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Abstract

Background: Glioblastoma is the deadliest brain tumor in adults, and the standard of care consists of surgery followed by
radiation and treatment with temozolomide. Overall survival times for patients suffering from glioblastoma are unacceptably
low indicating an unmet need for novel treatment options. Methods: Using patient-derived HK-157, HK-308, HK-374, and HK-
382 glioblastoma lines, the GL261 orthotopic mouse models of glioblastoma, and HK-374 patient-derived orthotopic xeno-
grafts, we tested the effect of radiation and the dopamine receptor antagonist quetiapine on glioblastoma self-renewal

in vitro and survival in vivo. A possible resistance mechanism was investigated using RNA-sequencing. The blood-brain-bar-
rier-penetrating statin atorvastatin was used to overcome this resistance mechanism. All statistical tests were 2-sided.
Results: Treatment of glioma cells with the dopamine receptor antagonist quetiapine reduced glioma cell self-renewal
in vitro, and combined treatment of mice with quetiapine and radiation prolonged the survival of glioma-bearing mice. The
combined treatment induced the expression of genes involved in cholesterol biosynthesis. This rendered GL261 and HK-374
orthotopic tumors vulnerable to simultaneous treatment with atorvastatin and further statistically significantly prolonged
the survival of C57BL/6 (n =10 to 16 mice per group; median survival not reached; log-rank test, P <.001) and NOD Scid gamma
mice (n =28 to 21 mice per group; hazard ratio = 3.96, 95% confidence interval = 0.29 to 12.40; log-rank test, P < .001), respec-

tively. Conclusions: Our results indicate promising therapeutic efficacy with the triple combination of quetiapine,
atorvastatin, and radiation treatment against glioblastoma without increasing the toxicity of radiation. With both drugs
readily available for clinical use, our study could be rapidly translated into a clinical trial.

Despite decades of drug development and technical improvement
in radiotherapy, glioblastoma is still the deadliest brain cancer in
adults with almost all patients ultimately dying from the disease
(1). Attempts to add chemotherapeutic drugs that serve as radio-
sensitizers have largely failed because of either lack of blood-brain-
barrier (BBB) penetration or lack of a proper therapeutic window
with temozolomide being the only radiosensitizer that has so far
been included into the standard of care (2). However, median sur-
vival time under the current standard of care with gross tumor

resection, temozolomide, and radiotherapy is only 15-18 months,
thus indicating an urgent need to develop novel strategies against
glioblastoma. Glioblastomas are thought to be organized hierarchi-
cally with a small number of glioma-initiating cells and able to pro-
duce more differentiated progeny and to repopulate a tumor after
sublethal treatment. The ability to identify glioma-initiating cells
prospectively (3,4) and the recognition of their intrinsic radioresist-
ance (5) have sparked research aiming to target glioma-initiating
cells specifically (6).
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In a high-throughput screen of 83000 compounds (7), we
identified the first-generation dopamine receptor antagonist tri-
fluoperazine as a Food and Drug Administration (FDA)-ap-
proved drug with known BBB penetration that interferes with
the self-renewal of glioma cells alone and prevents the induc-
tion of a glioma-initiating cell phenotype in combination with
radiation (11). Recently, dopamine receptor antagonists have
generated considerable interest in their repurpose as anticancer
agents with well-established pharmacological properties and
demonstrated some single-agent anticancer activity (8-14).
Considering the unfavorable clinical side effect profile of trifluo-
perazine, we have extended our studies to include second-
generation dopamine receptor antagonists with milder side
effects.

In this study, we hypothesized that a combination of quetia-
pine and radiation would have equal or better efficacy against
self-renewal of patient-derived glioma-initiating cells in vitro
than first-generation dopamine receptor antagonists and radia-
tion and it would prolong survival in mouse models of glioblas-
toma in vivo. Furthermore, RNA-sequencing (RNA-Seq) uncover
novel resistance mechanisms against this combination treat-
ment that could be exploited to improve survival of
glioblastoma-bearing mice.

Methods

An extended description of the materials and methods is pro-
vided in the Supplementary Methods (available online).

