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Novelty and Impact: Resistance to adjuvant temozolomide (TMZ) chemotherapy is 

the main cause of treatment failure in patients with glioblastoma (GBM) – the most 

lethal primary brain tumor in adults. Through a genome-wide RNA interference 

(RNAi) synthetic lethality screen combined with the Connectivity Map database, the 

authors identified Thioridazine, a dopamine antagonist, as a potent sensitizer of TMZ 

in GBM cells. Thioridazine blocked the autophagy flux at the autophagosome-

lysosome junction, and inhibited tumor growth in vivo and increased overall survival 

in tumor-bearing animals in combination with TMZ. These findings underscore the 

therapeutic relevance of attenuating autophagy in GBM. 
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ABSTRACT 

Glioblastoma multiforme (GBM) has a poor prognosis with an overall survival of 14-

15 months following surgery, radiation and chemotherapy using temozolomide 

(TMZ). A major problem is that the tumors acquire resistance to therapy. In an effort 

to improve the therapeutic efficacy of TMZ, we performed a genome-wide RNA 

interference (RNAi) synthetic lethality screen to establish a functional gene signature 

for TMZ sensitivity in human GBM cells. We then queried the Connectivity Map 

database to search for drugs that would induce corresponding changes in gene 

expression. By this approach we identified several potential pharmacological 

sensitizers to TMZ, where the most potent drug was the established antipsychotic 

agent Thioridazine, which significantly improved TMZ sensitivity while not 

demonstrating any significant toxicity alone. Mechanistically, we show that the 

specific chemosensitizing effect of Thioridazine is mediated by impairing autophagy, 

thereby preventing adaptive metabolic alterations associated with TMZ resistance. 

Moreover, we demonstrate that Thioridazine inhibits late-stage autophagy by 

impairing fusion between autophagosomes and lysosomes. Finally, Thioridazine in 

combination with TMZ significantly inhibits brain tumor growth in vivo, 

demonstrating the potential clinical benefits of compounds targeting the autophagy-

lysosome pathway. Our study emphasizes the feasibility of exploiting drug 

repurposing for the design of novel therapeutic strategies for GBM.  
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INTRODUCTION 
 

Cancer treatment has gradually changed from traditional chemotherapeutics to 

targeted therapies interfering with key tumor signaling pathways. However, despite 

some promising results, most treatment responses are short-lived with limited effects 

on overall survival. No new pharmacological agents have so far been shown to 

improve outcome for newly diagnosed GBM patients. Current treatment consists of 

surgical resection followed by radiotherapy (RT) plus concomitant and adjuvant 

chemotherapy with the alkylating agent temozolomide (TMZ). However, tumors 

usually recur during or shortly after the initial treatment course, and the median 

survival time for newly diagnosed GBM patients is only 14-15 months 1. 

 Several molecular mechanisms leading to TMZ resistance have been 

identified. The DNA repair protein O6-methylguanine-methyltransferase (MGMT) 

counteracts TMZ-induced cytotoxicity by restoring the structural integrity of O6-

alkylated DNA bases 2. Epigenetic silencing of MGMT expression by promoter 

hypermethylation has been correlated with improved outcome in GBM patients 

receiving TMZ 3. Recent data have also shown that alterations in other DNA repair 

pathways such as base excision repair (BER) may play a significant role in 

determining the sensitivity to TMZ 4. Nevertheless, many tumors that do not express 

MGMT, or have activation of other known DNA repair pathways, are still resistant to 

TMZ chemotherapy. Irrespective of the specific genetic alterations leading to drug 

resistance, a survival strategy common for a wide spectrum of different cancer types 

is metabolic reprogramming characterized by increased autophagy flux 5, 6.  

Results from studies on the role of autophagy in cancer are conflicting. While 

some reports indicate that increased autophagy flux counteracts malignant 

progression, others have shown that autophagy represents a survival strategy for 

cancer cells 7. However, TMZ and several other chemotherapeutics increase 

autophagy flux, and the prevailing view is that this supports cancer growth 8-10. Thus, 

blocking a GBM survival mechanism such as autophagy could be a potential strategy 

to kill TMZ-treated GBM cells. Recently a phase I/II clinical trial with the autophagy 

inhibitor hydroxychloroquine given concomitantly with standard chemoradiotherapy 

and adjuvant chemotherapy failed to demonstrate a significant benefit for newly 

diagnosed GBM patients 11. However, due to toxic side effects proper inhibition of 

autophagy was not achieved in many patients. As such, new inhibitors with increased 
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pharmacological properties are needed to address the potential clinical benefit of 

autophagy inhibition in GBM treatment.  

 In the present study we show that the established dopamine receptor 

antagonist Thioridazine is a potent sensitizer of TMZ cytotoxicity. Most notably, we 

show mechanistically that this effect is independent of dopamine receptor signaling, 

and that the specific chemosensitizing effect is mediated by impaired late-stage 

autophagy in GBM cells. Importantly, the combination of Thioridazine and TMZ 

significantly reduces growth of human intracranial GBM xenografts in vivo and 

prolongs survival in tumor-bearing mice compared to TMZ alone. 

