in GB NS-patient-derived xeongrafts (GB-NS-PDX), and that this effect is 10 

independent of known factors of TMZ-resistance.  11 

Methods 12 

Reagents and plasticware. Plasticware for cell cultures was obtained from Falcon (Becton 13 

Dickinson, Franklin Lakes, NJ). Electrophoresis reagents were obtained from Bio-Rad 14 

Laboratories (Hercules, CA). The protein content of cell lysates was assessed using a BCA 15 

kit from Sigma Chemicals Co. (St. Louis, MO). Unless specified otherwise, all reagents were 16 

purchased from Sigma Chemicals Co. 17 

Compounds synthesis and CAXII inhibition. Compounds were synthesized as in 18 

Supplementary Information (Scheme 1). CAXII activity was measured as detailed previously 19 

(13). 20 

Cells. Primary human GB cells (CV17, 010627, No3) were obtained from surgical samples 21 

from Neurosurgical Units, Universities of Torino and Novara after written informed consent, 22 

and were used within passage 5. The samples were designated as patient#1, patient#2 and 23 

patient #3. Researchers performing the experiments were unaware of the genetic background 24 

or clinical outcome of the patients. The study was performed in accordance with the 25 

http://www.proteinatlas.org/ENSG00000085563-ABCB1/pathology
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NS had comparable levels of CAIX and CAXII protein, while only CAIX was detected in AC 1 

(Figure 1a). NS had higher levels of CAXII and Pgp on the cell surface than AC (Figure 2 

1b). CAXII co-immunoprecipitated with Pgp (Figure 1c). The results of the PLA 3 

demonstrate that CAXII and Pgp are physically associated in the NS plasma-membrane 4 

(Figure 1d). Quantification of CAXII:Pgp co-localization, based on confocal laser-scanning 5 

microscopy, indicated that 58.67 ± 1.1 % of NS Pgp interacted with CAXII in the plasma-6 

membrane of NS (Figure 1e). 7 

The expression of Pgp and CAXII was independent of the different culture conditions 8 

between AC and NS (Supplementary Figure S1).  9 

The addition of CAXII inhibitors to neurospheres reduces Pgp activity and increases 10 

retention and cytotoxicity of chemotherapeutic drugs  11 

A compound panel comprising Psammaplin C (1), its derivatives (2-4) and the non-CAXII 12 

inhibitor control compound (5) (Figure 2a) was tested for the ability to indirectly reduce Pgp 13 

activity in NS. The more potent the CAXII inhibitor (lower Ki; Supplementary Table S2), 14 

the higher the reduction of Pgp activity (Figure 2b). The Pgp substrate doxorubicin 15 

accumulated to a greater extent (Figure 2c) and exhibited greater toxicity (Figure 2d-e) in 16 

AC than in NS. NS were refractory to doxorubicin. These characteristics were unchanged by 17 

compounds 1-5 in AC. In NS compounds 1 or 3, the two most potent CAXII inhibitors, 18 

restored the intracellular doxorubicin concentration to a level comparable to AC (Figure 2c), 19 

partially restored the release of LDH induced by doxorubicin (Figure 2d) and reduced cell 20 

viability (Figure 2e).  21 

Comparable effects were observed with the chemotherapeutic drugs etoposide, topotecan and 22 

irinotecan. These drugs are known substrates of Pgp (21) (Supplementary Figure S2a-f). As 23 

compound 1 was the most effective in restoring the effects of Pgp substrates in GB NS, it was 24 

selected for further characterization. 25 
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were the same. TMZ further reduced Pgp-ATPase activity in CAXII-KO NS clones (Figure 1 

4d) and produced the same phenotypic response as in AC, namely TMZ accumulation 2 

(Figure 4e) and cytotoxicity (Figures 4f-h; Supplementary Figure S5d). 3 

CAXII inhibition restores the efficacy of temozolomide in tumors derived from resistant 4 

glioblastoma neurospheres in vivo 5 

Compound 1 was stable in Balb/c mice plasma (half-life >240 min) (Supplementary Table 6 

S3) and showed low potential to inhibit major drug metabolizing CYP P450 enzymes 7 