Cell Culture

Primary human glioblastoma cell lines were established at the
University of California, Los Angeles (UCLA) as described previ-
ously (3). Characteristics of specific gliomasphere lines can be
found in Laks et al. (15). The GL261 murine glioma cell line was
obtained from Charles River Laboratories, Inc (Frederick, MD).
Cells were grown as previously described (11).

Drug Treatment

After confirming tumor grafting via bioluminescence imaging,
mice implanted with the HK-374 or GL261 specimen were
injected subcutaneously (quetiapine 30 mg/kg) or intraperitone-
ally (atorvastatin 30 mg/kg) on a 5-days on, 2-days off schedule
with quetiapine, combined quetiapine and atorvastatin, or sa-
line until they reached euthanasia endpoints. Quetiapine was
dissolved in acidified phosphate buffered saline (0.4% glacial
acetic acid) at a concentration of 5mg/ml. Atorvastatin was dis-
solved in corn oil containing 2.5% dimethyl sulfoxide at a con-
centration of 5mg/mL.

Irradiation

Cells were irradiated as previously described (11).
Corresponding controls were sham irradiated. Mice were irradi-
ated as previously described (16). For the assessment of the ef-
fect of quetiapine and quetiapine plus atorvastatin in
combination with irradiation in vivo, mice were treated with
corresponding drugs lhour prior to irradiation. Animals re-
ceived a single dose of 10Gy on day 3 or day 7 after tumor
implantation.
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In Vitro Sphere Formation Assay

For the assessment of self-renewal in vitro, patient-derived glio-
blastoma cells (HK-374, HK-382, HK-308, and HK-157) were irra-
diated with (0, 2, 4, 6, or 8Gy) and treated with daily doses of
quetiapine (0, 5, or 10 pM). Glioblastoma cells were treated with
a single dose of quetiapine (0, 5, 10 uM) and atorvastatin (0, 50,
100 250, 500, 1000 nM) with or without irradiation at 0, 2, 4, 6, or
8 Gy. The number of spheres formed at each dose point was nor-
malized against the control. The resulting data points were fit-
ted using a linear-quadratic model.

For the tertiary sphere formation assay ith quetiapine, the
spheres from patient-derived specimens were seeded in 10-cm
dishes and treated with daily doses of either solvent or quetia-
pine (5 or 10 uM) for 5days. The surviving spheres after the ini-
tial treatment were collected, dissociated, and subjected to
additional 2 rounds of identical treatment to attain the tertiary
sphere cells. These spheres were plated in a 96-well plate and
treated with a single dose of control or quetiapine. Ten days af-
ter treatment, the number of spheres formed in each condition
were counted, and the percentage of clonal cells forming
spheres was calculated.

RNA-Seq

RNA was extracted from HK-374 cells using Trizol 48 hours after
0 or 4Gy. RNA-Seq analysis was performed by Novogene (Chula
Vista, CA) as previously described (11).

Shotgun Lipidomics Analysis

Forty-eight hours after irradiation with 0 or 4 Gy in the presence
or absence of quetiapine, HK-374 cells were trypsinized and
resuspended in 0.2 mL of 1X phosphate buffered saline. A small
aliquot of cell suspension from each sample was saved for cell
counting, and the remaining cell suspension was immediately
stored at -80°C and subjected to shotgun lipidomics analysis at
the UCLA Lipidomics Core.

Statistical Analysis

All data shown are represented as mean (95% confidence inter-
val [CI]) and result from at least 3 biologically independent
experiments. A P value of no more than .05 in an unpaired 2-
sided Student t test or 2-way ANOVA test indicated a statisti-
cally significant difference. For sphere-forming assays, data
points were fitted using linear-quadratic model (surviving frac-
tion = exp(-alpha*dose-beta*dose?). For Kaplan-Meier estimates,
a P value of .05 in a log-rank test indicated a statistically signifi-
cant difference. Hazard ratios (HRs) and 95% confidence inter-
vals for the survival curves were calculated using the Mantel-
Haenszel model. All statistical analyses were performed using
the GraphPad Prism Software package (GraphPad Software, San
Diego, CA). All tests were 2-sided.