 

MATERIALS AND METHODS 

 

shRNA synthetic lethality screen 

A genome-wide lentiviral pooled short hairpin RNA (shRNA) screen was performed 

using a pool of 27,290 shRNAs targeting 5,046 known human genes (Decipher, 

Human module I, [Cellecta, CA] to identify genes essential for survival during TMZ 

treatment. Lentiviral vectors were produced as described previously12. 40 million U87 

GBM cells were infected with the lentiviral library in the presence of 5 μg/ml 

hexadimethrine bromide (Sigma Aldrich, St. Louis, MO) at MOI of 0.1 ensuring a 5% 

transfection efficiency. After 3 days, the infected cells were purified by FACS based 

on the expression of RFP. After sorting, cells were allowed to recover for 1 day 

before being divided into 3 control populations (serum with 0.1% DSMO) or 3 

treatment populations (TMZ, 5.0 µM, 0.5 µM and 0.1 µM). After 10 days of 

incubation, cells were collected for analysis. Briefly, DNA was extracted and 

barcodes were PCR amplified before sequencing on Illumina HiSeq (2x107 reads) 

(performed by Cellecta). 

 

Bioinformatics analysis 

Raw data were analyzed using the R language (The R Foundation for Statistical 

Computing, Vienna, Austria) and shRNAseq, a package developed by ROCK 

(Institute of Cancer Research, London, 

https://stat.ethz.ch/pipermail/bioconductor/2013-November/056100.html). The 

vignette at their site was followed with slight modifications. Briefly, the data was log 

transformed, normalized, and summarized, before each shRNA was given a z-score, 

where low z-scores represent shRNAs that induce a lower normalized cell count 
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among the treated group than the controls after silencing. A significant “hit” was 

defined as any gene that got at least one z-score that was greater than or equal to 2 or 

less than or equal to -2. This resulted in a list of genes that when silenced, decreased 

cell viability after treatment with sub-lethal doses of TMZ, and vice versa. This list of 

genes was integrated into ConnectivityMap build 02 (Cmap) 13, 14. Cmap is an 

initiative by the Broad Institute of MIT and Harvard, where the effects of 1,309 small 

molecules on several cultured human cells have been systematically examined, 

resulting in a collection of more than 7,000 expression profiles that can be freely 

queried using their web interface. These have been used successfully in previous 

studies to select for drugs that produce a disease-negating gene signature 15. In our 

case, positively scoring drugs predicted by Cmap would down-regulate genes with 

negative z-score, and up-regulate genes that decrease high z-score. We thus 

hypothesized that these drugs would sensitize our cancer cell lines to concurrent TMZ 

treatment. 

 

Cell lines, tumor material and reagents 

The human glioma cell lines A172, LN18, T98, U87 and U251 were obtained from 

the American Type Culture Collection (ATCC, Rockville, MA). DNA fingerprinting 

by short tandem repeat (STR) analysis was performed using AmpFlSTR Profiler Plus 

PCR Amplification Kit (Applied Biosystems, Foster City, CA), and aligned with 

consensus STR profiles in the ExPASy Bioinformatics Portal 

(https://www.expasy.org/) by using “Cellosaurus”. Cells were maintained in 

Dulbecco’s Modified Eagle’s Medium (Sigma, St. Louis, MO) supplemented with 

10% fetal bovine serum, L-glutamine, non-essential amino acids and antibiotics (100 

U/mL penicillin, 100 U/mL streptomycin and 5 x 10-3 mg/mL plasmocin). All cell 

lines were cultured at 37°C in a 5% CO2-humidified atmosphere. Patient GBM-

derived spheroids (P3) were expanded through serial transplantation in nude rats, thus 

generating a standardized pool of spheroids (300–400 μm in diameter) and giving rise 

to phenotypically identical (highly invasive and highly angiogenic) GBMs in all 

xenografts 16. The collection of human biopsy tissue was approved by the regional 

ethical committee (Haukeland University Hospital, Bergen, Norway). Thioridazine 

and TMZ were purchased from Tocris Bioscience (Bristol, UK) and dissolved in 

DMSO to obtain 100 mM stock solutions. Cloroquine was obtained from Sigma, and 

dissolved in sterile water to obtain a 50 mM stock solution.  
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Identification of drugs and cell viability assays 

Using the U87 human GBM cell line, we screened all commercially available drugs 

from the top 20 hits (13 drugs) obtained from Cmap. Each drug was tested at 

incremental doses as monotherapy and as co-treatment with TMZ. Cells were plated 

in a 96-well format at a concentration of 5000 cells/well and incubated for 96 hours 

with each drug. Cell viability was assayed using the CellTiter 96 Aqueous One 

Solution Cell Proliferation Assay (MTS assay, Promega, Madison, WI) according to 

the manufacturer’s instructions. Clonogenic survival assays were basically performed 

as described previously 17. Cell proliferation was determined using the trypan blue 

exclusion assay.  