(Supplementary Table S4).  8 

Following identification of the dosing schedule that maximally reduced the tumor growth of 9 

AC in vivo (Supplementary Figure S6a) with significantly less effect against NS 10 

(Supplementary Figure S6b-c), we co-administered compound 1 in mice bearing patient #2-11 

derived NS at two dosages, 38 ng/kg and 3800 ng/kg, the former according to the CAXII Ki; 12 

the latter to limit hematic/lymphatic clearance. Compound 1 did not reduce AC- or NS-13 

derived tumor growth. When compound 1 was combined with TMZ, TMZ efficacy in AC-14 

derived tumors was unchanged; however in NS-derived tumors TMZ efficacy was enhanced 15 

in a dose-dependent manner (Supplementary Figure S6b-c). Moreover, the combined 16 

treatment did not elevate hematopoiesis, liver, kidney or muscle toxicity compared to TMZ-17 

only treatment (Supplementary Table S5). Consistent with the in vitro setting (Figure 3f), 18 

the growth of Pgp-KO NS-derived tumors was reduced by TMZ, while the growth of 19 

scrambled-transduced tumors was not (Supplementary Figure S6d). Compound 1, at the 20 

dosage of 3800 ng/kg, enhanced the anti-tumor effect of TMZ in animals bearing scrambled-21 

NS but not in animals bearing Pgp-KO NS (Supplementary Figure S6d) that lack this 22 

indirect target of compound 1. 23 

In orthotopic GB-NS-PDX neither compound 1 nor TMZ alone reduced tumor growth, with 24 

the exception of tumors derived from patient #3, wherein the genetic profile and clinical 25 



15 
 

history were suggestive of a more favorable response to TMZ (Table 1). The combination of 1 

compound 1 and TMZ significantly decreased tumor growth in all three GB-NS-PDX 2 

(Figure 5a-b) and increased overall survival (Figure 5c). Although TMZ reduced the 3 

expression of Pgp in CAXII-positive tumors (Figure 5d-f), it did not reduce intratumor 4 

proliferation or increase apoptosis (Figure 5d-e).Compound 1 did not changed these 5 

parameters. The combined use of compound 1 and TMZ reduced Pgp expression in tumors 6 

(Figure 5d-f) as it did in NS cultured in vitro (Figure 3a). The combination also rescued the 7 

anti-proliferative and pro-apoptotic effects of TMZ, as demonstrated by the reduced 8 

intratumor positive staining for Ki67 and by the increased activation of caspase 3 (Figure 5d-9 

e).  10 

Discussion 11 

We analyzed samples from three GB patients that experienced a variable but poor clinical 12 

response to TMZ. The patients had different genetic backgrounds however the NS-derived 13 

from all patients co-expressed CAXII and Pgp, suggesting a relationship that may represent 14 

an ancestral feature of GB SC, independent of genetic alterations or environmental conditions 15 

(such as different culture conditions). Notably, up to 60% of the Pgp in the plasma-membrane 16 

of NS was found to interact with CAXII. This indicates that the enzymatic activity of CAXII 17 

may act to influence the microenvironment pH for the co-localized Pgp. We are currently 18 

investigating the mechanisms of up-regulation of Pgp and CAXII expression in NS and the 19 

nature of interaction between these two proteins. To the best of our knowledge, ours is the 20 

first work showing an increased CAXII expression in GB NS derived from primary tumors.  21 

Until now, there have been no reports on the role of CAXII in the response to chemotherapy 22 

in NS. Based on our previous observations in Pgp-expressing solid cancer cell lines (7,9),  we 23 

hypothesized that CAXII inhibitors may reverse the Pgp-mediated drug-resistance in GB NS, 24 

wherein Pgp activity is enhanced by CAXII activity. Even though CAIX is expressed in NS 25 
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and is important in GB pathogenesis (23), our data indicate no significant role for CAIX in 1 

the chemoresistance of NS. 2 

We recently synthesized Psammaplin C (compound 1 in this manuscript), one of the most 3 

potent CAXII inhibitors ever reported (24). We synthesized a panel of related sulfonamides 4 

(2-4) and the control compound 5, which is identical to 1 but lacks the sulfonamide moiety. 5 

