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SUMMARY

Glioblastomas (GBM) grow in a rich neurochemical milieu, but the impact of neurochemicals on GBM growth
is largely unexplored. We interrogated 680 neurochemical compounds in patient-derived GBM neural stem
cells (GNS) to determine the effects on proliferation and survival. Compounds that modulate dopaminergic,
serotonergic, and cholinergic signaling pathways selectively affected GNS growth. In particular, dopamine
receptor D4 (DRD4) antagonists selectively inhibited GNS growth and promoted differentiation of normal
neural stem cells. DRD4 antagonists inhibited the downstream effectors PDGFRb, ERK1/2, and mTOR and
disrupted the autophagy-lysosomal pathway, leading to accumulation of autophagic vacuoles followed by
G0/G1 arrest and apoptosis. These results demonstrate a role for neurochemical pathways in governing
GBM stem cell proliferation and suggest therapeutic approaches for GBM.

INTRODUCTION
Glioblastoma (GBM) is the most common malignant primary
brain tumor in adults and has proved resistant to all therapeutic
strategies attempted to date. The alkylating agent temozolomide
(TMZ) is the only chemotherapeutic that yields any benefit, but its
effects are transient and only in a subset of patients (Brennan

et al., 2013; Hegi et al., 2005). Therefore, there is an urgent
need for identification of improved therapeutic approaches for
the treatment of GBM. A prerequisite to identifying more effective therapeutics is a better understanding of the diversity of
mechanisms that govern GBM growth.
GBM growth is initiated and maintained by small subpopulations of tumorigenic cells termed GBM stem cells, which have

Significance
Neurochemicals that mediate synaptic communication between mature neurons have recently been shown to govern aspects of normal neurogenesis. Given the close similarities between GNS and NS, and their existence in the rich brain neurochemical milieu, neurochemical signaling may profoundly affect GBM stem cell growth. We tested this hypothesis and found
that modulation of the dopaminergic, serotonergic, and cholinergic pathways affects GNS growth, particularly dopamine
signaling via the DRD4 receptor. GNS express functional DRD4 and its inhibition causes impairment in the endolysosomal
system, a block in autophagic flux, and eventual cell death. The vulnerability of GNS to disruption in the autophagy-lysosomal system by neurochemical signaling modulation opens up additional avenues of therapeutic investigation for this
incurable tumor.
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a phenotype similar to normal neural stem cells (NS) (Galli et al.,
2004; Singh et al., 2004). GBM stem cells contribute to tumor
progression and resistance to therapy (Bao et al., 2006; Chen
et al., 2012), such that long-term disease control is likely to
require elimination of this driver cell population, in addition to
the more differentiated tumor bulk. GBM stem cells are best prospectively identified from fresh tumors and interrogated directly
in vivo, but tumorigenic cells that show similar properties to
directly isolated cells (herein called GBM-derived neural stem
cells, GNS) can be grown in a defined media allowing tractability
for in vitro screening (Pollard et al., 2009). A deeper understanding of the regulatory mechanisms that govern the proliferation
and survival of GNS will be essential to developing rational therapies. In a previous unbiased screen of a small-molecule library
on mouse NS, we found that neurochemical signaling pathways
can affect the proliferation and survival of normal NS populations
(Diamandis et al., 2007). This observation raised the intriguing
possibility that known neuromodulators might also affect tumorigenic GNS.
Neurotransmitters are endogenous chemical messengers that
mediate the synaptic function of differentiated neural cells in the
mature CNS. Recent studies suggest an important role of neurochemicals, for example g-aminobutyric acid (GABA) and glutamate, in regulating NS fate in both early development (Andang
et al., 2008; Schlett, 2006) and adult neurogenesis (Berg et al.,
2013; Hoglinger et al., 2004; Song et al., 2012). These effects
may reflect influences of local or more distant neuronal activity
on the NS niche. Consistent with this idea, dopamine afferents
project to neurogenic zones and depletion of dopamine decreases the proliferation of progenitor cells in the adult subventricular zone (SVZ) (Hoglinger et al., 2004). Dopamine is also
detected during early neuronal development in the lateral ganglionic eminence (LGE), where it is known to modulate LGE progenitor cell proliferation (Ohtani et al., 2003).
Neurochemicals and their receptors have been implicated in
the growth and progression of many non-CNS cancers (Dizeyi
et al., 2004; Schuller, 2008). The mechanisms whereby neurochemicals affect cancer growth are not well understood, but
given that GBM arises in the rich neurochemical milieu of the
mature CNS it is plausible that neurochemical pathways may
promote GBM growth and tumor progression. Consistent with
this proposition, optogenetic manipulation of cortical neuronal
activity in a mouse GBM xenograft model can influence GBM
growth (Venkatesh et al., 2015). In addition, antidepressants
may affect survival of lower-grade models of GBM (Shchors
et al., 2015). We hypothesized that a systematic survey of known
neuroactive compounds against GNS could reveal regulatory
mechanisms and targets outside of traditional chemotherapies
for GBM.
RESULTS
Identification of GNS-Selective Compounds
To identify compounds that selectively inhibit the growth of GNS,
we established proliferation assays for three different human cell
types: GNS, fetal NS, and the BJ fibroblast cell line. GNS are patient-derived tumor cells that display many characteristics of
normal NS including expression of the stem cell markers Nestin
and SOX2, and the ability to self-renew and partially differentiate
860 Cancer Cell 29, 859–873, June 13, 2016

