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Recent studies indicate that signaling molecules traditionally associated with central nervous system function 

play critical roles in cancer. Dopamine receptor signaling is implicated in various cancers including glioblastoma 

(GBM) and it is a recognized therapeutic target, as evidenced by recent clinical trials with a selective dopamine 

receptor D2 (DRD2) inhibitor ONC201. Understanding the molecular mechanism(s) of the dopamine receptor 

signaling will be critical for development of potent therapeutic options. Using the human GBM patient-derived 

tumors treated with dopamine receptor agonists and antagonists, we identified the proteins that interact with 

DRD2. DRD2 signaling promotes glioblastoma (GBM) stem-like cells and GBM growth by activating MET. In con- 

trast, pharmacological inhibition of DRD2 induces DRD2-TRAIL receptor interaction and subsequent cell death. 

Thus, our findings demonstrate a molecular circuitry of oncogenic DRD2 signaling in which MET and TRAIL 

receptors, critical factors for tumor cell survival and cell death, respectively, govern GBM survival and death. Fi- 

nally, tumor-derived dopamine and expression of dopamine biosynthesis enzymes in a subset of GBM may guide 

patient stratification for DRD2 targeting therapy. 

I

 

c  

d  

t  

t  

h  

 

i  

i  

e  

i  

p  

h  

t  

d  

[  

g  

f  

t  

c  

i  

D

h

R

1

ntroduction 

Glioblastoma (GBM) is the most common and the most lethal brain

ancer with no curative therapy available [1] . Challenges inherent in

eveloping effective GBM therapeutics include resistance to standard

herapy such as radiation and chemotherapy, limited drug delivery into

he tumor due to the Blood-Brain-Barrier (BBB), genetic and molecular

eterogeneity, and a subpopulation of stem-like GBM cells (GSCs) [2–4] .

Dopamine signaling in human plays profound physiological roles,

ncluding cognition, learning, reward and other behavior and phys-

cal functions [5–7] . In cancer, dopamine receptor signaling has

merged as a potential therapeutic target, as chemical screening stud-
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es have demonstrated that dopamine receptor antagonists have anti-

roliferative effects against tumor cells [8–11] . Subsequent studies

ave shown that inhibition of dopamine receptor signaling exert anti-

umor effects against GBM and a few clinical trials using a selective

opamine receptor D2 (DRD2) inhibitor ONC201 have been conducted

12–15] . Deeper understanding of the molecular mechanism(s) that

overns oncogenic dopamine receptor signaling in cancer is critical

or potential therapeutic translation. Toward this goal, we evaluated

he effects of dopamine receptor agonists and antagonists on survival,

lonogenic growth, and death of GBM cells and elucidated the underly-

ng molecular mechanisms of DRD2-mediated oncogenic signaling and

RD2 inhibition-induced cell death pathway. 
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Fig. 1. Dopamine receptor agonists promote clonogenic GBM growth via DRD2. (A) Representative images of patient-derived GBM cells (131, 559, 578) treated 

with dopamine receptor agonists (7-OH-DPAT and quinpirole; 2 μM). Single cells derived from primary GBM samples were cultured without EGF and FGF2 in the 

presence of the above chemicals for 10 days. Scale bar = 50 μm. (B) Tumorspheres derived from 131 patient GBM cells were treated with 7-OH-DPAT or quinpirole 

for 1 day and processed for 5 ′ -ethynyl-2 ′ -deoxyuridine (EdU) incorporation assays. Nuclei were stained with DAPI (blue). EdU-positive cells (stained green) were 

counted in three random fields and plotted. Scale bar = 50 μm. Error bars represent SD. ∗ p < 0.01. (C) Cell growth analysis of GBM cells for 4 days of culture treated 

with 7-OH-DPAT. Error bars represent SD. ∗ p < 0.01. (D) Limiting-dilution assay data to determine clonogenic growth of GBM cells (131, 559, 578) treated with 

7-OH-DPAT (2 mM). Stem cell frequency was calculated using extreme limiting-dilution analysis (ELDA) ( http://bioinf.wehi.edu.au/software/elda/ ). P value was 

calculated using Pairwise tests. (E) Top, Immunoblots of DRD2 in GBM cells transduced with DRD2 shRNA or non-targeting (NT) control shRNA. Actin was used as 

a loading control. Bottom, representative images of DRD2 knockdown 131 GBM cells treated with or without 7-OH-DPAT. Scale bar = 50 μm. (F) EdU assays were 

performed to determine the effects of DRD2 knockdown on short-term proliferation and clonogenic growth of GBM cells. Error bars represent SD. ∗ p < 0.01. (G) In 

vitro tumorsphere-formation limiting-dilution analysis of DRD2 knockdown GBM cells (131, 559, 578) treated with or without 7-OH-DPAT. ∗ p < 0.01. 
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RD2 agonists promote GBM cell proliferation 

GBM stem-like cells (GSCs) are critical cell populations that drive

BM propagation and treatment resistance. To investigate DRD2 sig-

aling in GBM, we utilized GSC-enriched primary GBM cells that were

unctionally validated in assays for self-renewal and tumor propagation,

s shown in our previous reports [16–19] . 