Results

Quetiapine and Radiation-Induced Phenotype
Conversion In Vitro

We had previously reported that radiation treatment induced a
phenotype conversion of glioma cells into glioma-initiating cells
through reexpression of Yamanaka factors. Furthermore, we
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Figure 1. Quetiapine reduces self-renewal in patient-derived glioblastoma lines. (A) Inhibition of radiation-induced phenotype conversion by a panel of dopamine re-
ceptor antagonists. (B) Brain and plasma levels of quetiapine (QTP) in mice after a single injection (30 mg/kg, intraperitoneal) represented by Area Under Curve from 0-
24 hours (AUCy.,4). (C) Sphere-forming capacity of patient-derived glioblastoma lines in quetiapine vs. control (CON) treated cells. (D) Tertiary sphere-forming assays
with glioblastoma cells treated with quetiapine or control (DMSO). (E) Surviving fraction of spheres treated with radiation in the presence or absence of quetiapine. All
experiments in this figure have been performed with at least 3 independent biological repeats. P values were calculated using 2-way ANOVA. CI = confidence interval.
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Figure 1. Continued

reported that treatment with the first-generation dopamine re-
ceptor antagonist trifluoperazine prevented this phenotype
conversion and prolonged survival in a syngeneic GL261 model
of glioblastoma and patient-derived orthotopic glioma xeno-
grafts (11).

Given the unfavorable side effect profile of trifluoperazine,
we screened a panel of additional 32 dopamine receptor antago-
nists for their ability to interfere with the process of radiation-
induced phenotype conversion. Compared with trifluoperazine,
the second-generation dopamine receptor antagonist quetia-
pine, known for a milder side effect profile (17), showed higher
efficacy against radiation-induced phenotype conversion than
trifluoperazine in this screening assay (Figure 1, A).

Even though quetiapine is a psychotropic drug, we next en-
sured that quetiapine would penetrate into the central nervous
system at relevant levels. Animals were treated with the mouse
equivalent of 25% of the human maximum tolerated dose via
intraperitoneal injection (30 mg/kg). Blood and brains were har-
vested at various time points after injection and subjected to
mass spectrometry. Quetiapine rapidly crossed the BBB with a
threefold higher Area Under Curve from 0-24 hours (AUCo.24)
compared with plasma levels (Figure 1, B).

To test the effects of quetiapine on the self-renewal of
patient-derived glioblastoma specimens, we treated glioma-
spheres of the HK-374, HK-382, HK-308, or HK-157 lines with 5
daily doses of quetiapine at 0, 5, or 10 uM. Quetiapine caused a
statistically significant dose-dependent reduction in sphere for-
mation in all 4 cell lines (all P < .05) (Figure 1, C). To further eval-
uate the efficacy of quetiapine in inhibiting the self-renewal
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capacity of gliomaspheres, we performed tertiary sphere-
forming assays and observed a statistically significant exhaus-
tion in sphere-forming capacity in glioblastoma cells treated
with quetiapine (all P < .001) (Figure 1, D). Next, we combined a
single dose of radiation with 5 daily doses of quetiapine to as-
sess if quetiapine would act as a radiosensitizer in glioma-
spheres. Quetiapine did not sensitize glioblastoma cells to
radiation in the 4 patient-derived lines tested, suggesting that
quetiapine treatment would not increase the toxicity of radia-
tion (Figure 1, E; Supplementary Table 1, available online).

Effects of Quetiapine on Survival in Mouse Models of
Glioblastoma

We next grafted GL261 cells into the striatum of C57BL/6 mice.
Finding a statistically significant gain in the median survival in
response to quetiapine but no clear dose dependency (Figure 2,
A), we performed all subsequent in vivo experiments with que-
tiapine at 30 mg/kg (median survival: saline 23 days, quetiapine
31days; HR = 1.34, 95% CI = 0.53 to 3.39; P=.02, log-rank test).
Treatment of mice bearing GL261-StrawberryRed tumors with 5
daily injections of quetiapine for 1 or 2 weeks statistically signif-
icantly reduced the sphere-forming capacity of the surviving tu-
mor cells in vitro, thus indicating the efficacy of quetiapine
against glioma-initiating cells in vivo (Figure 2, B).