(Lee et al., 2006; Pollard et al., 2009). Human NS serve as a wellmatched control for their neoplastic GNS counterparts, while fibroblasts were used to eliminate compounds with non-specific
cytotoxic effects. We defined NS-selective compounds as those
that target both NS and GNS but not fibroblasts, and GNSselective compounds as those with more activity toward GNS
compared with NS.
We screened a library of 680 neuroactive compounds against
three human GNS lines, two NS lines, and the BJ line at a
concentration of 5 mM for 5 days (Figure 1A). We defined the
primary hits as compounds that caused greater than 20%
growth inhibition compared with the DMSO control. The total
hit rate in all cell populations ranged from 2.6% to 6.5% (Figure 1A). Of all the neurochemical classes, compounds known
to modulate dopaminergic (27%), cholinergic (17%), adrenergic
(18%), and serotonergic (9%) pathways were enriched in the
total hits, suggesting that these pathways may play a specific
role in regulating NS growth (Figure 1B). These pathways
were also the main enriched hits when normalized to number
of hits per total number of compounds in each class
(Figure 1C).
We chose 29 compounds that showed a selective effect on
GNS and NS compared with fibroblasts and then retested
each in a dose-response series (0.39–50 mM) in the same cell
lines as in the primary screen (Table S1). From this secondary
screen, we selected ten compounds that showed more
than 8-fold selectivity toward GNS and NS compared with fibroblasts. These ten NS-selective compounds were PNU-96415E,
L-741,742, ifenprodil tartrate, LY-165,163, MDL-72222, tropanyl
3,5-dimethylbenzoate, N,N-diethyl-2-(4-(phenylmethyl)phenoxy)
ethanamine, (±)-tropanyl-2-(4-chlorophenoxy)butanoate, MG624, and ivermectin (Figure 1D and Table S2). The ten NS-selective compounds were enriched for dopaminergic, serotonergic,
and cholinergic classes (Figure 1D), suggesting these pathways
as potential targets for GBM. To further validate selectivity, we
tested each compound in three further non-NS control cell lines:
Daoy (human medulloblastoma), U-2 OS (human osteosarcoma), and C8-D1A (mouse astrocytes). The ten compounds
were 8- to 128-fold more active against NS or GNS compared
with BJ or other non-NS controls (Table S2). Notably, PNU
96415E, L-741,742, and ifenprodil tartrate showed 8-fold selectivity against GNS compared with NS (Table S2) and were
termed GNS-selective compounds. Two of these compounds,
PNU 96145E and L-741,742, represent DRD4 antagonists and
were chosen for further investigation.
DRD4 Antagonists Selectively Inhibit GNS Growth
and Reduce Clonogenic Potential of Primary GBM
Tumor Cells
We next retested PNU 96145E and L-741,742 along with other
commercially available DRD4 antagonists (L-745,870 and PD
168568) for effects on a larger panel of six GNS and four NS lines.
All of the DRD4 antagonists showed selectivity toward GNS with
differing potency (IC50), in the order L-741,742 (1.5–6.2 mM) >
L-745,870 (3.1–6.2 mM) > PNU 96415E (6.25 mM) > PD 168568
(25–50 mM). L-741,742 and PNU 96415E are both specific
DRD4 antagonists and showed the greatest selectivity toward
GNS (Figures 2A and 2B). PNU 96415E displayed robust
selectivity toward GNS compared with NS and non-NS control

Figure 1. Identification of GNS-Selective Compounds
(A) An outline of the primary and secondary screens. Primary screen data are shown as growth inhibition of each compound (5 mM) across the six cell lines
screened. Secondary screens were done in dose series to determine the fold selectivity (IC50 of BJ/IC50 of any NS or GNS with the lowest IC50).
(B) Percentage of different neurochemical classes enriched in the total hits.
(C) Percent activity (hits) of each neurochemical class. Number of hits/total number of compounds present in the library of each class.
(D) The ten NS-selective compounds and their IC50 (mM) across different cell lines. The ten NS-selective compounds are grouped under their neurochemical
classes.
See also Tables S1 and S2.
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Figure 2. DRD4 Antagonists Are GNS Selective and Show Synergistic Effect with TMZ
(A) Percent cell viability of four non-NS control cell lines, three NS, and six GNS lines upon treatment with PNU 96415E in dilution series from 0.39 mM to 50 mM.
Controls, n = 3, mean ± SEM; NS lines, n = 5–15, mean ± SEM; GNS lines, n = 3–12, mean ± SEM.
(B) Percent cell viability of BJ, three NS, and five GNS lines upon treatment with L-741,742 in dilution series from 0.39 mM to 50 mM. BJ, n = 3, mean ± SEM; NS
lines, n = 3–11, mean ± SEM; GNS lines, n = 3–7, mean ± SEM.
(C) Linear regression plot of in vitro LDA for freshly dissociated patient tumor (GBM 686) treated with L-741,742 (10 mM), PNU 96415E (25 mM), and DMSO.
Representative phase-contrast image of neurospheres at day 14 in a well seeded with 2,000 cells. Scale bars, 100 mm.
(D) Immunofluorescence staining for VGlut1, bIII-tubulin, and DAPI in NS (hf5205 and hf6539) differentiated in DMSO and L-741,742 for 3 weeks. Scale bars,
100 mm.
(E) Combination index plot for TMZ with L-741,742 or PNU 96415E in GNS. Combination index (CI) plotted against fractions affected (Fa) analyzed using
COMPUSYN.
See also Figure S1.

cells, the latter of which were not sensitive even at the highest
concentration tested (50 mM) (Figure 2A). L-741,742 was the
most potent GNS inhibitor but showed variable effects on
different GNS lines (Figure 2B). L-745,870 exhibited selectivity
toward GNS but was less potent, while PD 168568 showed a
modest selective effect at higher concentrations (Figures S1A
and S1B).
862 Cancer Cell 29, 859–873, June 13, 2016

To confirm that the effect of DRD4 antagonism was not merely
specific to established GNS lines, we tested L-741,742 and
PNU 96415E in freshly isolated GBM patient tumor cells using
a primary in vitro limiting dilution assay (LDA), which measures
stem cell potential from fresh tumors. We observed a massive
reduction in the frequency of colony-forming cells after treatment with L-741,742 (40- to 83-fold reduction) and PNU

Figure 3. Primary GBM and GNS Express
Functional DRD4 Receptor
(A and B) Western blot analysis for anti-DRD4 and
anti-b actin across different NS and GNS lines (A)
and primary GBM patient tumor samples (B).
(C) Immunohistochemistry staining for DRD4 in patient tumor sample (GBM 742). Scale bars, 100 mm.
(D) Fold change of cAMP levels in G362 cells treated
with forskolin (30 mM) alone and pretreatment with
DRD4-specific agonist A412997 (30 mM) followed by
forskolin treatment. n = 3, mean ± SEM.
(E) Western blot analysis for anti-DRD4 and anti-b
actin in G362 cells 72 hr after transiently transfected
with sh-DRD4 and sh-eGFP.
(F) Cell viability assay (Alamar blue) for G362 cells
transiently transfected with sh-DRD4 and sh-eGFP
measured over 5 days. n = 3, mean ± SEM. *p <
0.005, **p < 0.0005, unpaired one-tailed t test.
(G) Percent growth inhibition of G362 cells transiently transfected with sh-DRD4 and sh-eGFP
treated with L-741,742 for 3 days. n = 3, mean ± SD.
See also Figure S2.