First, to determine whether activation of DRD2 signaling in GBM

ells promotes cell survival and proliferation, we treated patient-derived

BM cells with dopamine receptor agonists such as 7-OH-DPAT and

uinpirole in the absence of the added growth factors ( Fig. 1 A and D).

gonist-treated cells formed spheroid-like aggregates, an in vitro indica-

or of GBM clonogenic growth, more efficiently than vehicle-treated con-

rols ( Fig. 1 A). Consistent with this, the results from nucleotide analog-

ncorporation assays, cell counts, and spheroid-formation limiting-

ilution assays indicated that short-term proliferation and clonogenic

rowth of patient-derived GBM cells were significantly increased by

opamine receptor agonists ( Fig. 1 B–D). Dopamine receptor agonists are

nown to mainly act through dopamine receptors, which are classified

s either dopamine receptor D1-like (DRD1 and DRD5) or DRD2-like

DRD2, DRD3, and DRD4) receptors [20–22] . Transcriptome analyses

howed high levels of DRD2 mRNA in patient-derived GBM cells (n = 14)

ompared to human neural progenitor cells (NPCs) and normal human

strocytes (NHAs) (Fig. S1 and data not shown). The expression levels of

RD 3, 4, and 5 were very low in all samples, whereas DRD1 expression

as variable, although much lower than those of DRD2 . By immunohis-

ochemical analysis and immunoblot analysis, we found that DRD2 ex-

ression was significantly higher in GBM patient specimens compared to

on-tumor brain tissue (Fig. S1). To determine whether DRD2-selective
 p  

2 
gonist 7-OH-DPAT promotes tumor cell proliferation via DRD2, we gen-

rated DRD2 knockdown cells derived from three different GBM patients

nd evaluate the effects of 7-OH-DPAT on cell proliferation and clono-

enic growth ( Fig. 1 E–G). In all cells tested, pro-proliferative effects by

-OH-DPAT were abrogated by DRD2 knockdown, suggesting that DRD2

s a critical regulator of dopamine receptor agonist-dependent GBM pro-

iferation. 

RD2 interacts with MET receptor and activates MET signaling in GBM 

To interrogate the downstream effectors of DRD2 signaling in GBM,

e took two independent but complementary approaches: (1) co-

mmunoprecipitation (IP)-mass spectrometry (MS) to characterize the

roteins that interact with DRD2 and (2) phosphorylated protein pro-

ling assays to determine the effector molecules that are modulated by

opamine signaling. By IP-MS and IP immunoblot analyses, we found

hat DRD2 co-precipitated with MET in protein lysates isolated from

atient-derived GBM cells and xenograft tumors ( Fig. 2 A–C). Consistent

ith this, immunostaining analysis showed that MET and DRD2 pro-

eins are co-expressed in GBM spheroid cells ( Fig. 2 B). To confirm a

irect molecular interaction between DRD2 and MET in GBM, we per-

ormed proximity ligation assays (PLAs) that enable the visualization

f protein-protein interactions within a cell. Notably, the interaction

etween DRD2 and MET proteins in GBM cells was significantly and

apidly increased by treatment with 7-OH-DPAT, as demonstrated by the

ncreased number of PLA spots and by IP immunoblots ( Fig. 2 D and E).

urthermore, 7-OH-DPAT induced phosphorylation of MET and its im-

ediate downstream effector GAB1, indicating a DRD2-dependent MET

ctivation ( Fig. 2 E). Conversely, DRD2 agonist-induced signal activation

nd cell proliferation were abrogated by MET knockdown or by overex-

ression of a DRD2 mutant that cannot bind to MET ( Figs. 2 F and S2

http://bioinf.wehi.edu.au/software/elda/
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Fig. 2. Dopamine receptor agonists promote clonogenic GBM growth via DRD2-MET signaling axis. (A) Co-immunoprecipitation (Co-IP) immunoblots of DRD2 and 

MET in lysates of patient GBM-derived tumor cells (131, 83, 1123). IgG represents a control antibody used for IPs. For IP-immunoblotting, antibodies used for IP and 

Western blotting (WB) are labeled in red and blue, respectively. A total of 200 μg of lysates was used for each IP reaction, and total lysates (20 μg) were used as input 

controls. (B) Representative images of DRD2 and MET in tumorspheres derived from 559 GBM cells. Scale bar = 50 μm. (C) Co-immunoprecipitation (Co-IP) of DRD2 

and MET in patient-derived GBM tumors (113 and 132). (D) Representative images of proximity ligation assays (PLAs) using anti-DRD2 and anti-MET antibodies 

on 131 and 559 GBM cells treated with 7-OH-DPAT for 30 min. Red dots represent the positive signal due to the proximity of the two added antibodies. Alexa 

Fluor 488-conjugated phalloidin (green) and DAPI (blue) were used to visualize actin cytoskeleton and nuclei, respectively. Red dots were counted in three random 

fields and quantitated. Scale bar = 20 μm. Error bars represent SD. ∗ p < 0.01. (E) Co-immunoprecipitation (Co-IP) of DRD2 and MET and immunoblot analysis 

of phosphorylated-MET (pMET), total MET, phosphorylated-GAB1 (pGAB1), and total GAB1, phosphorylated-STAT3 (pSTAT3), total STAT3 in 7-OH-DPAT-treated 

cells. (F) Effects of MET depletion on DRD2 agonist-mediated GBM proliferation. EdU incorporation assays were performed on the control cells and shRNA-mediated 

c-MET knockdown cells that were treated with or without DRD2 agonists. Error bars represent SD. ∗ p < 0.01. 
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 and B), indicating that MET is a key downstream effector of DRD2

ignaling in GBM. These data collectively support the notion that DRD2

irectly activates MET signaling in GBM. 