 
Protein extraction and Western blotting  

Protein extraction and western blotting were essentially carried out as described 

previously 17. The following primary antibodies were used: anti-MGMT (1:2000; 

Origene, Rockville, MD), anti-D2DR (1:100; Santa Cruz Biotechnology, CA), anti-

GAPDH (1:5000), anti-cleaved-Caspase-3 (1:1000), anti-PARP (1:1000), anti-

SQSTM1/p62 (1:1000) and anti-LC3A/B (1:1000) (all from Cell Signaling, Danvers, 

MA). The secondary antibodies goat anti-mouse IgG-HRP (sc-2005) and goat anti-

rabbit IgG-HRP (IM0831) were from Santa Cruz Biotechnology (Santa Cruz, CA) 

and Beckman Coulter (Marseille, France), respectively.  

 
Cell transfection  

To generate stable GBM cell lines devoid of DRD2 expression, lentiviral constructs 

expressing shRNA-RFP-Puromycin (either containing a scrambled shRNA control or 

the following DRD2-targeting sequence: ACCGGGCCCTTCTTCATTACACATA 

TGTTAATATTCATAGCATGTGTGTGATGAAGAAGGGCTTTT) were purchased 

from Cellecta. Silencing of DRD2 expression using the CRISPR-Cas9 technique was 

performed by using a dual construct containing both Cas9 and sgRNA (target 

sequence: ACCGGACGATCAGGTAGTTGGTGG) within the same vector 

(Cellecta). Control cells were transfected with empty vector. Briefly, cells were 

infected with lentiviral particles at 1 MOI in the presence of 5 μg/ml hexadimethrine 

bromide (Sigma Aldrich, St. Louis, MO) before expansion in puromycin-containing 

(2 μg/ml) growth medium. Knockdown of DRD2 protein expression in the emerging 

polyclonal puromycin-resistant populations was validated with western blotting. The 
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GFP-LC3 plasmid was a kind gift from Drs Yoshimori and Mizushima (Osaka 

University), and the EGFP-Cherry-LC3 plasmid was a generous gift from Prof. Terje 

Johansen (University of Tromsø, Norway). Transient over-expression studies of 

MGMT and DRD2 were performed by using the human expression vector pCMV6-

AC containing the corresponding cDNA (Origene). All transfections were carried out 

using FuGENE® HD Transfection Reagent (Promega) according to the 

manufacturer`s instructions. 

 

Transmission electron microscopy 

The electron microscopy sections were prepared as described previously 18. The area 

of autophagic vacuoles was measured using “Point Density” plugin for ImageJ 

(https://imagej.nih.gov/ij/index.html). The total area of autophagic vacuoles (μm2) and 

the total number of autophagic vacuoles in each cell in the Thioridazine (8μM) treated 

group was normalized to the average autophagic area and average number of 

autophagic vacuoles, respectively, in the control group to calculate fold change 

between the two groups. At least 100 cells were independently scored in each 

treatment group.  

 

Fluorescence microscopy 

Fluorescent images were obtained with a Zeiss LSM 510 Meta confocal microscope. 

Images were analyzed with Adobe Photoshop (Adobe Systems) and Imaris (Bitplane, 

MA, USA). LysoTracker Red DND-99 (Life Technologies) was used according to the 

manufacturer’s instructions for visualization of lysosomes. Briefly, cells were treated 

with either drug vehicle or Thioridazine for 24 hrs, and then incubated with 50 nM 

Lysotracker dye for 1 h at 37°C before examination under the fluorescence 

microscope. All images were pseudocoloured green. Lysotracker labeling was also 

quantified in the different treatment groups using an Accuri C6 flow cytometer (BD 

Biosciences, San Jose, CA).  

 

Animal experiments 

10 μL of cell suspension containing a total of 1x106 cells (first animal cohort) or five 

human GBM spheroids (second animal cohort) were stereotactically implanted into 

the brain (1 mm posterior to the bregma and 2 mm to the right of the midline suture at 

a depth of 1.5 mm) of NOD/SCID mice. All animal procedures were approved by the 
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National Animal Research Authority in Norway. After 10 days, the animals were 

stratified into the following groups: drug vehicle, Thioridazine (20 mg/kg), TMZ (20 

mg/kg) and Thioridazine + TMZ (20 mg/kg + 20 mg/kg). Treatment was administered 

3 times the first week and daily for the following 3 weeks by intraperitoneal injection. 

After 6 weeks, mice in the second cohort study underwent MRI scans (with and 

without contrast) weekly to monitor tumor growth kinetics. Animals were sacrificed 

at the onset of symptoms using CO2. Tumors were removed and either formaline 

fixed for histology or snap frozen in liquid N2 for further studies. All mice treated 

with Thioridazine developed transient symptoms of drowsiness. However, these 

symptoms improved during the treatment.   

 
MR imaging 

MRI was performed on a 7T Pharmascan (Bruker, Ettlingen, Germany). Sequence 

details have been described previously 19. We performed brain MRI to evaluate tumor 

growth with pre-/post-contrast T1-weighted sequences. 

