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Glioblastoma is an invariably deadly disease. A subpopulation
of glioma stem-like cells (GSCs) drives tumor progression and
treatment resistance. Two recent studies demonstrated that
neurons form oncogenic glutamatergic electrochemical synap-
ses with post-synaptic GSCs. This led us to explore whether
glutamate signaling through G protein-coupled metabotropic
receptors would also contribute to the malignancy of glioblas-
toma. We found that glutamate metabotropic receptor (Grm)3
is the predominantly expressed Grm in glioblastoma. Associa-
tions of GRM3 gene expression levels with survival are confined
to the proneural gene expression subtype, which is associated
with enrichment of GSCs. Using multiplexed single-cell qRT-
PCR, GSC marker-based cell sorting, database interrogations,
and functional assays in GSCs derived from patients’ tumors,
we establish Grm3 as a novel marker and potential therapeutic
target in GSCs. We confirm that Grm3 inhibits adenylyl cyclase
and regulates extracellular signal-regulated kinase. Targeting
Grm3 disrupts self-renewal and promotes differentiation of
GSCs. Thus, we hypothesize that Grm3 signaling may comple-
ment oncogenic functions of glutamatergic ionotropic receptor
activity in neuroglial synapses, supporting a link between
neuronal activity and the GSC phenotype. The novel class of
highly specific Grm3 inhibitors that we characterize herein
have been clinically tested as cognitive enhancers in humans
with a favorable safety profile.

INTRODUCTION

Glioblastoma is a fatal disease. Despite tremendous progress in the
characterization of the molecular landscape of glioblastoma, molecu-
larly targeted therapies have entered clinical practice,' and only about
5% of all patients diagnosed with glioblastoma survive for 5 years.”
Recent single-cell gene expression studies indicate that stem-like
gene expression programs in a subset of undifferentiated tumor cells
drive the malignant phenotype of gliomas.™* Therefore, therapeutic
strategies seeking to specifically target these glioma stem-like cells
(GSCs) are considered a promising approach to overcome the malig-
nant phenotype of gliomas.” Effective approaches to exploit this
vulnerability of gliomas are lacking.
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Two recent studies identified oncogenic bona fide glutamatergic syn-
apses between neurons and a subset of glioma cells.”” Overlap of
post-synaptic and stem-like gene expression patterns on single-cell
RNA sequencing analyses suggests a role of glutamate signaling for
the regulation of the GSC phenotype that may be exploited
therapeutically.””

We reasoned that metabotropic glutamate receptors may be candi-
date mediators of stemness in response to glutamate signaling. G; pro-
tein-coupled glutamate metabotropic receptor (Grm)3 is expressed at
high levels by neural stem cells, promoting growth and proliferation.®
Modulation of intracellular signaling cascades via activation of Grm3
has been implicated in resistance of glioblastoma to chemotherapy by
maintaining the GSC phenotype.” Notably, Grm3 can be targeted
pharmacologically utilizing Grm2/3 negative allosteric modulators,
i.e., compounds that exert an activity-dependent decrease in signaling
activity in the absence of full receptor blockade. A member of this
novel class of drugs demonstrated a favorable safety profile in patients
with depressive disorders (ClinicalTrials.gov: NCT01457677)."°

In summary, this led us to explore Grm as potential therapeutic tar-
gets in glioblastomas, seeking to target the GSC phenotype to over-
come the malignant phenotype of these tumors.

RESULTS

Grma3 is the predominantly expressed Grm subtype in
glioblastoma

As a first step to assess a putative role of Grm in glioblastoma, we
queried publically available gene expression and clinical data of The
Cancer Genome Atlas (TCGA). Of the eight known Grm subtypes,
only GRM3 is expressed at high levels in glioblastoma (Figure 1A,
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Figure 1. Gene expression of metabotropic glutamate
receptors in glioblastoma