Considering that quetiapine did not act as a radiosensitizer,
we decided to treat all animals with a single, sublethal dose of
radiation, reflecting the inability of radiation to locally control
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Figure 2. A combination of quetiapine and radiation prolongs survival in mouse models of glioblastoma. (A) Dose escalation of quetiapine (QTP) in GL261 tumor-bearing
C57Bl/6 mice. Seven days after injection of the tumor cells the animals were treated with escalating doses of quetiapine. Five daily doses of quetiapine per week for 3
weeks led to a statistically significant gain in the median survival (hazard ratio [HR] of control vs quetiapine = 2.64, 95% confidence interval [CI] = 0.93 to 7.44) with no
clear dose dependency. (B) Treatment of GL261 tumor-bearing C57BL/6 mice with quetiapine reduces the sphere-forming capacity of surviving tumor cells. This experi-
ment has been performed with at least 2 independent biological repeats (unpaired Student t test). (C and D) A single dose of 10 Gy or daily injection of quetiapine alone
had small effects on medical survival (HR of control vs 10 Gy = 2.66, 95% CI = 0.94 to 7.49; HR control vs quetiapine = 3.96, 95% CI = 0.29 to 12.40). A combination of radi-
ation (10 Gy) and daily injections of quetiapine statistically significantly prolongs survival in the GL261 glioma mouse model (HR of control vs quetiapine and 10 Gy =
5.46, 95% CI = 1.54 to 19.32) (C). Likewise, in mice carrying patient-derived orthotopic xenografts, radiation or quetiapine alone led to only small increases in median
survival (HR of control vs quetiapine = 1.95; control vs 10 Gy = 1.77), whereas the combined treatment statistically significantly prolonged median survival from 27.5 to
52.5days (log-rank HR = 4.70, 95% CI = 1.90 to 11.62) (D). All statistical tests were 2-sided. i.p. = intraperitoneal; tx = treatment.

glioblastoma in patients instead of using fractionated radiother-
apy, which would normally be used to explore a therapeutic
window for a radiosensitizer (18). A single radiation dose of
10 Gy (equivalent to 18 Gy in 2 Gy fractions in glioblastoma con-
sidering an alpha to beta ratio of 8 Gy), 7 days after orthotopic
implantation of GL261 cells in mice, led to a small increase in
median survival (23 days saline, 31days 10 Gy, HR of control vs
10Gy = 2.66, 95% CI = 0.94 to 7.49), comparable to the effect of
quetiapine-alone treatment (23 days saline, 31days quetiapine,
HR control vs quetiapine = 3.96, 95% CI = 0.29 to 12.40).
However, irradiation with 10 Gy rendered the tumors vulnerable
to 5 daily injections of quetiapine per week, leading to a statisti-
cally significant increase in median survival (23days saline,
71days quetiapine and 10Gy, HR of control vs quetiapine and
10Gy = 5.46, 95% CI = 1.54 to 19.32; P<.001, log-rank test;
Figure 2, C).

Next, we verified these findings using patient-derived ortho-
topic xenografts. Three days after orthotopic implantation of
HK-374 glioblastoma cells in mice, animals were treated with a
single dose of 0 or 10Gy followed by daily injection of

quetiapine (30 mg/kg) or saline (5days on, 2days off schedule).
Although NOD-scid IL2Rgamma™ ! mice are deficient in DNA re-
pair via nonhomologous end joining, normal brain tissue toxic-
ity from radiation does not differ from that in immune-
competent mice (19). Again, quetiapine treatment or irradiation
alone led to only small increases in median survival (29 days sa-
line, 34.5days quetiapine, HR of control vs quetiapine = 1.95,
95% CI = 0.78 to 4.88; 29 days saline, 32 days 10 Gy HR of control
vs 10 Gy = 1.77,95% CI = 0.82 to 5.57). However, the combination
of a single radiation dose of 10 Gy followed by treatment with
quetiapine statistically significantly increased the median sur-
vival (29 days saline, 52.5 days quetiapine and 10Gy, HR = 4.70,
95% CI = 1.90 to 11.62; P < .001, log-rank test; Figure 2, D).