 

Statistical analyses 

Data are presented as mean ± SEMs of 3 independent experiments. Statistical 

analyses were carried out using a two-tailed Student's t-test assuming equal variances. 

When multiple groups were evaluated, the one-way ANOVA test with post-hoc 

Turkey-Kramer multiple comparisons test was used. P<0.05 was considered 

statistically significant. 

 

RESULTS 

Identification of chemosensitizing compounds  

We first transfected the human GBM cell line U87 with a pooled lentiviral shRNA 

library targeting 5,046 genes, and incubated the cells at three sub-lethal TMZ 

concentrations or in control medium containing drug vehicle only. A schematic 

outline of the synthetic lethality screen is shown in Fig. 1A. Individual silencing of 

292 genes lead to a significantly reduced cell growth in the TMZ-treated population 

compared to the control group (Supplementary table 1). To identify known drugs that 

could similarly down-regulate these gene clusters, we interrogated the Connectivity 

Map (Cmap) database (https://www.broadinstitute.org/cmap/). A number of 

compounds with potential cytotoxic activity were identified.  Upon validation in low-
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throughput cell viability assays, we found that some compounds had no therapeutic 

effect, whereas others, such as the anti-psychotic agent Thioridazine, the 

phytoestrogen Resveratrol and the antibiotic Furazolidone showed a synergistic effect 

with concomitant TMZ therapy (Fig. 1B). However, only Thioridazine (Fig. 1C) met 

all criteria for our study: 1) no significant cytotoxicity when given as low-dose 

monotherapy 2) adequate pharmacological properties for targeting intracranial tumors 

and 3) synergistic cytotoxic effect with TMZ. 

To confirm our initial observations identifying Thioridazine as a TMZ 

chemosensitizer, we expanded our study using a panel of GBM cell lines with 

different genetic backgrounds. Importantly, whereas Thioridazine alone had little or 

no cytotoxic activity, the combination of Thioridazine and TMZ had a profound 

cytotoxic effect on all the examined glioma cell lines (Fig. 1D). This was also seen in 

the TMZ resistant cell line T98 that expresses the DNA repair protein MGMT, and 

which also harbors a TP53 missense mutation 20. To corroborate our findings from the 

cell viability assay, we next performed clonogenic survival assays for U87 (MGMT 

deficient), LN18 and T98 cells (the latter two cell lines expressing MGMT) in 

response to TMZ/Thioridazine. Notably, the combination of TMZ and Thioridazine 

resulted in a significant decrease in clonogenicity as a measure of cellular 

survivability in both the MGMT deficient and -proficient cell lines compared to either 

agent alone (Fig. 1E). 

In summary, our results show that the phenothiazine Thioridazine in single-

digit micromolar concentrations is a potent sensitizer of GBM cells to TMZ 

chemotherapy in vitro. 

 

Thioridazine improves TMZ cytotoxicity independently of MGMT expression 

Having observed that the combination of Thioridazine and TMZ significantly 

decreases cell viability compared to either agent alone in a panel of established GBM 

cell lines, we next examined whether MGMT expression would impact the effect of 

Thioridazine, TMZ or both agents combined. As shown in Fig. 2A, only LN18 and 

T98G expressed MGMT at the protein level, whereas A172, U87 and U251 showed 

no detectable expression of MGMT protein. Transfected U87 cells overexpressing 

MGMT (Fig. 2B) were significantly more resistant to TMZ compared to syngeneic 

control cells (Fig. 2C). However, MGMT expression did not influence the therapeutic 

efficacy of Thioridazine alone or the combination of Thioridazine and TMZ. This was 
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in agreement with our initial observation in Fig. 1D where Thioridazine could 

enhance TMZ cytotoxicity equally well in both MGMT proficient and – deficient 

GBM cells. Based on these results, we conclude that MGMT expression does not 

counteract the chemosensitizing effect of Thioridazine, and suggest that this potential 

therapeutic strategy could be employed in GBM cells irrespective of MGMT 

expression status. 

 

The chemosensitizing effect of Thioridazine is dopamine receptor independent  

To interrogate the mechanisms involved during Thioridazine treatment, we initially 

scrutinized the potential inhibitory effect of Thioridazine towards the dopamine 

receptors (DRDs). These receptors are G-protein coupled receptors (GPCRs) mainly 

expressed in the central nervous system. The D1-like receptors (DRD1 and DRD5) 

are in general excitatory while the D2-like receptors (DRD2-DRD4) are inhibitory 21. 

Thioridazine inhibits the signaling activity of the D2-like dopamine receptors with 

highest affinity towards DRD2 22. We therefore evaluated the expression of DRD2 in 

our panel of GBM cell lines. Notably, among the cell lines that were sensitized to 

TMZ by concurrent treatment with Thioridazine, only LN18 expressed any detectable 

levels of DRD2 protein (Fig. 3A). This finding led us to hypothesize that Thioridazine 

exerts its chemosensitizing effect in GBM cells independently of any DRD2 

expression. To test this hypothesis, we silenced DRD2 expression in LN18 using 

CRISPR-Cas9 and shRNA constructs before treatment with Thioridazine and TMZ. 