96415E (19- to 29-fold reduction) (Figures 2C, S1C, and S1D).
These data strongly suggest that both L-741,742 and PNU
96415E inhibit the clonogenic potential of fresh primary tumor
cells, and may therefore effectively target the stem cell population in each patient tumor.
DRD4 Antagonist Promotes Neuronal Differentiation in
Normal NS
DRD4 antagonism in normal NS showed a mild effect on proliferation (Figures 2A and 2B) without any sign of apoptosis.
However, we noted a striking change in cell morphology in
treated cells, in particular striking elongated processes arranged
in parallel fashion (Figure S1E). These observations led us to test
whether DRD4 antagonism promotes neuronal differentiation
in a non-neoplastic context. To this end, we treated two normal
human NS lines (hf5205 and hf6539) with L-741,742 followed
by sequential withdrawal of epidermal growth factor and
fibroblast growth factor. The DRD4 antagonist dramatically
enhanced neuronal differentiation of NS, characterized by the
expression of VGlut1, a marker for mature glutamatergic neurons
(Figure 2D).
DRD4 Antagonists Are Synergistic with TMZ
We next evaluated the effect of DRD4 antagonists in conjunction
with the commonly used chemotherapeutic agent TMZ to assess
the potential synergism of this drug pair combination. L-741,742
and PNU 9641E exhibited striking synergism with TMZ against
GNS in vitro (Figure S1F). We quantified the degree of synergism
using the combination index (CI) method (Chou, 2010), for which

a CI value of 1 indicates an additive effect, a
value of <1 indicates synergism, and a
value >1 indicates antagonism. The lowest
CI value for L-741,742 in combination with
TMZ in G481 and G362 was 0.28 and
0.29, respectively, and for PNU 96415E in
combination with TMZ was 0.32 and 0.56,
respectively (Figure 2E). These in vitro
data suggested that both DRD4 antagonists may enhance the
therapeutic efficacy of TMZ in patients.
Primary GBM Tumor and GNS Express Functional DRD4
Receptor, with Higher Expression Linked to a Worse
Prognosis
To determine whether the DRD4 antagonists exerted their effects directly through the DRD4 receptor, we first confirmed
that DRD4 was expressed in both GNS and NS by western
blot (Figure 3A). We further confirmed that patient GBM tissue
samples also expressed DRD4 at varying levels by western
blot (Figure 3B) and immunohistochemistry (Figures 3C and
S2A). To assess DRD4 function in GNS, we measured a known
downstream readout of receptor activity. DRD4 is a dopamine
D2-like receptor that inhibits adenylate cyclase and decreases
cyclic AMP (cAMP) levels (Rondou et al., 2010). We treated
GNS with forskolin to activate adenylate cyclase and then assessed whether activation of the DRD4 receptor by the DRD4specific agonist A412997 could block the forskolin-induced
cAMP response. Forskolin treatment in GNS increased cAMP
concentration by 2.1-fold and pretreatment with DRD4 agonist
A412997 blocked this response by 31.3%, confirming that
DRD4 elicits a canonical response in GNS (Figure 3D). Primary
tumor and tumor-derived GNS thus express DRD4 and can
respond to DRD4-dependent signals.
To probe the possible clinical relevance of DRD4 expression,
we analyzed The Cancer Genome Atlas (TCGA) data on GBM
gene expression and found that patients having tumors with
high DRD4 expression have worse survival than those with low
Cancer Cell 29, 859–873, June 13, 2016 863