Dopamine Receptor Inhibition, Radiation, and
Cholesterol Biosynthesis

Although the combined treatment with radiation and quetia-
pine statistically significantly improved the median survival
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Figure 3. RNA-Seq analysis of glioma cells treated with quetiapine and radiation. (A) Volcano diagrams of differentially expressed genes (DEG) in HK-374 cells, 48 hours
after treatment with radiation (IR, 4 Gy, RT), quetiapine (QTP), or quetiapine and radiation (Comb) compared with untreated control (Cnt) cells. (B) Venn diagrams of dif-
ferentially expressed genes in HK-374 cells, 48 hours after treatment with radiation, quetiapine, or quetiapine and radiation. (C) Heatmap of differential expression
genes in HK-374 cells, 48 hours after treatment with radiation, quetiapine, or quetiapine and radiation. (D) Top 10 up- and downregulated genes and their validation by
qRT-PCR (E). Top 20 gene ontology gene set overlapping with genes differentially up- or downregulated in HK-374 cells, 48 hours after treatment with radiation and
quetiapine (F). Genes involved in the biosynthesis of cholesterol are upregulated in HK-374 (G), HK-217, and HK-382 (H) cells, 48 hours after treatment with radiation
(4 Gy) and quetiapine or radiation. Genes of the first-level regulator network of SREBF2, the master regulator of cholesterol biosynthesis, are upregulated in HK-374 (I),
HK-217, and HK-382 (J) cells, 48 hours after treatment with radiation (4 Gy) and quetiapine or radiation.

of the animals, almost all animals eventually succumbed to
the implanted tumor, thus suggesting that the tumor cells ini-
tiated a response to the treatment that led to resistance to
quetiapine. To study this possibility in more detail, we next
performed RNA-Seq on HK-374 cells at 48 hours after irradia-
tion and/or quetiapine treatment to assess changes in the ex-
pression of genes in response to combined treatment. When
compared with samples irradiated with a single dose of 4Gy,
the combined treatment with radiation and quetiapine led to
the differential upregulation of 516 and the downregulation of
468 genes (Figure 3, A, last panel). The combination of quetia-
pine and radiation led to the differential expression of 122
unique genes (Figure 3, B), and irradiated samples showed a
distinct genes expression profile (Figure 3, C). The top 10 up-
and downregulated genes are presented as a heatmap
(Figure 3, D) and were validated using gRT-PCR (Figure 3, E).
Gene ontology enrichment analysis revealed overlap of the
differentially downregulated genes in the samples treated
with radiation and quetiapine with gene sets involved in
DNA-dependent DNA replication, G1/S transition of the mi-
totic cell cycle, double-strand break repair, and cell cycle DNA
replication (Figure 3, F).

The most prominent genes set that overlapped with genes
differentially upregulated after combined treatment was in-
volved in cholesterol, sterol, and lipid biosynthesis (Figure 3, F).
The majority of genes involved in the cholesterol biosynthesis
pathway were upregulated by quetiapine treatment, but this ef-
fect was enhanced when quetiapine treatment was combined
with radiation (Figure 3, G). Analysis of the same set of genes in
a second RNA-Seq data set of HK-374 cells treated with radia-
tion, trifluoperazine, or a combination of trifluoperazine and ra-
diation at the 48-hour timepoint showed a similar upregulation
of genes involved in cholesterol biosynthesis after combined
treatment and trifluoperazine treatment alone, thus indicating
that this effect was not restricted to quetiapine alone
(Supplementary Figure 1, A and B, available online).

Most of the genes in this pathway are under the control of
sterol regulatory element binding transcription factor 2
(SREBF2) (20), and our analysis found SREBF2 as well as several
genes of the SREBF2 first-level regulatory network upregulated
in cells treated with quetiapine (Figure 3, I). To demonstrate
that these effects of radiation and dopamine receptor antago-
nist were not cell-line specific, we performed gqRT-PCR using
specific primers for all genes in this pathway on 2 additional
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Figure 3. Continued.

patient-derived glioblastoma lines—HK-217 and HK-382—which
confirmed the upregulation of the expression of key enzymes in
the cholesterol biosynthesis pathway and the first-level regula-
tory network of SREBF2 (Figure 3, H and J).