BM-autonomous dopamine-DRD2 signaling 

DRD2-dependent proliferation in GBM raises the possibility that tu-

or cells utilize dopamine, the cognate ligand of DRD2, for GBM growth

nd survival. GBM grow in a dopamine-rich milieu, i.e., the brain. This

eads to a question of how GBM cells in vitro can retain active DRD2 sig-

aling. Because dopamine is secreted by a small subset of rare neuroen-

ocrine tumors in addition to dopaminergic neurons in the normal brain

 7 , 23 , 24 ], we hypothesized that GBM tumors may produce dopamine.

opamine was not detected in fresh media or in conditioned media from

ormal neural progenitor cells (NPCs) and astrocytes, as determined by

opamine ELISA analysis. In contrast, we found high levels of dopamine

n the conditioned media from three primary GBM cells (out of 6 tested;

ig. 3 A). Furthermore, GBM-derived subcutaneous tumors contain high

evels of dopamine, suggesting a tumor-autonomous dopamine-DRD2

ignaling axis ( Fig. 3 B). To further investigate dopamine secretion by

BM cells, we examined the expression levels of genes that are cru-

ial for dopamine biosynthesis. Tyrosine hydroxylase (TH) catalyzes the

onversion from L-tyrosine to L-dopa, which is the rate-limiting step of

opamine synthesis [25] ( Fig. 3 C). Importantly, 131 and 559 GBM cells

xpress TH mRNA, and their TH expression levels correlated with the

evels of dopamine secreted in conditioned media ( Fig. 3 A–C). TH pro-

ein was expressed in GBM-derived spheroids but not in NPCs ( Fig. 3 C

nd D). To determine the role of TH in GBM cells, we expressed shRNA

gainst TH in 131 and 559 GBM cells ( Fig. 3 E). TH knockdown GBM

ells grew similarly compared to the control non-targeting (NT) shRNA-

xpressing cells when cultured in the presence of EGF and FGF2 (data

ot shown). However, TH knockdown significantly decreased clono-

enic growth of GBM cells without the added mitogens, and treatment

ith dopamine receptor agonists rescued this phenotype ( Fig. 3 F), sug-

esting that the decreased GBM growth by TH knockdown is likely

ue to the depletion of dopamine. Consistently, alpha-methyl-p-tyrosine

AMPT), a small-molecule TH inhibitor, impaired dopamine secretion
3 
nd impeded clonogenic growth of 131 GBM cells, similar to TH knock-

own (data not shown). Collectively, these data support that a subset of

BMs harbors tumor-autonomous dopamine-DRD2 signaling. 

To establish the clinical relevance of our findings, we performed

mmunohistochemical (IHC) analyses on patient GBM tissue microar-

ay (TMA) sections using DRD2 and TH antibodies. DRD2 expression

as significantly higher in a majority of patient-derived GBM specimens

han in non-tumor brain tissues, further confirmed by immunoblot anal-

ses (Fig. S1). In contrast, only approximately 15% of GBMs (9 out of 60

BM specimens) have strong immuno-positivity for TH [26] ( Fig. 3 G).

ioinformatics analysis using the TCGA data set revealed that high levels

f TH mRNA correlate with worse prognosis of GBM patients ( Fig. 3 H).

s the TH outlier subgroup (8 out of 153 GBM patients) showed ex-

remely poor survival compared to the remaining group, we interrogated

he gene sets that were differentially expressed in this subset of patients

nd conducted gene set enrichment analysis (GSEA). A top-ranked en-

iched pathway in the TH outlier group was neuroactive ligand-receptor

nteraction (GPCR signaling) pathway, raising the possibility of enriched

ncogenic neurotransmitter signaling in this GBM subset ( Fig. 3 I). Fi-

ally, we determined dopamine levels in lysates from patient GBM spec-

mens (n = 26) and non-tumor brain tissues (n = 5). The median values of

opamine content in GBM specimens were slightly higher than those of

on-tumor tissues. However, 4 out of 26 GBM specimens harbored more

han 5-fold higher levels of dopamine compared to the non-tumor brain

issues ( Fig. 3 J). 

igh DRD2 level portends poor survival of the mesenchymal glioma patients

Next, we investigated a potential association between mRNA levels

f DRD2 and MET and GBM subtypes in glioma patients using the TCGA

nd the NIH GBM datasets. DRD2 mRNA expression levels in glioma pa-

ients are generally higher than non-tumor bearing brain tissues, how-

ver, they have not been directly associated with poor patient survival.

e found a moderate but significant positive correlation between mRNA

evels of DRD2 and MET mRNA in all glioma patients (Fig. S3A). We

hen determined whether DRD2 mRNA levels portend the patient sur-

ival of specific GBM subtypes. We inferred DRD2-high subset (top 25 %
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Fig. 3. A subset of GBMs secrets tumor-derived dopamine. (A) Dopamine levels in the conditioned media cultured with various cells. Six different GBM cells, NPCs, 

normal human astrocytes (NHAs), and 293T cells were cultured in serum-free conditions for collection of the conditioned media. (B) Quantification of dopamine levels 

in ten subcutaneous GBM xenograft tumors. Muscle tissues near subcutaneous tumor implantation sites were used as controls. Dopamine content was determined by 

ELISA analysis. (C) A diagram of dopamine biosynthesis in cells. Expression levels of Tyrosine hydroxylase (TH) mRNA in 131 and 559 GBM cells, NPCs, and NHA 

determined by RT-PCR analysis. (D) Representative images of TH on 131 and 559 GBM cells compared with NPCs. (E) Immunoblots of TH in GBM cells transduced 

with TH shRNA or non-targeting (NT) control shRNA. Dopamine secretion of TH knockdown GBM cells (131 and 559). (F) LDA analysis of 131 and 559 cells to 

determine the effects of TH knockdown on clonogenic growth of GBM cells treated with or without 7OH-DPAT. (G) Representative images of immunohistochemical 

staining of TH in GBM patient specimens. (H and I) Kaplan-Meier survival curves and Gene set enriched analysis (GSEA) of glioma patients based on the expression 

levels of TH in the TCGA database. (J) Quantification of dopamine levels in patient specimens and non-tumor brain tissues by ELISA analysis. 