Both approaches significantly lowered DRD2 expression in LN18 cells (Fig. 3B) 

compared to cells transfected with control sgRNA. However, decreased DRD2 levels 

did not impact the cellular response to Thioridazine, TMZ or both agents combined 

(Fig. 3C), suggesting that Thioridazine could potentiate TMZ cytotoxicity 

independently of its function as a DRD2 inhibitor. To further corroborate that DRD2 

expression was not crucial for the chemosensitizing effect of Thioridazine, we 

overexpressed DRD2 in U87 cells (Fig. 3D), which initially showed no detectable 

DRD2 protein expression. As expected, we could not observe any significant change 

in response to Thioridazine or TMZ in U87-DRD2 expressing cells (Fig. 3E).  

Taken together, our findings demonstrate that DRD2 expression does not 

modulate Thioridazine or TMZ sensitivity in GBM cells, and that Thioridazine 

improves TMZ cytotoxicity regardless of any DRD2 expression.  
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Thioridazine impairs autophagy  

Thioridazine has previously been shown to decrease cellular inhibitors of apoptosis 

protein (IAP) expression levels and consequently induce apoptosis in ovarian 

xenografts in vivo 
23. However, we could not detect any cleavage of Caspase 3 or 

PARP in cells treated with Thioridazine or the combination of Thioridazine and TMZ 

(Suppl. Fig. 1A). Furthermore, co-treatment with the pan-caspase inhibitor z-VAD-

fmk did not abrogate the increased TMZ cytotoxicity caused by Thioridazine (Suppl. 

Fig. 1B). These findings indicate that Thioridazine treatment together with TMZ 

modulates cell survival in GBM cells by another mechanism than apoptosis.  

 During the experiments, we observed that low-dose Thioridazine treatment 

leads to an accumulation of perinuclear vacuoles (Fig. 4A). Thus, we hypothesized 

that this could represent an alteration in autophagy. To address this question, U87 

cells were transfected with a plasmid expressing a GFP-LC3 fusion protein prior to 

treatment with Thioridazine. As shown in Fig. 4B and C, there was a significant 

increase in the number of cells displaying GFP-LC3-positive puncta after 

Thioridazine treatment compared to control cells, indicating an accumulation of 

autophagosomes. To further determine whether the observed formation of 

autophagosomes caused by Thioridazine reflected an increased autophagy flux or 

blockade of autophagosome turnover, we studied the expression of LC3A/B-I and 

LC3A/B-II as well as the polyubiquitin-binding protein p62/SQSTM1 in U87 cells 

treated with TMZ, Thioridazine or both compounds combined. In agreement with 

induction of autophagy, TMZ caused increased formation of LC3A/B-II whereas 

levels of p62, which normally is consumed during autophagic degradation, were 

diminished (Fig. 4D). In contrast, Thioridazine exposure was associated with 

increased formation of LC3A/B-II, and significant accumulation of p62, suggesting 

inhibition of autophagy. Finally, p62 levels accumulated as well in cells treated with 

TMZ plus Thioridazine. Taken together, our findings demonstrate that Thioridazine 

leads to inhibition of autophagy and the subsequent accumulation of autophagosomes 

in GBM cells.  

 To assess whether the observed inhibition of autophagy occurred due to 

impaired fusion between autophagosomes and lysosomes, we transfected U87 cells 

with a tandem EGFP-Cherry-LC3 plasmid. EGFP fluorescence is unstable and 

quenched in the acid environment of the lysosomes/autophagolysosomes. As such, if 

the autophagosomes are able to fuse with the lysosomes, the green fluorescence will 
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be reduced making the red fluorescence predominant. As shown in Suppl. Fig. 2A, 

there was no reduction in GFP-positive puncta during treatment with Thioridazine. 

These observations were similar to results from treatment with the established 

lysosome inhibitor Bafilomycin A1, which was used as a positive control. However, 

upon treatment with Rapamycin, an inducer of autophagy, there was an accumulation 

of only red puncta. Collectively, these results indicate an accumulation of 

autophagosomes that are unable to fuse with the lysosomes. To further substantiate 

these findings, we investigated the ultrastructural alterations in U87 cells following 

treatment with Thioridazine using transmission electron microscopy (TEM). 

Untreated U87 cells only displayed a few scattered autophagosome vacuoles (AV) 

while Thioridazine treated cells displayed a considerable accumulation of large 

double-membrane AVs throughout the cytoplasm (Fig 4E and F). Finally, 

LysoTracker labeling showed significantly decreased formation of acidic vesicular 

organelles in response to Thioridazine (Fig. 4G and 4H), indicating compromised 

acidification of lysosomes.  