Figure 4. Effect of DRD4 Antagonists on Global Gene Expression
(A) Gene set enrichment map of pathways containing genes downregulated (blue) or upregulated (red) upon PNU 96415E treatment. Colored circles (nodes)
represent gene sets (pathways) that were significantly enriched in the comparison treated versus control samples (FDR % 0.002).
(B) Western blot analysis for anti-LC3B and anti-b-actin in G411 and G362 cells treated with PNU 96415E (25 mM) and L-741,742 (10 mM) at indicated time points.
(C) Immunofluorescence staining for LC3B+ puncta in G362 and G411 cells treated with PNU 96415E (25 mM) and L-741,742 (10 mM) at 48 hr. Scale bars, 17 mm.
Quantification of LC3B+ cells in each group (cells counted >200 cells). n = 3, mean ± SEM, unpaired one-tailed t test.
(legend continued on next page)
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DRD4 expression (Figures S2B–S2D). A similar pattern was seen
with TH (tyrosine hydroxylase) expression (Figure S2E), the ratelimiting enzyme for dopamine synthesis. Furthermore, the DRD4
gene was not methylated in GBM samples (Figure S2F), consistent with active expression in the primary tumor.
Loss of DRD4 Function Suppresses GNS Growth
To validate DRD4 as a therapeutic target in GBM and determine
whether loss of its function phenocopies the effect of PNU
96415E and L-741,742, we performed short hairpin RNA
(shRNA)-mediated knockdown experiments and measured the
effect on cell proliferation. We tested five lentiviral sh-DRD4 constructs, out of which only one (sh-DRD4-4) caused consistent
knockdown at 72 hr after transfection (Figure S2G). We
confirmed reduced DRD4 expression after transduction of the
sh-DRD4 construct in two separate GNS lines (Figures 3E and
S2H). This knockdown was accompanied by a significant reduction in proliferation compared with control sh-eGFP transfected
cells (Figures 3F and S2I). Importantly, the residual growth of
DRD4 knockdown cells was less sensitive to DRD4 antagonists
(L-741,742) than control sh-eGFP transfected cells, consistent
with an on-target effect of the DRD4 antagonists (Figure 3G).
These results confirm the inferred role for DRD4 function in
GNS growth.
Effect of DRD4 Antagonism on Global Gene-Expression
Patterns
To determine the potential mechanism of action of DRD4 antagonists on GNS proliferation and survival, we determined global
gene-expression profiles with and without DRD4 inhibition.
Two GNS lines (G362 and G411) were treated with PNU
96415E (25 mM) for 24 and 48 hr and analyzed for the effect of
PNU 96415E on gene expression. Gene set enrichment analysis
was used to identify pathways enriched in differentially regulated
genes upon PNU 96415E treatment. Genes that were downregulated at 48 hr were enriched in 172 gene sets that are highly
connected, as categorized into 25 main biological functions
including DNA replication, chromatin remodeling, DNA repair,
cell cycle, and RNA splicing (Figure 4A). Overlap of the top downregulated genes (fold change < 1.5) in both G362 and G411 cell
lines revealed genes involved in DNA replication and cell-cycle
phase transitions (Figure S3A). For genes upregulated upon
PNU 96415E treatment, we observed enrichment in 45 gene
sets (false discovery rate [FDR] % 0.002) that comprised 14
main pathways including lipid/cholesterol biosynthesis, autophagic vacuoles, and lysosomes (Figure 4A). Overlap of the
top upregulated genes (fold change >1.5) uncovered pathways
involved in cholesterol biosynthesis after 24 hr and autophagic
vacuole formation after 48 hr (Figure S3A). This expression analysis suggested that the genes involved in DNA replication and
cell-cycle progression were inhibited by DRD4 antagonism,
while genes involved in lipid metabolism and autophagy were
activated.

DRD4 Antagonism Causes Massive Accumulation of
Autophagic Vacuoles and Cholesterol
Prompted by the pronounced upregulation of autophagy genes
in response to DRD4 inhibition, we assessed autophagy status
in GNS. Conversion of LC3-I (microtubule-associated protein 1
light chain 3) to LC3-II serves as a hallmark for autophagosome
formation. L-741,742 (10 mM) and PNU 96415E (25 mM) treatment of GNS (G411 and G362) caused an increase in levels
of LC3B-II consistent with accumulation of autophagosomes
(Figure 4B). We also observed increased LC3B+ puncta in GNS
upon treatment, with more than 50% cells showing large
LC3B+ puncta after 48 hr, indicating the presence of autophagosomes (Figures 4C and S3B). Accumulation of autophagosomes
was further corroborated by transmission electron microscopy.
L-741,742 and PNU 96415E treatment in both G411 and G362
caused the formation of large autophagic vacuoles containing
various cellular fragments (Figures 4D and S3C).
As genes involved in cholesterol biosynthesis were also upregulated upon DRD4 inhibition, and since cholesterol accumulation is associated with autophagy impairment in Niemann-Pick
type C disease (Vance, 2006), we next analyzed the cholesterol
level in GNS with filipin, an antibiotic polyene that fluoresces upon interaction with cholesterol. Upon treatment with
L-741,742 (10 mM) and PNU 96415E (25 mM), GNS showed accumulation of cholesterol in large puncta, compared with the
diffuse pattern observed in control cells (Figure 4E). Together,
these experiments revealed a massive accumulation of autophagic vacuoles and cholesterol in GNS after DRD4 receptor
antagonism.
To test whether autophagosome formation is specific to GNS,
we assessed autophagosome formation by analyzing LC3-II
levels of both fibroblasts and NS after treatment. While DRD4
antagonism at 48 hr did cause a slight increase in LC3-II level
in both cases, this occurred to a much lesser extent compared
with GNS (Figure S3D). We also note that fibroblast cells have
a much higher basal level of autophagy under normal growth
conditions compared with GNS (Figure S3E), which may explain
the differential vulnerability and dependence on autophagy for
survival.
Autophagosome Accumulation Is Due to an Inhibition in
Autophagic Flux and Disruption in Lysosomal Function
An increase in LC3-II levels and autophagosome number can
result from either the induction of autophagy or the inhibition of
autophagic flux at a later stage in the pathway. Flux can be
measured by assessing LC3-II turnover in the presence
or absence of inhibitors of lysosomal degradation such as
chloroquine. In chloroquine-treated cells an autophagy inducer
will increase LC3-II levels, whereas an autophagy blocker will
not change LC3-II levels. In the presence of chloroquine,
L-741,742 and PNU 96415E treatment did not increase LC3-II
levels compared with control, despite the fact that both drugs
increased LC3-II levels when administered alone (Figures 5A