4 
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Fig. 4. DRD2 antagonists induce GBM cell death with MET inactivation. (A) Cell viability of GBM cells (131, 559, 578) cultured with DRD2 antagonists (PPZ 

(perphenazine; 10 mM), ONC201 (0.5 mM), and ONC206 (0.5 mM)) for 4 days. Error bars represent SD. ∗ p < 0.01. (B) Relative stem cell frequencies of GBM cells 

(131, 559, 578) treated with DRD2 antagonists. P value was calculated using Pairwise tests. ∗ p < 0.01. (C) Levels of annexin V-positive apoptotic GBM cells (131, 

559, 578) treated with PPZ. Error bars represent SD. ∗ p < 0.01. (D) Western blot analysis of pMET, MET, DRD2 and BID in 131 GBM cells treated with PPZ (1 mM, 

10 mM) for 10 and 30 min. (E) RT-PCR analysis of stemness factors ( Nanog, Sox2, STAT3, and SOCS3 ) expression in 131 and 578 cells treated with PPZ. Error bars 

represent SD. ∗ p < 0.01. (F) Effects of constitutively active STAT3-C or TPR-MET mutants on PPZ-treated GBM cells. Expression of STAT3-C and TPR-MET mutants 

was confirmed by immunoblots (left). Error bars represent SD. ∗ p < 0.01. 
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f DRD2 levels in each subtype) and compared overall survival of these

atients with the remainder group. Notably, a DRD2-high subset in mes-

nchymal subtype, but not in proneural subtype, showed significantly

oor prognosis (Fig. S3 B to D). These findings suggest that MET-DRD2

ignaling is particularly activated in mesenchymal GBM subtype. 

RD2 antagonists inhibit MET activation and induce GBM cell death 

Next, we investigated the molecular mechanisms through which

RD2 inhibition impedes GBM survival and growth. To inhibit DRD2

ignaling in GBM, we employed an FDA-approved DRD2 antagonist

erphenazine (PPZ) and newly identified selective DRD2 inhibitors

ONC201 and ONC206) [ 12–15 , 27 , 28 ]. Pharmacological DRD2 inhibi-

ion significantly impeded the survival and clonogenic growth of GBM

ells ( Figs. 4 A to C and S4). In addition, DRD2 antagonists potently abol-

shed activation of multiple GBM-promoting effectors such as MET and

TAT3, and stem cell regulators including NANOG, SOX2 , and SOCS3

 Fig. 4 D and E). 

By phosphorylated protein arrays, we found that phosphorylated

TAT3 in GBM cells was increased by 7-OH-DPAT but decreased by PPZ,

ompared to untreated control cells ( Figs. 2 E and S2C). STAT3 and ERK

athways are key downstream effectors of oncogenic signaling pathways

ncluding the MET pathway [ 17 , 29 ]. As activities of MET and STAT3 in

BM were inhibited by DRD2 antagonists, we tested whether activation

f the above signaling pathways could rescue DRD2 antagonist-induced

ell death. We over-expressed constitutively active forms of MET (TPR-

ET) or STAT3 (STAT3C) in GBM cells and determined the prolifera-

ion kinetics of these cells treated with or without DRD2 antagonists

 Fig. 4 F). While TPR-MET- or STAT3C-expressing GBM cells grew simi-

arly compared to the controls, these cells exhibited increased survival

n the presence of DRD2 antagonists. Together, these data suggest that

RD2 inhibition leads to inactivation of the MET and STAT3 pathways

n GBM. 

RD2 antagonist induces TRAIL receptor-mediated GBM cell death 

We hypothesized that DRD2 antagonists would alter the downstream

ignaling cascades of DRD2-interacting proteins. GBM cells were treated

ith various DRD2 antagonists for 30 min, and IP-immunoblot analy-
5 
es were performed to determine DRD2-interacting proteins. Notably,

RD2-MET co-IP complexes and MET phosphorylation were greatly de-

reased in DRD2 antagonist-treated GBM cells. In sharp contrast, TRAIL

eceptor 1 and 2 (also known as death receptor 4 and 5 (DR4 and

R5) or TNFR10A and TNFR10B, respectively) co-immunoprecipitated

ith DRD2 ( Fig. 5 A). These acute and robust interactions between

RD2 and DR4/5 were further confirmed by PLA assays using three

ifferent DRD2 antagonists ( Fig. 5 B). Because TRAIL ligand-TRAIL re-

eptor (DR4 and DR5) signaling is a well-known pathway of extrin-

ic apoptosis in various cancer types including GBM, we further ex-

mined the components of the TRAIL-mediated cell death machinery

30–32] . By additional IP-immunoblot analyses, we found a significant

nduction of the DR4/5-FADD immunocomplex, which is a key compo-

ent of the TRAIL-mediated death-inducing signaling complex (DISC)

33] ( Fig. 5 C). These data are consistent with molecular cascades of

RAIL-mediated cell death ( Fig. 5 D); however, TRAIL ligand is not ex-

ressed in GBM cells [ 34 , 35 ]. To reconcile this discrepancy, we investi-

ated post-translational modifications of death receptors, some of which

re known to stimulate receptor aggregation and trigger TRAIL ligand-

ndependent cell death [36] . Strikingly, the levels of S-palmitoylation

f DR4 proteins were significantly increased within 30 min of DRD2 an-

agonist treatment ( Fig. 5 E). In contrast, palmitoylation levels of DRD2,

ET, and other TNFR superfamily proteins were not affected by DRD2

ntagonist treatment ( Fig. 5 E and data not shown). In addition, ectopic

xpression of shRNA-mediated DR4/5 depletion rescued GBM cells from

RD2 antagonist-mediated death ( Figs. 5 F and S5). These data col-

ectively suggest that pharmacological DRD2 inhibition induces GBM

ell death via DRD2-DR4/5 interaction and DISC formation in a TRAIL

igand-independent manner. 