This panel enabled the structure-activity relationships (SAR) between CAXII inhibition and 6 

indirect Pgp inhibition to be established. The strongest inhibitor of CAXII, compound 1, was 7 

the most effective in rescuing the cytotoxicity of all tested Pgp substrates: topoisomerase I/II 8 

inhibitors topotecan, irinotecan, etoposide and doxorubicin. These drugs are under evaluation 9 

in clinical trials as second-line treatments for GB and in GB patients that are refractory to 10 

TMZ (25). Our findings suggest CAXII inhibitors may substantially enhance the efficacy of 11 

these agents, being particularly effective against GB NS, where improvement of current 12 

therapy is desperately sought. 13 

Most importantly, compound 1 rescued the efficacy of TMZ, the first-line drug in GB 14 

treatment. TMZ fails to eradicate GB SC, owing to a combination of MGMT status, cell 15 

survival/anti-apoptotic pathways driven by EGFR amplification, mutations in IDH1/2 and 16 

TP53, hypoxia, niches rich of growth factors (2). The three patient-derived NS analyzed in 17 

this work had slight variation in their in vitro and in vivo sensitivity and clinical response to 18 

TMZ, likely as a consequence of their different genetic background. In general, however, NS 19 

from all patient samples were more resistant to TMZ than corresponding AC. The co-20 

administration of compound 1 rescued sensitivity to TMZ, independent of MGMT status or 21 

other genetic alterations, suggesting that inhibition of CAXII may overcome Pgp-mediated 22 

resistance to TMZ. 23 

Our findings in Pgp-KO and CAXII-KO NS support the hypotheses that i) in addition to the 24 

MGMT methylation status and other known genetic alterations determining resistance to 25 
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TMZ, the presence of Pgp plays a pivotal role in NS resistance to chemotherapy; ii) CAXII 1 

inhibition overcomes this resistance by reducing Pgp activity. It is probable that the 2 

interaction of CAXII with Pgp sustains the activity of Pgp, and that interfering with CAXII 3 

by treatment with either compound 1 or genetic knockout significantly reduces ATPase 4 

activity. Notably, this genetic or pharmacological inhibition did not alter the amount of 5 

surface Pgp. As Pgp mediates TMZ efflux (4), targeting CAXII increases the intracellular 6 

retention of TMZ to restore its cytotoxic effects. 7 

The strong synergism observed with TMZ and compound 1 further enforces the hypothesis 8 

that they are involved in the same pathway leading to inhibition of Pgp efflux activity. The 9 

ability of compound 1 to reduce Pgp activity together with its potency and selectivity for 10 

CAXII over other CAs, contribute to making compound 1 highly effective against GB NS.  11 

Furthermore, CAXII has minimal expression in healthy cells 12 

(https://www.proteinatlas.org/ENSG00000074410-CA12/tissue). This is a major advantage 13 

as targeting CAXII to indirectly reduce Pgp activity provides a selective GB SC-targeting 14 

tool and avoids the in vivo toxicity associated with using direct Pgp inhibitors (5). 15 

Furthermore, the in vitro results obtained from treatment of GB-SC with a combination of 16 

compound 1 and second-line chemotherapeutic drugs (all substrates of Pgp) may open the 17 

way for new combination therapies with the potential to lower the chemotherapy dose 18 

required to achieve significant GB reduction.  19 

In line with the TMZ resistance observed in NS cultures and the clinical response of the 20 

corresponding patient to TMZ, two of the three GB-NS-PDX were refractory to TMZ. The 21 

third xenograft - generated from the patient with the most favorable genetic profile toward 22 

TMZ sensitivity, longest time to recurrence after TMZ treatment and longest overall survival 23 

- was partially sensitive to TMZ. In accordance with the in vitro findings tumor growth in 24 

compound 1 only treated GB-NS-PDX was not reduced, however compound 1 in 25 

https://www.proteinatlas.org/ENSG00000074410-CA12/tissue
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combination with TMZ significantly improved the anti-tumor activity over the TMZ-only 1 

cohort and increased the overall survival, likely as a consequence of the co-expression of 2 