(D) Transmission electron microscopy images showing large autophagic vacuoles in G362 and G411 cells treated with L-741,742 (10 mM) and PNU 96415E
(25 mM) compared with control DMSO at 48 hr. Arrows indicate enlarged autophagic vacuoles. Scale bars, 100 nm.
(E) Filipin staining for free cholesterol in G362 and G411 cells treated with L-741,742 (10 mM) and PNU 96415E (25 mM) compared with control DMSO at 48 hr.
Scale bars, 11 mm.
See also Figure S3.
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Figure 5. DRD4 Antagonism Impairs Autophagy-Lysosomal Degradation Pathway in GNS
(A) Western blot analysis for anti-LC3B, anti-p62, and anti-b-actin in G411 cells treated with L-741,742 (10 mM) or PNU 96415E (25 mM) in the presence and
absence of chloroquine (30 mM) at 48 hr. Western quantification for LC3B-II was done using b-actin as control. n = 3, mean ± SEM.
(B) Western blot analysis for corresponding anti-LC3B, anti-p62, anti-LAMP1, anti-mono- and polyubiquitin (Ub) protein conjugates, and anti-b-actin in G411 cells
treated with L-741,742 (10 mM) and PNU 96415E (25 mM) at indicated time points.
(legend continued on next page)
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and S4A). These data suggest that the effect of DRD4 antagonism on LC3-II levels is a result of impaired flux.
We then assessed autophagy turnover, first by assaying for
the autophagy-specific substrate p62. As predicted for a block
in autophagic flux, p62 accumulated along with the increase in
LC3B-II in L-741,742- or PNU 96415E-treated GNS (Figures 5B
and S4B). Consistent with an impairment in autophagy, we
also observed an increase in undegraded ubiquitinated protein
conjugates in treated cells (Figures 5B and S4B) and further
noted an increased level of LAMP 1 (lysosomal-associated
membrane protein 1) (Figures 5B and S4B) and LysoID reactivity
(Figure S4C), both of which indicate an increase in lysosome
accumulation due to impaired autophagic flux.
We further validated flux inhibition by performing an imagebased colocalization analysis of a tandem mRFP-GFP-LC3
construct (Kimura et al., 2007). In this experiment, GFP fluorescence is quenched by the acidic pH within a lysosome, allowing
differentiation between autophagosomes (GFP-positive and
RFP-positive: yellow) and autolysosomes (GFP-negative and
RFP-positive: red). Treatment of transfected GNS with DRD4 antagonists showed an accumulation of yellow puncta, indicating
autophagosome accumulation (Figure 5C). As a negative control
we used rapamycin, an autophagy inducer, which showed a
higher ratio of red puncta, and as a positive control we used chloroquine, which led to a higher ratio of yellow puncta (Figure 5C).
We also noted that the ratio of yellow versus red puncta at 48 hr
(Figure 5C) increased from that seen at 24 hr after treatment (Figure S4D), suggesting an inhibition in autophagic flux over time
during DRD4 antagonism. To validate the specificity to GNS,
we further monitored flux inhibition in fibroblasts and NS with
the same assay. Interestingly, we did not see a dramatic increase
in yellow puncta upon DRD4 antagonist treatment in either case,
suggesting no massive accumulation of autophagosomes in
these cell types (Figure 5D).
To confirm that the impairment of the autophagy-lysosomal
degradation pathway induced by L-741,742 and PNU 96415E
was mediated through DRD4, we assessed autophagic flux after
shRNA knockdown of DRD4 in GNS. We observed increased
levels of LC3-II in DRD4 knockdown cells compared with sheGFP transduced controls (Figures 5E and S4E). This increase
in LC3-II was accompanied by accumulation of p62 and ubiquitinated protein conjugates, all consistent with a block in autophagic flux (Figures 5E and S4E). We further validated this effect
with another short hairpin from different source (Origene) and
noted similar results (Figure S4F). Taken together, these data
strongly suggest that the cytotoxicity observed after DRD4
antagonism in GNS is due to a block at a later stage of autophagy
that results in massive accumulation of autophagic vacuoles.

To further understand the inhibition in autophagic flux, we assessed lysosomal function using DQ BSA, a derivative of BSA
that is labeled with a self-quenched red fluorescent dye. Upon
proteolysis by lysosomal proteases, the fluorescence is dequenched and can be detected by microscopy. Compared
with control NS and fibroblasts, GNS treated with DRD4 antagonists displayed a reduction in red puncta per cell, suggesting
very low dequenching of the fluorescent BSA due to compromised lysosomal function (Figure 5F). These data demonstrated
that autophagic flux impairment in GNS treated with DRD4 antagonists was due to an inhibition in lysosomal function.
DRD4 Antagonism Causes a Disruption in
PDGFRb-ERK1/2 and mTOR Signaling
To determine the possible mechanism whereby DRD4 receptor
antagonism in GNS causes the striking cellular effects observed,
we studied the phosphorylation status of 43 kinases and substrates implicated in various signaling pathways in GNS versus
NS using a dot blot assay. Cells were treated with L-741,742
(10 mM) and PNU 96145E (25 mM) for a period of 24 hr, and protein lysates were harvested and assessed with a phosphoprotein
antibody array (Figures 6A and S5A). We identified 18 phosphoproteins that exhibited a decrease in phosphorylation upon treatment in GNS (Figures 6B and S5B). ERK1/2 was one of the top
hits in the array, with a 40% reduction compared with the untreated control. DRD4 is known to activate ERK1/2 by transactivation of platelet-derived growth factor receptor b (PDGFRb) (Gill
et al., 2010; Oak et al., 2001). The selectivity of DRD4 antagonism
to GNS was reflected in the much more modest changes in the
phospho-profile of NS after treatment (Figure S5A).
We validated the effect of DRD4 antagonism on ERK1/2 phosphorylation by western blot at various time intervals and
observed a decrease in ERK1/2 phosphorylation over time in
GNS but not in NS and fibroblasts (Figures 6C, 6D, and S5C–
S5E), along with a concordant decrease in PDGFRb phosphorylation (Figure 6E). We also confirmed that transient DRD4 knockdown decreased ERK1/2 phosphorylation in GNS compared
with control sh-eGFP transfected cells (Figures 6F and 6G).
These biochemical data further suggest that the DRD4 antagonists act on target and that DRD4 regulates GNS growth in
part through the central ERK1/2 pathway.
We further validated phospho-array data on downregulation of
target of rapamycin (TOR) (Figures 6B and S5B), which is known
to regulate autophagy at early stages as well as during later steps
of lysosome biogenesis (Jewell et al., 2013). We observed a
dramatic decrease in phospho-S6, a downstream effector of
mammalian TOR (mTOR), in GNS after 48 hr of treatment, suggesting downregulation of the mTOR pathway (Figure 6D). We