To provide evidence that pharmacological blockade of late-stage autophagy 

could serve as a novel strategy in concert with chemotherapy, we also studied whether 

the established autophagy inhibitors chloroquine (CQ) and Bafilomycin A1 would 

improve TMZ cytotoxicity in GBM cells. These compounds are recognized for their 

ability to prevent maturation of autophagic vacuoles by inhibiting fusion between 

autophagosomes and lysosomes through neutralization of lysosomal pH. As 

demonstrated in Fig. 4I, both CQ and Bafilomycin A1 in combination with TMZ 

significantly reduced cell viability compared to either agent alone, although CQ was 

associated with some degree of cytotoxicity as montotherapy. Overall, our results 

show that Thioridazine is an efficient inhibitor of late-stage autophagy by preventing 

the fusion between autophagosomes and lysosomes, and that targeting of the 

autophagic flux, together with TMZ chemotherapy, constitutes a promising 

therapeutic approach in GBM cells in general.  

 
Temozolomide in combination with Thioridazine significantly decreases growth 

of orthotopic glioma xenografts in vivo 

The therapeutic efficacy of combining TMZ and Thioridazine was further studied in 

vivo in NOD/SCID mice carrying orthotopically implanted U87 xenografts. Ten days 

subsequent to implantation, the mice were randomized to one of the four treatment 
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groups consisting of drug vehicle (n=10), Thioridazine (20 mg/kg; n=10), TMZ (20 

mg/kg; n=10) or TMZ plus Thioridazine (20 mg/kg + 20 mg/kg; n=10). Treatment 

with Thioridazine monotherapy at this concentration did not improve survival in 

tumor bearing animals compared to the control group (Fig. 5A). In contrast, TMZ 

alone significantly delayed tumor growth and improved survival compared to animals 

receiving drug vehicle, consistent with the fact that TMZ is a clinically active drug 

against GBM. Importantly, the combination of TMZ and Thioridazine significantly 

extended animal survival compared to either agent alone, consistent with our findings 

in vitro showing that Thioridazine increases TMZ sensitivity in GBM cells.  

 To further substantiate our results identifying Thioridazine as a promising 

chemosensitizing agent in vivo, we initiated a second cohort study using highly 

characterized patient-derived GBM spheroids 18. This study was also expanded to 

include weekly MRI scans from week six to determine tumor growth in response to 

the different treatments, and the tumor volume for each animal (n=5 for each group) 

was calculated from the obtained MRI at each time point. In agreement with our 

findings from the initial in vivo study, TMZ significantly decreased tumor growth 

compared to animals receiving drug vehicle (Fig. 5B and 5C). However, the 

combination of TMZ and Thioridazine led to a more pronounced decrease in tumor 

growth compared to controls and animals treated with TMZ alone (Figure 5B and C). 

The observed delays in tumor growth caused by TMZ alone and TMZ plus 

Thioridazine also translated into improved outcome compared to animals treated with 

drug vehicle (Fig. 5D). Notably, the addition of Thioridazine to TMZ significantly 

extended overall survival compared to TMZ alone.  

In summary, our findings using a clinically relevant orthotopic xenograft 

model confirm that Thioridazine acts as a potent sensitizer for TMZ chemotherapy in 

vivo with the potential for reducing tumor burden and prolonging survival.  

 

DISCUSSION 

The role of autophagy in cancer is controversial and the literature is conflicting 24. 

Animal studies have demonstrated that defects in autophagy are associated with 

increased susceptibility of cancer, which has indicated a tumor suppressor function 

for autophagy 25. However, a large number of studies show that autophagy supports 

cancer cell survival 26, 27, especially under adverse conditions with an increased 

demand for metabolic activity 7. In the present study we demonstrate that autophagy 
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promotes GBM cell survival during TMZ chemotherapy. These findings support 

previous results where inhibition of autophagy synergized with chemotherapy 9. The 

specific mechanism in which Thioridazine leads to abortive autophagy28 is likely due 

to its biochemical properties, which has been thoroughly elucidated previously. 

Thioridazine is a base with pKa of 9,5 and accumulates in lysosomes by lysosomal 

trapping 29, giving a lysosome/cytosol concentration ratio of about 75 in some cells 30. 

This attenuates lysosome function by pH partitioning and inhibits fusion with 

autophagosomes 31. 

 Several other compounds like hydroxochloroquine and Bafilomycin A1 

inhibits late stage autophagy. However, due to its high lipophilicity Thioridazine 

accumulates in the brain 32 making it an ideal compund for targeting intracranial 

malignancies. Furthermore, Thioridazine has been used in the clinic since the early 

1950s. As such, the toxicity profile is well known, indicating that autophagy directed 

therapy is well tolerated. Previous clinical trials with inhibitors of autophagy (e.g. 

hydroxychloroquine) have been hampered with off-target dose limiting effects, and 

proper inhibition of autophagy has consequently not been achieved 11, 33. Thus, 

Thioridazine-derivatives might be promising drug candidates for targeting autophagy 

in GBMs due to its low toxicity and its ability to cross the blood-brain-barrier. 