(A) Grm1-Grm8 expression levels in glioblastoma samples
(n = 539) from The Cancer Genome Atlas (TCGA) were
accessed through the Xena Functional Genomics Explorer:
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https://xena.ucsc.edu.’’ The box indicates mean and
SEM, whiskers represent the range. (B) Kaplan-Meier curve
of patients with proneural glioblastoma stratified by GRM3
gene expression levels (cutoff: median GRM3 gene
expression). (C) Cross-cancer study of GRM3 mutational
status determined by next-generation sequencing and
GRMS3 gene expression. Data from TCGA were accessed
through the cBIO portal: www.cbioportal.org.'?
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ANOVA, p <0.001). GRM3 is also the most strongly expressed metab-
otropic glutamate receptor in the developing and adult non-tumor-
bearing brain (Brainspan: www.brainspan.org). A negative association
of GRM3 gene expression levels with overall survival of patients was
confined to the proneural glioblastoma gene expression subtype (p =
0.039, Figure 1B), which is associated with a more stem-like gene
expression phenotype.”” No association of Grm3 gene expression
with survival was apparent in the neural, mesenchymal, or classical
subtypes (Figures SIA-SIC). Of note, the neural subtype reflects
mostly normal brain expression patterns in samples with low tumor
cell content, e.g, in the infiltration zone of tumors.'*'° The survival as-
sociation in proneural glioblastoma was independent of the absence or
presence of mutations in the genes encoding isocitrate dehydrogenase
(IDH)-1 or IDH-2 (Figures S1ID-S1F; Note S1), a molecular marker
that defines a clinically and molecularly distinct glioma entity with pro-
neural gene expression. Cross-cancer analyses revealed that gliomas ex-
press particularly high levels of Grm3, whereas missense mutations are
rare (Figure 1C). Along these lines, single-cell RNA sequencing studies
identified the highest GRM3 gene expression levels in glial cells of the
normal mammalian brain'® and in a subset of tumor cells in human
glioblastomas'® (Single Cell Portal: https://singlecellbroadinstitute.
org/single_cell). Of note, GRM3 is located on chromosome 7, which
is commonly amplified in IDH wild-type glioblastoma, yet GRM3
copy number gains appear not to be associated with gene expression
(Note S2; Figures S1G-S1I). Given predominant physiologic
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expression of Grm3 in the brain, high GRM3
expression in gliomas may reflect the tissue of
Not Sequenced  OTI8IN of these tumors.
No Mutation
:;5:::;; Grm3 is co-expressed with GSC markers
Frameshift Predominant expression of GRM3 in proneural
gi’g;f glioblastoma led us to explore whether GRM3 was
indeed expressed at higher levels by GSCs. We per-
formed quantitative reverse-transcriptase polymer-
ase chain reaction (QRT-PCR) of Grm3 and a panel
of neuroglial differentiation markers in 482 single
glioblastoma cells derived from six freshly dissoci-
ated patient tumors. Table S1 summarizes clinical
and molecular characteristics of the donor tumors.
We identified positive correlations of GRM3 gene
expression with the GSC markers OCT4 and
NANOG whereas expression levels of the differentiation markers
TUBB3 and GALC were negatively correlated with GRM3 (Figure 2A).
The overall trend toward a positive correlation of GRM3 gene expression
with GSC markers versus a negative correlation with differentiation
markers persisted throughout individual patient samples (Figure S2A).
Other genes expressed at higher levels in high versus low GRM3-express-
ing cells include the GSC marker genes SOX2, SOX4, LICAM, and KLF4,
the DNA repair gene O°-methylguanine DNA methyltransferase
(MGMT), and the proneural subtype marker PDGFA (Figure S2B).
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Several cell surface markers enriched in GSCs have been identified and
appear to be associated with distinct glioblastoma subtypes,'®>" but
none of these markers definitely discriminates between GSCs and non-
GSCs.” We focused on CD133 to explore GRM3 expression in GSCs
versus non-GSCs because the presence of the ACI133 epitope of
CD133 on the cell surface, but not CD133 gene expression, enriches
for GSCs and is associated with the proneural glioblastoma subtype.*’
We first interrogated previously published gene expression data of freshly
dissected glioblastoma samples that were sorted for CD133. GRM3 gene
expression was higher in the CD133-positive cell population in seven of
eight tumors (Figure 2B), supporting that Grm3 is preferentially ex-
pressed in GSCs. Seeking to validate these data, we assessed gene expres-
sion levels of both class II metabotropic glutamate receptors, Grm2 and
Grm3, in CD133-positive versus CD133-negative cells. In three of five
freshly dissected human glioblastomas, gene expression levels of Grm3
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Figure 2. Grm3 expression in glioma-initiating cells
(A) gRT-PCR in single cells (N = 482) derived from freshly
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dissociated human glioblastomas (N = 6, Table S1). x axis:
gene expression of indicated genes. y axis: GRM3 gene
expression. Slopes of blue lines indicate correlations. (B)
GRM3 gene expression sorted for CD133 and analyzed by
Affymetrix U133 Plus 2 arrays in a publically available da-
taset."” (C) Flow cytometry of indicated GSCs utilizing
fluorescence-labeled antibodies to Grm3 and CD44 or
immunoglobulin G (IgG) isotype controls. Numbers in gates

indicate percentages.
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were higher in the CD133-positive GSC population than in CD133-nega-
tive non-GSCs, and Grm3 gene expression was overall higher than that of
Grm?2 (Figure S2C). These analyses support the heterogeneity of GRM3
gene expression among glioblastoma cells and support the notion of co-
expression of GRM3 with other stem cell enrichment markers. In glio-
blastoma cell culture models, Grm2 and Grm3 gene expression levels
were also higher in primary cultures maintained under conditions that
retain the GSC phenotype, as compared to long-term glioma cells
cultured in serum-containing differentiation medium (Figure S2D).

Flow cytometry utilizing the in vitro GSC marker CD44° confirmed the
stem-like phenotype of the majority of cells in the ZH-161 and T-325
GSC models. In ZH-161, Grm3-positive cells constituted a subpopula-
tion of approximately 15% of all cells and these were mostly CD44-pos-
itive. In contrast, all T-325 GSCs were positive for Grm3, including the
entire CD44-positive population. These differences indicate that low
versus high Grm3 mRNA expression in ZH-161 versus T-325 GSCs
(Figure 2C) reflects different extents of Grm3-positive cell populations
rather than gene expression levels within single cells. In summary, these
data indicate that Grm3 is preferentially expressed by GSCs.