RD2 targeting extends survival of GBM tumor bearing mice 

To examine the association between DRD2 and GSC phenotype, we

orted three different GBM patient-derived cells based on DRD2 expres-

ion and then evaluated the biology of the sorted populations. DRD2 high 

BM cells were enriched in stem cell characteristics and possessed en-

anced clonogenic capacity compared to matched DRD2 low/- GBM cells,

uggesting that DRD2 is a GSC regulator (Fig. S6A). To test whether

RD2 inhibition exhibits in vivo efficacy against GBM, we expressed
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Fig. 5. DRD2 antagonists induce TRAILR-mediated cell death via crosstalk between DRD2 and death receptor. (A) Top, IP-immunoblots of DRD2 and MET or DR4/5 

using lysates from DRD2 antagonist-treated GBM cells. Bottom, quantitation of IP blots. Error bars represent SD. ∗ p < 0.01. (B) Left, representative images of PLAs 

using anti-DRD2 with anti-DR4 or anti-DR5 antibodies on 131 GBM cells treated with DRD2 antagonists (PPZ, ONC201, ONC206) for one hour. Red dots represent 

the positive signal due to the proximity of the two added antibodies. Alexa Fluor 488-conjugated phalloidin (green) and DAPI (blue) were used to visualize the 

actin cytoskeleton and nuclei, respectively. Right, Quantitation of PLA positive cells. Scale bar = 50 μm. Error bars represent SD. ∗ p < 0.01. (C) IP-immunoblot 

analysis of DRD2, DR4, DR5, and FADD in 131 GBM cells treated with DRD2 antagonists (PPZ, ONC201, ONC206) for one day. (D) Western blot analysis of cleaved- 

Caspase8 and BID in 131 cells treated with DRD2 antagonists (PPZ, ONC201, ONC206) for two days. (E) Representative protein palmitoylation assays. Arrows 

indicate palmitoylated proteins. Palmitoylated signal is only detected for DR4 but not for DRD2 and MET following treatment with DRD2 antagonists for one hour 

in 131 GBM cells. (F) Cell viability was analyzed in 131 GBM cells transduced with shNT, shDR4, shDR5, and shDR4 + shDR5 cultured with the DRD2 antagonists PPZ 

(1 μM) and ONC206 (0.5 μM) for 2 days. Error bars represent SD. ∗ p < 0.01. 
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hRNA against DRD2 in GBM cells (131, 559, 578). DRD2 knockdown

BM cells significantly suppressed phosphorylation of STAT3, ERK, and

ecreased the levels of stem cell regulators including NANOG, SOX2 , and

OCS3 compared to non-targeting (NT) shRNA-expressing cells ( Figs. 6 A

nd S6B). Furthermore, DRD2 knockdown significantly extended the

urvival of tumor-bearing mice ( Fig. 6 B). 

We then assessed the therapeutic efficacy of DRD2 antagonist in or-

hotopic GBM xenograft models. PPZ was chosen because: (1) it is a clin-

cally used anti-psychotic drug for patients with chronic schizophrenia;

2) it crosses the blood-brain barrier (BBB) easily; and 3) it is a DRD2

and DRD3)-selective antagonist with a binding affinity (K i ) lower than

 nM for DRD2 [37] . GBM 559 patient-derived tumors were implanted in

he brains of nude mice, and PPZ treatment (6 mg/kg body weight, daily

njection) was initiated 20 days after tumor inoculation. PPZ-treated

ice survived longer than the control tumor-bearing mice, and histo-

ogical analysis and immunoblot analysis indicated smaller tumor size

nd decreased proliferation of tumor cells in the treated group ( Fig. 6 C).

mmunofluorescence (IF) analyses revealed that PPZ treatment signifi-

antly reduced the numbers of DRD2- and SOX2-expressing GBM cells

 Fig. 6 C). Finally, we tested whether DRD2 inhibition combined with

adiation treatment results in maximal therapeutic benefit. Radiation is

he most effective non-surgical therapy currently available for GBM pa-

ients; however, its effect is limited. In vivo irradiation or PPZ treatment

lone, at the doses tested, modestly delayed tumor growth compared to

he control. However, combination index analysis suggested that a com-

ination of radiation and PPZ synergistically suppressed tumor growth

n vivo ( Fig. 6 D). 
6 
In summary, our findings illustrate a molecular circuit of DRD2 sig-

aling which controls both survival and death of GBM cells via selective

ctivation of the MET and DR4/5 pathways, respectively ( Fig. 6 E). 

iscussion 

Receptor Tyrosine Kinase (RTK) signaling is an essential component

f the molecular circuitry of GBM [ 38 , 39 ]. RTKs such as MET can be reg-

lated by the mechanisms independent of their cognate ligand-receptor

nteractions [40] . Here, we show that DRD2 activates MET-mediated

lonogenic growth and stemness of GBM tumors in HGF (a cognate MET

igand)-independent manner. While our study has identified the activa-

ion of MET signaling via a DRD2-MET interaction, DRD2 may have a

roader role as a “trans-activator ” of various RTKs including epidermal

rowth factor receptor (EGFR) or platelet-derived growth factor recep-

or (PDGFR) [41–44] . 

Levels of TH expression and tumor-derived dopamine appear to be

uite variable between tumors. Dopamine levels in the tumor microen-

ironment, it is possible that basal levels exist in the brain might be suf-

cient to sustain dopamine-dopamine receptor signaling in GBM. Thus,

oth autocrine and paracrine-dependent DRD2 signaling in GBM is plau-

ible. 