(C) Confocal analysis of G411 cells expressing tandem mRFP-GFP-LC3 reporter treated with rapamycin (500 nM), chloroquine (30 mM), L-741,742 (10 mM), and
PNU 96415E (25 mM) at 48 hr, and quantification of ratio of red puncta indicating autolysosome (AL) versus yellow puncta indicating autophagosome (AP). n = 3,
mean ± SEM. **p = 0.0006 and p = 0.0003 in L-741,742 and PNU 96415E, respectively. Scale bars, 10 mm.
(D) Confocal analysis of fibroblast (BJ) and NS (hf5205) expressing tandem mRFP-GFP-LC3 reporter treated with L-741,742 (10 mM) and PNU 96415E (25 mM) at
48 hr. Scale bars, 7 mm.
(E) Western blot analysis for corresponding anti-DRD4, anti-LC3B, anti-p62, anti-mono- and polyubiquitin (Ub) protein conjugate, and anti-b-actin in transient
transfected sh-DRD4 and sh-eGFP GNS after 72 hr.
(F) Confocal analysis for red puncta indicating dequenched BSA in GNS (G411) NS (hf5205) and fibroblast (BJ) treated with L-741,742 (10 mM) and PNU 96415E
(25 mM) at 48 hr. Quantification of red puncta per cell in each treatment. n = 3, mean ± SEM, unpaired one-tailed t test. Scale bars, 13 mm.
See also Figure S4.
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Figure 6. Phosphokinase Array Reveals Suppression of ERK1/2 and mTOR Pathway Upon DRD4 Antagonism
(A) Dot blot containing 43 phosphoproteins in duplicates after exposure to lysate of G362 cells treated with L-741,742 (10 mM) and PNU 96415E (25 mM) and
DMSO for 24 hr. Red arrow indicates one of a paired spot for ERK1/2.
(B) Signal intensity of each spot corresponding to each phosphoprotein (average of two spots) in (A) that changed upon treatment compared with DMSO. Signal
intensity was quantified using ImageJ.
(C) Western blot analysis for anti-phospho-ERK1/2, anti-total ERK1/2, and anti-b-actin in G362 cells treated with L-741,742 (10 mM) and PNU 96415E (25 mM) at
indicated time intervals.
(D) Western blot analysis for anti-phospho-ERK1/2 and anti-total ERK1/2, anti-phospho-S6 and anti-total S6, and anti-b-actin in GNS (G362 and G411), fibroblast
(BJ), and NS (hf5205) treated with L-741,742 (10 mM) and PNU 96415E (25 mM) for 48 hr.
(E) Western blot analysis for anti-phospho-PDGFRb, anti-total PDGFRb, and anti-b-actin in G411 cells treated with L-741,742 (10 mM), PNU 96415E (25 mM), and
L-745,870 (15 mM) for 48 hr.
(F and G) Western blot analysis for anti-phospho-ERK1/2 and anti-total ERK1/2 in G362 (F) and G481 (G) transiently transfected with sh-DRD4 and control sheGFP after 72 hr (same protein lysates from Figures 3E and S2H).
See also Figure S5.

also observed no change in phospho-ERK1/2 and phospho-S6
abundance in treated fibroblasts and NS (Figures 6D and S5C),
again consistent with the GNS specificity of DRD4 antagonists.
DRD4 Antagonists Trigger a G0/G1 Phase Arrest and
Apoptosis
As DRD4 antagonists decreased the expression of cell-cycle
genes (Figure S3A), we sought to determine the effect on the
cell cycle. Flow cytometric analysis of DNA content in G411
and G362 cells treated with either L-741,742 or PNU 96415E revealed a G0/G1 arrest in a time-dependent manner (Figures 7A
868 Cancer Cell 29, 859–873, June 13, 2016

and S6A). After 48 hr of treatment with DRD4 antagonists, we
also observed an induction of caspase 3/7 activity (Figure 7B),
suggesting an increase in apoptosis subsequent to the earlier inhibition of autophagic flux. This result was corroborated by the
presence of cleaved poly(ADP) ribose polymerase (PARP) at
48 hr (Figure 7C). Finally, GNS treated with an autophagy inhibitor
(chloroquine) or ERK1/2 pathway inhibitor (PD 0325901) also underwent a G0/G1 arrest (Figure S6B), suggesting that both events
downstream of DRD4 inhibition were sufficient to trigger cell-cycle arrest. Collectively, these data suggested that DRD4 inhibition ultimately results in cell-cycle arrest followed by apoptosis.

Figure 7. DRD4 Antagonists Induce G0/G1 Cell-Cycle Arrest and Apoptosis
(A) Cell-cycle analysis of G411 and G362 cells after treatment with L-741,742 (10 mM) and PNU 96415E (25 mM) at 48 hr.
(B) Fluorescence readout for caspase 3/7 activity in G411cells treated with L-741,742 (10 mM) and PNU 96415E (25 mM) for 48 hr, and doxorubicin (1 mM) for 24 hr
as positive control. n = 3, mean ± SD. Significance analyzed by unpaired one-tailed t test.
(C) Western blot analysis for apoptosis marker anti-cleaved PARP in G362 treated with L-741,742 (10 mM) and PNU 96415E (25 mM) at indicated time points, and
doxorubicin (1 mM) at 24 hr as control.
See also Figure S6.

DRD4 Antagonists Inhibit GBM Xenograft Growth In Vivo
To probe the in vivo efficacy of L-741,742 and PNU 96415E on
GBM growth, we first tested their effects in a subcutaneous tumor model. GNS were injected into the flanks of immunocompromised NOD scid gamma (NSG) mice and treated with PNU
96415E (20 mg/kg), L-741,742 (20 mg/kg), or vehicle until tumors
reached the mandated institutional volumetric cutoff of 17 mm3
in any one mouse. Measurement of tumor volume over this
time course revealed much slower growth in the treated groups
compared with the vehicle control group (Figure 8A). The
average tumor weight at the endpoint was reduced by 44.3%
with PNU-96415E treatment and 40.9% with L-741,742 treatment (Figure 8B). Control and treated tumors were then dissociated and subjected to primary in vitro limiting dilution assays to
determine whether L-741,742 and PNU-96415E affected the clonogenic capacity of the in vivo treated tumor cells. We observed
a substantial reduction in the frequency of colony-forming cells
in both treatment groups compared with controls (Figure 8C),
demonstrating a reduction in the functional stem cell potential
of the treated xenograft tumors. We further validated the effect
of PNU 96415E in vivo using an independent GNS line (G411)
and observed a similar reduction in tumor growth rate and
endpoint size (Figures S7A–S7C). In addition, we observed
increased LC3, p62, and ubiquitinated protein substrate in the
treated tumors (Figure 8D), confirming induction of the same
cellular response and mechanisms in an in vivo tumor context.
We then tested the effect of L-741,742 in an intracranial xenograft model, with treatment commencing 1 week after engraftment once tumor size had become substantial (Figure S7D).
The DRD4 antagonist alone had a modest but significant benefit
in survival over control (Figure 8E). However, when combined
with TMZ, data from two in vivo experiments demonstrated
that L-741,742 significantly improved survival compared with