In summary, this study demonstrates the feasibility of linking results from 

large-scale genome-wide RNAi studies with corresponding drug-induced alterations 

in gene expression within the Connectivity Map framework. As such, this represents a 

high-throughput method for drug repositioning. Thioridazine was found to be a potent 

sensitizer of TMZ chemotherapy in GBM, an effect mediated by impaired late-stage 

autophagy. Most importantly, this mechanistic synergy conferred significantly 

reduced tumor growth and increased survival in GBM xenografts in vivo. 

Conclusively, our results strongly encourage further assessment of combined TMZ 

and Thioridazine treatment in an adjuvant clinical setting.  
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Figure legends 

 

Figure 1.  

A genome-wide shRNA synthetic lethality screen identifies Thioridazine as a 

potent sensitizer of TMZ cytotoxicity.  

(A) Overall experimental design. Gene hits from the high-throughput RNAi screen in 

U87 cells were used to interrogate the Connectivity Map database to identify potential 

pharmacological sensitizers to TMZ chemotherapy.  

(B) Identification of drugs potentiating the cytotoxic effect of TMZ. From the top 20 

drug hits, 13 compounds were commercially available and subsequently validated in 

low-throughput cytotoxicity assays in vitro. Each compound was tested as 

monotherapy and in combination with 100 μM TMZ. The figure shows cell viability 

in response to TMZ (left bar), the identified compound (middle bar) and the 

combination (right bar) after 96 hours of drug treatment. 6 μM Thioridazine, 100 μM 

Resveratrol, 100 μM Sulfafurazole and 50 μM Furazolidone significantly decreased 

cell viability when combined with TMZ compared to monotherapy or TMZ alone. 

The following concentrations are shown for the remaining compounds that did not 

successfully enhance TMZ cytotoxicity: 100 nM Digitoxigenin, 60 nM Digoxin, 100 

μM Biperiden, 80 nM Lanatoside C, 200 μM Ganciclovir, 100 μM Meropenem, 100 

nM Strophantidin, 50 μM MG-262, and 40 nM Ouabain.  

(C) Molecular structure of Thioridazine. 

(D) Cell viability assays demonstrating the response of different established GBM cell 

lines to 100 μM TMZ, 6 μM Thioridazine, and the combination of 100 μM TMZ and 

6 μM Thioridazine after 96 hours.  

(E) Clonogenic assays as a measure of cellular survivability of TMZ sensitive (U87) 

and -resistant (LN18 and T98) GBM cells in response to TMZ, Thioridazine and the 

combination of TMZ and Thioridazine. U87 cells were treated with 20 μM TMZ, 

whereas LN18 and T98 cells received 100 μM TMZ. All three cell lines were treated 

with 2 μM Thioridazine either alone or in combination with TMZ. 

Data are shown as mean ± SEMs of 3 independent experiments. *P<0.05, **P<0.01, 

***P<0.001. 
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Figure 2. 

MGMT expression does not compromise the increased TMZ sensitivity mediated 

by Thioridazine 

(A) Western blotting of whole-cell protein lysates demonstrating detectable MGMT 

expression in LN18 and T98 cells.  

(B) Validation of MGMT expression in U87 cells transfected with a mammalian 

expression vector encoding MGMT cDNA compared to corresponding parental cells. 

T98 cells were used as a positive control for MGMT expression. 

(C) Cell viability assays showing the response of U87 cells expressing MGMT and 

corresponding parental cells to increasing concentrations of TMZ and (D) response to 

100 μM, 6 μM Thioridazine and the combination of 100 μM TMZ and 6 μM 

Thioridazine after 96 hours of drug exposure. 

Data are presented as mean ± SEMs of 3 independent experiments. 

N.S.; not statistically significant, *P<0.05, **P<0.01, ***P<0.001. 

 

Figure 3. 

Thioridazine improves TMZ sensitivity in glioma cells irrespective of dopamine 

receptor 2 (DRD2) expression 

(A) DRD2 expression in five established GBM cell lines determined by western 

blotting. Only LN18 cells significantly expressed DRD2 at the protein level. 

(B) Western blot showing stable downregulation of DRD2 expression in LN18 cells 

using CRISPR-Cas9 and shRNA-targeting strategies. Control cells were infected with 

an equivalent scrambled vector encoding only genes for antibiotic selection. Numbers 

indicate each DRD2 band intensity normalized to its respective GAPDH band.  

(C) Viability assays of LN18 cells with established downregulation of DRD2 

expression (either by CRISPR-Cas9 or shRNA) and corresponding parental cells 

treated with 100 μM TMZ, 6 μM Thioridazine or the combination of 100 μM TMZ 

and 6 μM Thioridazine for 96 hours.  

(D) Confirmation of DRD2 expression in U87 cells transfected with a mammalian 

expression vector encoding DRD2 cDNA. Corresponding parental U87 cells did not 

show detectable levels of DRD2 protein. Protein lysate from LN18 cells was used as a 

positive control for DRD2 expression.  
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(E) Viability assays of U87 cells either deficient or proficient in DRD2 expression (as 

shown in [D]) after treatment with 100 μM TMZ, 6 μM Thioridazine or the 

combination of 100 μM TMZ and 6 μM Thioridazine. 