Together with the reports on the NMDA receptor, DRD4, and b-

drenergic receptor [ 41 , 45–49 ], our findings support the notion that

 broad repertoire of pro-oncogenic mechanisms utilized by tumor in-

lude neurotransmitter signaling. Anti-tumorigenic effects of DRD2 in-

ibition appear to be quite general in a large number of human GBM
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Fig. 6. DRD2 targeting extends survival of GBM tumor bearing mice. (A) Western blot analysis of DRD2, pSTAT3, STAT3, pERK, and ERK levels in GBM cells (131, 

559, 578) after transduction with DRD2 shRNA or with non-targeting (NT) shRNA-expressing lentivirus. 𝛽-actin was used as a loading control. (B) Left, representative 

H&E staining of an orthotopic xenograft tumor. Right, kaplan-Meier survival curves of mice orthotopically implanted with 578 GBM cells transduced with NT shRNA 

(control, n = 10) or DRD2 shRNA (n = 10). p < 0.001. (C) Representative images of orthotopic xenograft tumor (559) treated with PPZ. Kaplan-Meier survival curves 

of mice orthotopically implanted with 559 GBM cells treated with PPZ. p < 0.01. (D) Experimental scheme of irradiation/PPZ combination experiments. GBM83 

cell-derived subcutaneous tumors were generated in immunodeficient nude mice. Once tumor size reached 500 mm 

3 , treatments were initiated: mock-control (n = 6), 

PPZ (6 mg/kg body weight, i.p daily, n = 6), irradiation (2 Gy daily for 5 days, n = 6) or combined PPZ/RT treatment (n = 6). Tumor volumes were determined 9 days 

after treatment and are shown in box-and-whisker plots. ∗ p < 0.01. (E) A schematic model of the DRD2-MET and DRD2-TRAILR signaling axis in GBMs. 
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ells covering different subtypes and mouse GBM cells with defined ge-

omic alterations, supporting potential therapeutic opportunities. Inhi-

ition of crucial GBM oncogenic signaling pathways by DRD2 antago-

ists also supports the possibility of the greater efficacy by the combined

reatments with currently available tyrosine kinase inhibitors (TKIs). Be-

ond the traditional role of dopamine receptors primarily in neurons, re-

ent studies have implicated additional roles of DRD2 such as astrocyte-

riven DRD2 in neuroinflammation and the stabilization of blood vessels

50–52] . Extensive investigations to evaluate various roles of the DRD2

ignaling are warranted for the potential clinical translation of DRD2

argeting. 

Recent studies demonstrated potent anti-cancer effects of ONC201

n orthotopic brain cancer xenograft models and clinical trials [ 12–

5 , 27 , 28 , 53 , 54 ]. The DRD2-MET and DRD2-TRAIL receptor interac-

ions shown here may guide the development of more specific and

ffective DRD2 targeting agents, given the recent discovery of high-

esolution DRD structures and selective agonists/antagonists [ 55 , 56 ].

n summary, these data indicate an integrated signaling between DRD2

nd MET in GBM, with potential clinical implications of targeting this

athway. 

ethods 

uman GBM specimens and derivatives 

Following informed consent, glioblastoma specimens were obtained

rom patients undergoing surgery in accordance with the Institutional

eview Boards. Within hours after surgical removal, tumor specimens

ere enzymatically dissociated into single cells, following the proce-

ures previously reported [16–19] . Briefly, tumors classified as GBM

ere dissociated into single cells and were cultured in Neurobasal

edium with N2 and B27 supplements (0.5x each; Invitrogen) and hu-

an recombinant bFGF and EGF (25 ng/ml each; R&D systems). All
7 
BM cells used in this study are patient-derived primary GBM cells en-

iched for stem cell characteristics. Human neural stem/progenitor cells

NPCs) (Lonza and Aruna) and normal human astrocytes (from Lonza)

ere purchased and cultured as recommended. 

hemicals and antibodies 

7-OH-DPAT was obtained from Tocris. Quinpirole, perphenazine,

nd L-DOPA were purchased from Sigma. ONC201 and ONC206 were

btained from Oncoceutics and purchased from Selleckchem. The fol-

owing primary antibodies were used: For immunoblotting, anti-DRD1

324390, 1:2,000 for WB and 1:500 for IF; Calbiochem); anti-DRD2

SC-5303, 1:1,000 for WB, 1:100 for IF and IP; Santa Cruz), anti-MET

SC-161, 1:1,000; Santa Cruz), anti-pMET (T1234/1235) (3077, 1:1,000

or WB and 1:200 for IF; Cell Signaling), anti-pY705 STAT3 (4113,

:1,000; Cell Signaling), anti-STAT3 (9139, 1:2,000; Cell Signaling),

nti-pERK1/2 (T202/Y204; 4377, 1:2,000; Cell Signaling), anti-ERK1/2

4695, 1:2000; Cell Signaling), anti-TH (P4010, 1:1,000; Pel-freeze),

nti-DR4 (42533, 1:1000 for WB and 1:100 for IP; Cell Signaling), anti-

R5 (8074, 1:1000 for WB and 1:100 for IP; Cell Signaling), anti-FADD

2782, 1:2000 for WB and 1:100 for IP; Cell Signaling), anti-cleaved

aspase8 (9496, 1:1000 for WB; Cell Signaling), anti-BID (2002, 1:1000

or WB; Cell Signaling), anti-V5 (R960-25, 1:4,000; Life Technologies),

nti-GAPDH (SC-20327, 1:1,000; Santa Cruz), and anti- 𝛽-actin (1:5,000;

igma-Aldrich). For immunofluorescence, anti-Sox2 (MAB2018, 1:200;

 & D Systems) and anti-GFAP (Z0334, 1:500; DAKO) were used. 