Inhibition of Cholesterol Biosynthesis in Combination
With Quetiapine and Radiation in Glioblastoma

Results from our RNA-Seq study led us to hypothesize that the
upregulation of cholesterol biosynthesis is part of a defense
mechanism of glioblastoma cells against radiation combined
with dopamine receptor inhibition. We therefore tested if treat-
ment with quetiapine and radiation would render glioblastoma
cells vulnerable to treatment with the 3-hydroxy-3-methylglu-
taryl-CoA reductase inhibitor atorvastatin, a well-established
and FDA-approved statin. Using the same 4 patient-derived
glioblastoma specimens in sphere-formation assays, we re-
duced the very effective 5 daily treatments with quetiapine to
only 1 treatment and combined it with atorvastatin at 0.1, 0.25,
0.5, or 1 uM concentrations. Whereas a single dose of quetiapine
had limited inhibitory effect on the self-renewal of glioma-
spheres, the addition of atorvastatin to quetiapine treatment
led to a statistically significant, dose-dependent reduction in
sphere formation (all P < .02) (Figure 4, A). When combined with
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radiation, the addition of atorvastatin did not radiosensitize
gliomaspheres in the presence or absence of quetiapine
(Figure 4, B; Supplementary Table 1, available online).
Performing shotgun lipidomics on HK-374 cells after irradiation,
quetiapine, or combined treatment, we found the lipid species
of free fatty acids, diglycerides or diacylglycerols, and choles-
terol esters upregulated, which agreed with our RNA-Seq find-
ings. Addition of atorvastatin reversed the effects of the
combined radiation and quetiapine treatment on those 3 lipid
species while globally upregulating all other lipids (Figure 4, C).
In agreement with our in vitro findings, daily treatment with
quetiapine and atorvastatin (5 days on, 2 days off schedule) after
a single dose of 10Gy (Figure 4, D) statistically significantly in-
creased the survival of C57Bl/6 mice implanted with GL261 cells
with 90% of the animals surviving 157 days (median survival =
22 days saline, 31 days quetiapine, 34.5 10 Gy, 71 days quetiapine
and 10 Gy, median survival not reached for quetiapine and ator-
vastatin and 10 Gy; HR of control vs 10Gy and quetiapine and
atorvastatin = 8.33, 95% CI = 2.50 to 27.77; P < .001, log-rank test;
Figure 4, E). In mice-bearing HK-374 patient-derived orthotopic
xenografts, the same combination treatment statistically signif-
icantly increased the median survival to 154 days (median sur-
vival = 39days saline, 34.5 quetiapine, 33days atorvastatin,
35.5days quetiapine and atorvastatin, 43 days 10 Gy and saline,
64days quetiapine and 10Gy, 84 days atorvastatin and 10Gy,
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Figure 3. Continued.

154 days quetiapine and atorvastatin and 10 Gy; HR of control vs
10Gy and quetiapine and atorvastatin = 5.94, 95% CI = 2.21 to
15.95; P <.001, log-rank test; Figure 4, F).

Discussion

Radiotherapy is one of the main pillars in the standard of care
for patients suffering from glioblastoma and one of the few mo-
dalities that robustly prolongs the survival of the patients over
surgery alone (21). Out of many attempts that added conven-
tional chemotherapy or targeted therapies to the standard of
care, so far only temozolomide met the threshold to be included
in the treatment regimen (22). However, despite decades of ef-
fort, the overall survival of patients with glioblastoma remains
unacceptably low, thus indicating an unmet need for novel
treatment options against glioblastoma.

Recent reports in the literature have suggested an antitumor
activity of dopamine receptor type 2 antagonists against glio-
blastoma (9,23-25), and dopamine receptors have been found to
be expressed in various tumor types including glioblastoma (8).
However, the antitumor efficacy of dopamine receptor

HK-217
J Con RT QTPComb Con RT QTP Comb

JunD
EGR1
BHLHB2
ZBTB7B
JunB
FosB

HK-382

2 0 2
Row z score

antagonists as single agents was found to be limited in preclini-
cal (26) and clinical studies (14).

We have recently reported that a combination of a single
high dose of radiation and continuous application of the first-
generation dopamine receptor antagonist trifluoperazine im-
proved survival in mouse models of glioblastoma (11). Here, we
report that quetiapine, a second-generation dopamine receptor
antagonist with a more favorable side effect profile than trifluo-
perazine, combined with radiation also shows efficacy against
glioma-initiating cells in vitro and prolongs survival in mouse
models of glioblastoma without affecting the radiation sensitiv-
ity of glioma cells. Although the effect on survival was highly
statistically significant and meaningful, most animals eventu-
ally showed tumor progression and ultimately succumbed to
the disease. Our search for a possible resistance mechanism an-
alyzing data obtained by RNA-Seq revealed an upregulation of
key components of the cholesterol biosynthesis pathway in the
response of glioblastoma cells to the combination of quetiapine
and radiation.