TMZ alone (Figure 8F). Together, these data from two different
human patient-derived xenograft models provide a strong basis
for further exploration of DRD4 antagonism and/or inhibition of
autophagic flux as an additional avenue for GBM therapy.
DISCUSSION
We investigated whether neurochemical signaling activity influences the growth and survival of human GNS, based on our previous studies in murine NS (Diamandis et al., 2007) and the work
of others in neuronal development and adult neurogenesis (Berg
et al., 2013; Martins and Pearson, 2008; Ohtani et al., 2003;
Song et al., 2012). This study represents a systematic and unbiased interrogation of all neurochemical classes on human GBM
cell survival. Of the 13 neurochemical classes, we found that
modulation of dopaminergic, serotonergic, and cholinergic
pathways predominantly affected GNS. Each of these neurochemical classes has been previously implicated in regulating
NS during brain development and adult neurogenesis (Diaz
et al., 1997; Hoglinger et al., 2004; Mohapel et al., 2005; Tong
et al., 2014).
We found that specific DRD4 antagonists selectively inhibit
GNS growth, mediated by on-target inhibition of the DRD4 receptor, which is expressed in both GNS and primary GBM patient samples, and concomitant suppression of the downstream
effectors PDGFRb/ERK1/2. PDGFRb is expressed preferentially
by tumorigenic GBM stem cells, and blocking PDGFRb in this
context inhibits self-renewal and tumor growth (Kim et al.,
2012), further supporting our findings. At a cellular level, we
find that DRD4 antagonism impairs the autophagy-lysosomal
degradation pathway and that this effect is accompanied by a
G0/G1 cell-cycle arrest and subsequent apoptosis, as mediated
by inhibition of the ERK1/2 pathway and autophagy flux.
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Figure 8. DRD4 Antagonists Inhibit GBM Xenograft Growth In Vivo
(A) Growth curve of subcutaneous implanted tumor (G362) over a period of time. Control, n = 15, mean ± SEM; PNU 96415E, n = 16, mean ± SEM; L-741,742,
n = 16, mean ± SEM. **p < 0.005, *p < 0.05, unpaired one-tailed t test.
(B) Dot plot showing tumor mass from the three treatment groups in (A) at endpoint. Control, n = 15, mean ± SEM; PNU 96415E, n = 16, mean ± SEM; L-741,742,
n = 16, mean ± SEM. Significance analyzed by unpaired one-tailed t test.
(C) Linear regression plot of in vitro LDA for in vivo treated tumors. Average of each group was taken for the plot, neurospheres scored for 18 wells (six wells from
each tumor).
(D) Immunohistochemistry staining and quantification for anti-p62 and anti-mono- and polyubiquitin (Ub) conjugate and LC3 in in vivo treated tumor. Scale bars,
11 mm (p62 and Ub conjugate) and 50 mm (LC3). n = 3 sections, mean ± SEM.
(legend continued on next page)
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Dopamine is a catecholamine synthesized by neurons predominantly in the midbrain region with diffuse cortical projections. Notably, many GBMs arise in the projection field of dopaminergic neurons. Dopamine signals are transmitted through five
G-protein-coupled receptors (D1–5). Dopamine signaling is
dysregulated in diverse neurological and psychiatric diseases
including Parkinson’s disease, schizophrenia, and drug addiction. In addition to serving a key neurotransmitter function, dopamine has been implicated in the regulation of endogenous neurogenesis during brain development (Borta and Hoglinger, 2007;
Diaz et al., 1997; Ohtani et al., 2003) and adult neurogenesis in
the SVZ by activating D2-like receptors on transit-amplifying
progenitor cells (Coronas et al., 2004; Hoglinger et al., 2004;
Lao et al., 2013). In postmortem brains of Parkinson’s disease
patients, a disease characterized by depletion of dopamine, a
reduction of proliferating cells in the SVZ has been observed
(Hoglinger et al., 2004). These reports suggest an important
role for dopamine signaling in the regulation of normal neurogenesis. Epidemiological evidence suggests that patients with
various neuropsychiatric disorders, including Parkinson’s disease, have a reduced incidence of primary CNS tumors, consistent with the hypothesis that dopamine signaling may influence
the emergence of these tumors (Diamandis et al., 2009).
Little is known about whether dopamine signaling affects GBM
stem cell behavior. In addition to DRD4 antagonists, our primary
screen also uncovered the DRD2-specific antagonists thioridazine and trifluoperazine as hits. Consistently, a recent genomewide shRNA screen in a GBM cell line (U87MG) identified a
role for DRD2 in GBM growth (Li et al., 2014). However, DRD4
antagonists showed better selectivity for GNS in our screen
compared with DRD2 antagonists (data not shown). Although
epigenetic suppression of DRD4 has been reported in pediatric
CNS tumors (Unland et al., 2013), DRD4 is not methylated in
TCGA GBM samples, and mutations in the DRD5 and DRD3
genes occur in a small fraction of GBM samples (Brennan
et al., 2013). Finally, we note that dopamine receptor antagonists
may have activity against other cancer stem cell types, including
leukemia (Sachlos et al., 2012) and lung cancer (Yeh et al., 2012).
In conjunction with our findings, these studies suggest that
dopamine receptor antagonists will be useful probes for the
further study of GBM growth and survival, and potentially other
cancer types.
The autophagy-lysosomal degradation pathway system appears to be critical for the progression and/or maintenance of
many cancer types. For example, autophagy is important for
breast cancer stem cell maintenance (Choi et al., 2014; Gong
et al., 2013). In a number of cancer studies, including for GBM,
autophagy inhibition with chloroquine appears to augment the efficacy of anticancer therapies (Sotelo et al., 2006). Recent work
suggests that the antidepressant imipramine can also modify
autophagy mechanisms in GBM cells (Shchors et al., 2015).
Impairment of the autophagy-lysosomal pathway is also intimately associated with neurodegenerative diseases in which