mmunoblots and immunoprecipitation 

Human GBM specimens and tumor cells were lysed in Pierce IP

ysis buffer (25 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1%

P-40, and 5% glycerol; #87788, Thermo) supplemented with pro-

ease inhibitor cocktail (Complete Mini, Roche Diagnostics) and phos-

hatase inhibitor (#78428, Thermo), incubated on ice for 30 min and
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leared by centrifugation at 4°C for 20 min. For immunoprecipitation,

rotein lysates (200 μg) were incubated with appropriate antibodies

vernight at 4°C. Immunocomplexes were washed six times with lysis

uffer, eluted by boiling the beads in 2x SDS sample loading buffer for

 min, and resolved by SDS-polyacrylamide gel electrophoresis. Liquid

hromatography-tandem mass spectrometry of the immunoprecipitated

amples was performed as previously described [17] . Primary antibod-

es for immunoblots were incubated with the membrane overnight at

°C. Protein bands were visualized using ECL Western Blotting Detec-

ion Reagents (GE Healthcare) and subjected to densitometry analysis

sing the ChemiDoc XRS system with Quantity One software (Bio-Rad

aboratories). 

entivirus production and transduction 

Lentiviral plasmids expressing short hairpin RNAs (shRNAs) spe-

ific for DRD1, DRD2, TH, MET, DR4 , and DR5 were purchased

rom Sigma-Aldrich (MISSION® shRNA). Lentiviral vectors expressing

ild-type DRD2 , the DRD2 mutant without the cytoplasmic domain

amino acids 217-370 of DRD2 protein), tpr-MET , and STAT-C and DR4

almitoylation-defective mutant (DR4 C261-3S) were validated by se-

uencing and immunoblot analysis. For viral production, 293T cells

ere co-transfected with a lentiviral expression vector and packaging

lasmids (psPAX2 and pCMV-VSV-G) using CalPhos Mammalian Trans-

ection Kit (Clontech). Virus-containing supernatants were collected and

oncentrated by ultracentrifugation. The titer of each lentivirus was de-

ermined by serial dilution. 

umorsphere-forming limiting-dilution assay 

Limiting-dilution assay (LDA) was performed in 96-well plates as

reviously described [17] . Dissociated cells were seeded at a range of 1

o 100 cells per well without FGF2 and EGF. Spheroid formation was in-

pected one to two weeks later. Stem cell frequency was calculated using

 web-based tool, “ELDA ” (extreme limiting-dilution analysis), which is

vailable on the Walter and Eliza Hall Institute of Medical Research web

ite ( http://bioinf.wehi.edu.au/software/elda/ ). 

ell proliferation assay (Edu staining) 

For proliferation assays, 5 ′ -ethynyl-2 ′ -deoxyuridine (Edu) staining

as performed using the Click-iT 

TM EdU imaging kit (Invitrogen) ac-

ording to the manufacturer’s protocol. Edu (10 μM) was added into the

ulture media for 2 h, and cells were fixed with 4% paraformaldehyde

PFA) in phosphate-buffered saline (PBS), rinsed with PBS, and then im-

ersed in 30% sucrose in PBS at 4°C for 1 h. Spheres were embedded

n Tissue-Tek O.C.T. compound (Sakura Finetek Japan, Tokyo) and sec-

ioned using a CM1950 cryostat (Leica). The sections were washed and

ncubated with a Click-iT 

TM reaction cocktail and then visualized with

lexa Fluor 488. 

uantitative real-time RT-PCR 

Total RNA was isolated using Trizol Reagent (Invitrogen). Total RNA

2 μg) was used for reverse transcription reactions using the qScript

DNA SuperMix Kit following the manufacturer’s instructions (Quanta

iosciences). Real-time RT-PCR was performed on an Applied Biosys-

ems 7900HT cycler using SYBR-Green Mastermix (SA Biosciences) with

he following primers: 

DRD2 - F: 5 ′ -CGAGCATCCTGAACTTGTGTG-3 ′ 

R: 5 ′ -GCFTTATTGAGTCCGAAGAGG-3 ′ 

TH - F: 5 ′ -GGGCTGTGTAAGCAGAACG-3 ′ 

R: 5 ′ -AAGGCCCGAATCTCAGGCT-3 ′ 

NANOG - F: 5 ′ -AATACCTCAGCCTCCAGCAGATG-3 ′ 

R: 5 ′ -TGCGTCACACCATTGCTATTCTTC-3 ′ 

STAT3 - F: 5 ′ -GGGTGGAGAAGGACATCAGCGGTAA-3 ′ 

R: 5 ′ -GCCGACAATACTTTCCGAATGC-3 ′ 

SOCS3 - F: 5 ′ -AGACTTCGATTCGGGACCAGCCCC0-3 ′ 

R: 5 ′ -GAGCCAGCGTGGATCTGCGC-3 ′ 
8 
𝛽-actin - F: 5 ′ -AGAAAATCTGGCACCACACC-3 ′ 

R: 5 ′ -AGAGGCGTACAGGGATAGCA-3 ′ 

The relative quantification of target gene expression was performed

ith the standard curve or comparative cycle threshold (CT) method.

esults shown were representative of three independent experiments. 

roximity ligation assay (PLA) 

Cells were treated with a DRD2 agonist for 30 min or DRD2 an-

agonists (PPZ, ONC201, and ONC206) for 1 h. Vehicle controls were

sed as references. Cells were fixed with 4% PFA for 15 min, blocked

ith 5% donkey serum in PBS containing 0.2% Triton X-100, and in-

ubated overnight with antibodies against anti-MET (SC-8307, 1:250),

nti-DRD2 (SC-5303, 1:250), anti-DR4 (42533, 1:200), and/or anti-DR5

8074, 1:200). The proximity ligation reaction and visualization of sig-

al were performed according to the manufacturer’s protocol using the

uolink Detection Kit with PLA PLUS and MINUS probes for mouse and

abbit antibodies (Sigma). DAPI stain was used to detect cell nuclei.