CAXII and Pgp in these NS-derived tumors. Furthermore, the combination of TMZ and 3 

compound 1 reduced the intratumor level of Pgp, and recapitulated the same cytotoxic events 4 

observed in NS cultures.  5 

Recently the combination of the CAIX/CAXII inhibitor SLC-0111 (100 mg/kg, daily over 14 6 

days) with TMZ (100 mg/kg once every 7 days over 14 days) reduced GB growth compared 7 

to TMZ only. The authors speculate that the mechanism of SLC-0111 may be mediated by 8 

CAIX together with increased DNA damage (26). This study did not however have the 9 

benefit of the inactive probe/active compound combination (compound 5 and 1 in our study) 10 

to contribute evidence to support the hypothesis that CAIX was the predominant target of 11 

SLC-0111. Our work may provide an additional explanation for the effect of SLC-0111, 12 

correlating its efficacy with CAXII inhibition causing indirect inhibition of Pgp and increased 13 

intratumor retention of TMZ. Of note, compound 1 was effective at a substantially lower 14 

dosage than SLC-0111. Additionally, compound 1 was devoid of toxicity and did not 15 

exacerbate TMZ side-effects, suggesting an appropriate efficacy and safety window with this 16 

combination treatment.  17 

In summary, we have investigated for the first time the expression and therapeutic 18 

implication of CAXII in the highly chemorefractory GB SC-component of GB. We propose 19 

that CAXII and Pgp co-expression is a new hallmark of chemoresistance in GB NS. This 20 

relationship represents a previously unknown mechanism of TMZ resistance in GB-derived 21 

NS, wherein CAXII contributes to the Pgp-mediated resistance to TMZ and topoisomerase 22 

I/II inhibitors in patient-derived GB NS. The detection of CAXII in primary GB samples by 23 

routine immunohistochemistry techniques may be difficult however as CAXII is restricted to 24 

the SC-component that represents only a small portion of tumor bulk. This restricted 25 
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Table 1. Patient clinical, pathological and genetic data 1 

 Patient #1 Patient #2 Patient #3 

Age at diagnosis 57 53 61 

Sex M F M 

Histological grade IV IV IV 

Therapy Surgery + 

radiotherapy + 

chemotherapy 

Surgery + 

radiotherapy + 

chemotherapy 

Surgery + 

radiotherapy + 

chemotherapy 

Time to recurrence 

(months) 

7 6 9 

Post-recurrence 

therapy 

Re-resection + 

radiotherapy 

 

Radiotherapy Radiotherapy+ 

chemotherapy 

Overall survival 

(months) 

12 9 18 

MGMT status Partially 

methylated 

Fully unmethylated Fully  

methylated 

EGFR status Not amplified Not amplified Amplified 

IDH1 status Mutated (395G>A) Mutated (395G>A) Wild-type 

IDH2 status Wild-type Wild-type Wild-type 

TP53 Wild-type Mutated 

(380C>T) 

Wild-type 

1p/19q  

co-deletion 

Present Absent Absent 

Anagraphical, pathological, clinical and genetic data of patients of samples were used in the 2 
study. Radiotherapy: 60 Gy (30 fractions). Chemotherapy: 75 mg/m2 temozolomide (TMZ), 3 
per os, daily, concurrently to radiotherapy, followed by 200 mg/m2 TMZ, per os, days 1-5, 4 
every 28 days, 6 cycles. Post-recurrence therapy: radiotherapy: 60 Gy (30 fractions); 5 
chemotherapy: 80 mg/m2 carmustine (BCNU), days 1-3, every 8 weeks, 3 cycles. Time to 6 
recurrence: time between the surgery and the appearance of tumor relapse at magnetic 7 
resonance imaging (MRI). Overall survival: time between diagnosis and patient death. 8 
MGMT: O6-methylguanine-DNA methyltransferase. Fully methylated: promoter methylation 9 
of both alleles; partially methylated: promoter methylation of one allele. EGFR: epithelial 10 
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growth factor receptor. Amplified: > 2 copies of EGFR genes; not amplified: < 2 copies of 1 
EGFR gene. IDH: isocitrate dehydrogenase. 2 
  3 
