neurochemical signaling is dysregulated, including Parkinson’s
disease, Alzheimer’s disease, and Niemann-Pick type C1 disease (Nixon, 2013). Autophagy has been implicated in the
maintenance of adult NS (Wang et al., 2013), and suppression
of autophagy in NS during development in mice causes neurodegenerative diseases (Hara et al., 2006). Our study provides additional insights into the potential role of DRD4 signaling in neurological disorders such as attention deficit/hyperactivity disorder,
bipolar disorder, and schizophrenia, which are reported to be
associated with DRD4 polymorphism (LaHoste et al., 1996; Rondou et al., 2010).
Our data suggest that autophagy plays an essential role in
GNS growth and survival, and that dopamine signaling through
the DRD4 receptor is required to maintain the autophagy-lysosomal degradation system. GNS are selectively vulnerable to
disruption of this pathway, whereas NS undergo differentiation,
and fibroblasts and other non-NS control cells are unaffected.
We hypothesize that potential differences in the basal activity
and dependence of GNS on the autophagy-lysosomal pathway
compared with normal NS and fibroblasts may account for the
susceptibility of GNS to DRD4 antagonists. Consistently, it has
recently been reported that GBM cells are sensitive to the vacuolization agent vacquinols (Kitambi et al., 2014), and the breast
cancer stem cell-selective compound salinomycin is also reported to confer selectivity through inhibiting autophagic flux
(Yue et al., 2013). The identification of DRD4 antagonists as
GBM-selective agents suggests that modulation of dopamine
DRD4 signaling may hold therapeutic potential in GBM patients,
although further clinical exploration is needed. More broadly,
exploration of the role of additional neurochemical signaling
pathways, including other dopaminergics, serotonergics, and
cholinergics, in GBM may lead to additional CNS-accessible
therapeutic approaches to treat this intractable disease.
EXPERIMENTAL PROCEDURES
Primary Tissue Samples and Cell Culture
All human tissue samples were procured following informed consent, and all
experimental procedures were approved by the Research Ethics Board of
The Hospital for Sick Children and Toronto Western Hospital. Primary tissue
samples were dissociated in artificial cerebrospinal fluid followed by treatment
with enzyme cocktail at 37 C. GNS and NS lines were grown as adherent
monolayer culture in serum-free medium as described previously (Pollard
et al., 2009).
Compound Library
The neurochemical library was purchased from BIOMOL International (now
Enzo Life Sciences). All compounds for retesting were purchased from Tocris
Bioscience.
Tandem mRFP-GFP-LC3 Reporter Assay
Cells were transfected with mRFP-GFP-LC3 construct using Amaxa Nucleofector kit (VPG-1004). After 24 hr, cells were treated with compounds as indicated. Live cells were imaged using Quorum spinning disc confocal microscopy. Autophagy flux was assessed by counting cells mRFP+GFP+LC3

(E) Kaplan-Meier survival curve of immunodeficient mice injected intracranially with G362 cells and treated with L-741,742 (25 mg/kg). n = 6 per group. Significance was performed using log-rank (Mantel-Cox) test.
(F) Kaplan-Meier survival curve of immunodeficient mice injected with G362 cells treated with TMZ alone, or TMZ and L-741,742. Significance was performed
using log-rank (Mantel-Cox) test. n = 18 per group and censorship/endpoint at day 182.
See also Figure S7.
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(yellow puncta), which represents autophagosomes, and mRFP+GFP LC3
(red puncta), which represents autolysosomes.
DQ-Red BSA Assay
Cells were pulsed with DQ-Red BSA (Molecular Probes, D-12051) for 1 hr and
chased for 4 hr before imaging live cells using Quorum spinning disc confocal
microscopy.
Patient-Derived Xenografts
All mouse procedures were approved by the Hospital for Sick Children’s Animal Care Committee. For subcutaneous xenograft, 2 3 105 GNS were injected
into flanks of NSG female mice. L-741,742 and PNU 96415E were dissolved in
40% 2 hydroxy b-cyclodextrin (Sigma). Mice were treated 3 days after tumor
implantation. Both L-741,742 and PNU 96415E were treated at 20 mg/kg intraperitoneally for 5 days on, 2 days off until the endpoint. Tumor growth was
monitored with microcalipers until tumor volume reached 17 mm3 in any one
tumor from any group, and all mice were euthanized at the same endpoint.
For intracranial xenograft experiments, 5 3 103 GNS (G362) were injected in
the forebrain of NSG mice. Mice were treated 1 week after tumor implantation
with L-741,742 (25 mg/kg) 5 days on, 2 days off for 2 weeks. TMZ was administered during the first week through gavage, whereby TMZ was administered
alone (25 or 12.5 mg/kg) or together with L-741,742 (25 mg/kg). Kaplan-Meier
curves show time (in days) elapsed to death due to the assigned event (development of a brain tumor with dome head and neurological symptoms) or to
censorship. In both experiments, there was no significant difference between
the treatment and control groups in the frequency of censored animals versus
deaths (p > 0.05, data not shown).
Statistical Analysis
All grouped data are presented as mean ± SEM unless otherwise stated. Differences between groups were assessed using a Student’s t test.
Further experimental procedures are detailed in Supplemental Experimental
Procedures.
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