lexa Fluor 488 phalloidin (Life Technologies) was used to visualize

he actin cytoskeleton in cells. 

uman phospho-kinase array 

GBM cells were treated with perphenazine, 7-OH-DPAT, or vehicle

ontrol for 24 h. After treatment, cells were rinsed with PBS and lysed.

he protein concentration of the lysates was determined using a Biopho-

ometer plus (Eppendorf). The lysates were diluted and incubated with

he Human Phospho-Kinase Proteome Profiler Array (R&D Systems) ac-

ording to the manufacturer’s protocol. Briefly, 500 μg of lysates was

ncubated on each membrane. The intensity of each spot was measured

n a ChemiDoc XRS system with Quantity One software (Bio-Rad Labo-

atories). 

luorescence-activated cell sorting (FACS) 

For isolation of DRD2 high and DRD2 low/- GBM cells, patient-derived

enograft tumors were dissociated into single-cell suspensions and la-

eled with anti-DRD2 antibody. These labeled cells were sorted using

 FACS Vantage SE flow cytometer (BD). Cell Quest Acquisition and

nalysis software (BD) was used to acquire and quantify the fluores-

ence signal distributions and intensities from individual cells. Sorted

RD2 high and DRD2 low/- cells were plated into 96 well plates (1 to 100

ells per well) for limiting-dilution assays. 

opamine ELISA analysis 

For quantitative determination of dopamine in patient tumors,

enograft tumors, and conditioned cell culture media, we used a

opamine Research ELISA kit (Labor Dionostika Nord GmbH & Co)

ollowing the manufacturer’s instructions. For the quantification of se-

reted dopamine in cell culture media, the conditioned medium was col-

ected and centrifuged to remove cell debris. The collected supernatant

as mixed with sodium metabisulfite (final concentration 4 mM) and

uantified. For the detection of dopamine content in patient GBM spec-

mens and their derivative xenograft tumors, tissues were homogenized

n lysis buffer (25 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1%

P-40, 4 mM sodium metabisulfite). Lysates were centrifuged at 13,000

pm at 4°C for 20 min. 

BM xenograft models 

All mouse experiments were performed according to the guidelines

f the Institutional Animal Care and Use Committees. Six-week-old male

ALB/c nude mice were used. GBM cells were dissociated, resuspended

n 5 μl of HBSS, and injected intracranially into the striatum of nude

ice by using a stereotactic device (Kopf instruments) (coordinates:

http://bioinf.wehi.edu.au/software/elda/
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 mm anterior, 2 mm lateral from the bregma, 2 mm depth from the

ura) [ 17 , 18 ]. Perphenazine (6 mg/kg body weight, daily) was admin-

stered intraperitoneally. When mice developed neurological symptoms

lethargy, ataxia, and seizures) or significant body weight loss, mice

ere euthanized and processed for histological analysis. For in vivo ra-

iation of tumor-bearing mice, fractionated radiation (2 Gy daily for 5

ays) was administered. 

onradioactive palmitoylation assays 

GBM cells were treated with perphenazine or vehicle control for

 h. For nonradioactive palmitoylation assays, we used a SiteCounter

-Palmitoylated protein kit (Badrilla) following the manufacturer’s in-

tructions. After drug treatment, cells were rinsed with PBS, lysed, and

hiol blocked with thiol blocking solution at 40°C for 4 h. Following lysis,

xcess thiol blocking was removed by three sequential ice-cold acetone

recipitations, and pellets were resuspended in binding buffer. Samples

ere incubated with Thioester cleavage reagent for 1 h at room temper-

ture. After flowing through desalting spin columns, site modification

f palmitoylated proteins in the samples was performed using Mass Tag

eagent for 1 h at room temperature. The proteins were denatured in 2x

aemmli sample buffer at 60°C for 10 min and processed for SDS/PAGE.

ioinformatics data analysis 

The Cancer Genome Atlas (TCGA) database was used to analyze cor-

elations among mRNA expression of DRD2 and MET, TH and dopamine

eceptors ( DRD1-5 ), with the patient survival, glioma subtypes, and sig-

aling pathways [57–60] . Pathway and gene ontology analyses were

erformed using GSEA. Normalized enrichment scores and FDR values

ere generated by GSEA software. Pearson correlation coefficient was

alculated by "cor" function of R and Pearson’s Chi-squared Test was

onducted using "chisq.test" function of R with default settings. 

tatistical analyses 

All data were expressed as means ± SD from at least three indepen-

ent experiments. Quantification of immunopositive cells in immunos-

aining analyses was carried out using NIH ImageJ software (National

nstitutes of Health, Bethesda, MD). For the animal survival studies, p

alues were determined by log-rank test. Student’s t-test was used to de-

ermine statistical significance. P values less than 0.01 were considered

o be significant. 

ioinformatics data analysis 

The Cancer Genome Atlas (TCGA) database [ 57 , 58 ] was used to an-

lyze correlations between mRNA expression of TH and Dopamine re-

eptors ( DRD1-5 ), survival, and signaling pathways. 

tatistical analyses 

All data were expressed as means ± SD from at least three indepen-

ent experiments. Quantification of immunopositive cells in immunos-

aining analyses was carried out using NIH imageJ software (National

nstitutes of Health, Bethesda, MD). For the animal survival studies, p

alues were determined by log-rank test. Student’s t-test was used to de-

ermine statistical significance. P values less than 0.05 were considered

o be significant. 
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