Antipsychotics like quetiapine, commonly used for the treat-
ment of mental disorders, have been associated with
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Figure 4. A combination of quetiapine and radiation with atorvastatin improves survival in mouse modelsof glioblastoma. (A) Quetiapine (QTP) and atorvastatin (ATR)
synergistically decreases sphere-forming capacities (SFC) in patient-derived glioblastoma lines. All experiments in this figure have been performed with at least 3 inde-
pendent biological repeats. (Two-way ANOVA, P values are indicated in the figure). (B) QTP, ATR, or a combination of both does not alter the radiation sensitivity of pa-
tient-derived glioblastoma lines. (C) Shotgun lipidomics analysis was performed with HK-374 cells treated with either control (CON), 4 Gy, 4Gy + QTP, or 4Gy + QTP +
ATR that included at least 3 independent biological repeats. Radiation and quetiapine upregulated fatty acid, diglyceride or diacylglycerol, and cholesterol ester synthe-
sis, and this effect was reversed by the addition of atorvastatin. (D) Treatment plan for patient-derived orthotopic xenografts using an image-guided small animal irra-
diator. A combination of QTP and ATR (both 30 mg/kg) with a single dose of radiation (10 Gy) statistically significantly prolongs survival in the GL261 glioma mouse
model (hazard ratio [HR] of control vs 10 Gy and quetiapine and atorvastatin = 8.33, 95% confidence interval [CI] = 2.50 to 27.77) (E) and HK-374 patient-derived ortho-
topic xenografts (F) (log-rank HR of control vs 10 Gy and quetiapine and atorvastatin = 5.94, 95% CI = 2.21 to 15.95). All statistical tests were 2-sided.
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dyslipidemia (27,28) and are known to cause an upregulation in
serum lipid levels (29,30). However, even high concentrations of
quetiapine alone are not able to induce the cholesterol and fatty
acid synthesis pathway in in vitro (31). The microenvironmental
and molecular changes that drive this dyslipidemic effect of
quetiapine are incompletely understood but have recently been
linked to the activation of the Pregnane X Receptor signaling in
the intestines (27).

Survival of Glioblastoma cells is known to depend on choles-
terol (32). The potential beneficial impact of statin use in glio-
blastoma patients is discussed controversially (33-36), but a
recent meta-analysis did not indicate a beneficial effect of sta-
tins in glioblastoma under the current standard of care (37). We
report here that quetiapine treatment of glioblastoma cells but
not irradiation alone led to a moderate upregulation of the key
components of the cholesterol biosynthesis. This effect was sta-
tistically significantly amplified when quetiapine and radiation
were combined and led to an upregulation of the intracellular
levels of fatty acids and cholesterol esters species. Additionally,
although the normal brain contains cholesterol, only its free
form, sterol esters, has long been known to be specific for glio-
blastomas (38). In agreement with the literature, inhibition of
the cholesterol biosynthesis using atorvastatin by itself had
some effect on the self-renewal capacity of glioma-initiating
cells in vitro, and this was enhanced by the addition of quetia-
pine but failed to radiosensitize glioma-initiating cells.
However, the combined treatment with radiation and quetia-
pine rendered the glioma-initiating cells and tumors sensitive
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to the addition of atorvastatin, resulting in statistically signifi-
cantly reduced self-renewal capacity of glioma-initiating cells
and increased median survival in mouse models of glioblas-
toma. Our study falls short of identifying the specific cholesterol
esters that facilitate the survival in glioblastoma after combined
treatment and the pathways they engage. Future studies will
potentially identify novel targets in this pathway that interfere
with this resistance mechanism more specifically.

In summary, we conclude that dopamine receptor antago-
nists are readily available, FDA-approved drugs with well-
known toxicity profiles that enhance the efficacy of radiother-
apy. Furthermore, the addition of atorvastatin can further im-
prove survival, a treatment combination that can be easily
tested in future clinical trials.
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