Data are presented as mean ± SEMs of 3 independent experiments  

*P<0.05, **P<0.01, ***P<0.001. 

 

Figure 4. 

Thioridazine decreases cancer cell viability by inhibition of autophagy 

(A) Bright field microscopy showing accumulation of perinuclear vacuoles in U87 

cells after incubation with 8 μM Thioridazine for 24 hrs.  

(B) LC3 is accumulated in perinuclear vacuoles (indicated by arrowheads) upon 

Thioridazine exposure (middle). Cells were transfected with a GFP-LC3 fusion 

plasmid, and incubated for 24 hours with drug vehicle (control shown on the left) or 8 

μM Thioridazine (middle and right panel) before visualization of GFP-LC3 

expression under a fluorescence microscope. Scale bar = 50 μm.  

(C) Quantification of U87 cells displaying GFP-puncta as a measure of accumulating 

LC3-containing perinuclear vacuoles after treatment of 8 μM Thioridazine for 24 

hours. Cells were considered GFP-positive if they displayed ≥10 GFP-LC3 puncta.  

(D) TMZ and Thioridazine induces accumulation of LCA/B3-II in U87 cells. 

Whereas p62 levels were decreased in cells receiving TMZ, indicating induction of 

autophagy, Thioridazine caused accumulation of p62. Cells were treated with either 

drug vehicle, 100 μM TMZ, 8 μM Thioridazine or the combination of TMZ and 

Thioridazine for 24 hours before cell lysates were collected for western blotting.  

(E) Representative transmission electron micrographs (TEM) show accumulation of 

autophagosomes upon Thioridazine exposure. U87 cells were treated with either 

vehicle (left) or 8 μM Thioridazine for 24 hrs before visualization with TEM.  

(F) Quantification of autophagosomes in U87 cells treated with drug vehicle or 8 μM 

Thioridazine for 24 hrs based on TEMs as shown in (E). 

(G) Fluorescent microscopy using LysoTracker labeling as a measure of lysosomal 

formation in U87 cells receiving either drug vehicle or 8μM Thioridazine for 24 hrs. 

(H) Quantification of LysoTracker labeling in U87 cells by flow cytometry showing 

decreased formation of lysosomes upon 8μM Thioridazine exposure for 24 hrs 

compared to control cells. 
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(I) The established autophagy inhibitors CQ (left panel) and Bafilomycin A1 (right 

panel) improves TMZ cytotoxicity in U87 cells. Cells were treated with the indicated 

drug concentrations for 96 hrs before cell viability was determined. Data are 

presented as mean ± SEMs of 3 independent experiments 

*P<0.05, **P<0.01, ***P<0.001. 

 

Figure 5.  

Temozolomide in combination with Thioridazine significantly inhibits growth of 

orthotopic glioma xenografts 

(A) Kaplan-Meier survival curves showing significantly prolonged survival of mice 

with orthotopic U87 xenografts when treated with the combination of TMZ and 

Thioridazine compared to either agent alone.  

(B) Representative T1-weighted coronal brain MRI sections at week 11 of animals 

with orthotopic patient-derived glioblastoma xenografts treated with PBS, TMZ or the 

combination of TMZ and Thioridazine. The MRI sections demonstrate significantly 

reduced tumor burden and less peritumoral edema in animals receiving TMZ plus 

Thioridazine (right panel) compared to TMZ alone (middle panel) or PBS (left panel). 

(C) Quantification of tumor volume (mm3) in the different treatment groups in (B) 

based on MRI of all study animals obtained at the indicated time points showing most 

pronounced reduction in tumor growth in animals treated with TMZ and Thioridazine. 

Data are expessed as mean ± SD.  

(D) Kaplan-Meier plots showing significantly improved overall survival of mice 

bearing patient-derived GBM xenografts treated with TMZ and Thioridazine 

compared to other treatment groups. 

*P<0.05, **P<0.01, ***P<0.001. 

 

Figure 6. 

Suggested mechanism of action by Thioridazine in human GBM cells 

In response to TMZ chemotherapy, GBM cells can undergo autophagy in which 

cellular constituents are degraded and reused in a well-organized manner as part of an 

adaptive survival process. We suggest that Thioridazine, by blocking the fusion 

between mature autophagosomes and lysosomes, counteracts this survival mechanism 

and consequently improves TMZ cytotoxicity and cell death.  
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Resistance to Temozolomide (TMZ) is the main cause of treatment failure in 

patients with Glioblastoma Multiforme (GBM). Although controversial, the ability 

of TMZ to increase autophagy flux is believed to support cancer growth. The 

authors identified dopamine antagonist Thioridazine as a potent sensitizer of 

TMZ cytotoxicity acting through impairment of late-stage autophagy in GBM 

cells. Thioridazine, combined with TMZ, inhibited tumor growth in vivo and 

increased survival in tumor-bearing animals. This study demonstrates the 

feasibility of linking results from large-scale genome-wide RNAi studies with 

corresponding drug-induced alterations in gene expression and underscores the 

therapeutic relevance of attenuating autophagy in GBM. 
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