Pharmacologic targeting of Grm3 inhibits cyclic adenosine
monophosphate and extracellular signal-regulated kinase
signaling

Next, we utilized two Grm2/3 negative allosteric modulators,
RO4432717 (RO1) and RO0711371 (RO2), to confirm previously
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reported biological consequences of Grm3 inhibi-
tion. The high specificity of these compounds for
targeting Grm2/3 at nanomolar concentrations
has been determined in a broad Cerep screen of
binding affinity to >100 target receptors including
other Grm subtypes, identifying half-maximal
inhibitory concentration (ICs) values of both
compounds above 5 pM for any receptors other
than Grm2/3.>* In order to achieve optimal recep-
tor blockade in the absence of off-target effects, we
performed subsequent in vitro experiments utiliz-
ing RO1 or RO2 at 100 nM. Downstream inhibi-
tion of cyclic adenosine monophosphate (cAMP)
and extracellular signal-regulated kinase (ERK)/
mitogen-activated  protein kinase (MAPK)
signaling upon targeting Grm3 has been determined previously.”
Target inhibition in glioma cells was confirmed by a FRET-based
cAMP assay where RO1 prevented forskolin-stimulated formation by
the Grm2/3 agonist LY-379268 (Figure 3A). Furthermore, RO1 or
RO2 expectedly prevented ERK phosphorylation (Figure 3B). In addi-
tion, we also considered that class I Grm might modulate G protein-
activated inward rectifying potassium channels (GIRKs), but patch
clamp recordings in T-325 and T-269 GSCs failed to demonstrate an
effect of RO1 or RO2 on GIRK currents (data not shown).

Pharmacological inhibition of Grm3 does not affect
chemosensitivity

Chemosensitization of GSCs to temozolomide (TMZ) via downregu-
lation of MGMT expression has been reported.” The DNA repair
protein MGMT is a key mediator of resistance to TMZ in newly diag-
nosed glioblastoma.””** Therefore, we first assessed growth of two
GSC lines with low (S24) versus high (T-325) MGMT protein levels™
and performed co-treatments with RO1 and TMZ. RO1 inhibited
growth of both cell lines at nanomolar concentrations, and TMZ
had an additive effect that was more pronounced in S24 (Figure 3C).
Similar results were observed upon GRM3 gene silencing utilizing
small interfering RNA (siRNA) (Figure S3A). There was no modula-
tion of MGMT protein levels by RO1 alone or in combination with
TMZ, although TMZ expectedly reduced (consumed) MGMT
(Figure 3D). In non-GSC lines with established MGMT expression
levels and half-maximal effective concentration (ECsy) for TMZ,
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inhibition of Grm2/3 by RO1 or RO2 likewise had no effect on the
sensitivity to TMZ (Figure S3B), including two cell lines with high
MGMT protein levels (LN-18, T98G) and six cell lines without detect-
able MGMT (U87MG, LN-428, LN-319, LN-229, A172, LN-308).%
In contrast to GSCs treated with RO1 or RO2, Grm2/3 inhibition
in non-GSCs had no effect on clonogenic survival (Figure S3).

Targeting Grm3 induces differentiation and inhibits
spherogenicity of GSCs

This led us to evaluate whether growth inhibition was associated with
loss of the GSC phenotype, which is characterized by self-renewal and
differentiation.” Differentiation of GSCs is reflected in vitro by the loss
of neurosphere formation and adherence of cells to culture dishes.
Fetal calf serum (FCS) lowers the threshold of GSCs to adopt this
differentiated phenotype. Upon culturing of GSCs for 5 days in the
presence of 1% FCS and 100 nM RO1, but not in the presence of
FCS without RO1, neurosphere formation of S24 GSCs was almost
entirely abrogated in favor of adhesive growth (Figure 4A). We
similarly observed attachment of neurospheres and outgrowth of an
adhesive cell layer in T-269 cells, although the particularly strong
intercellular contacts of T-269 neurospheres were not entirely dis-
solved (Figure 4A). Next, we assessed the expression of a panel of
GSC marker genes in 524 GSCs in response to Grm3 targeting in
the absence of FCS. GSC markers were downregulated by either
RO1 treatment with 100 nM for 72 h or siRNA-mediated GRM3

RO1

Figure 3. Downstream targets of Grm3 signaling

(A) Fluorescence resonance energy transfer (FRET)-based
analysis of forskolin-induced cyclic adenosine mono-
phosphate (CAMP) levels upon treatment with solvent
(DMSO), Grm2/3 antagonist (RO1) at 100 nM, Grm2/3
agonist LY-379268 (LY) at 100 nM, or both (*p < 0.01,
***p < 0.001, t test). (B) Immunoblot of indicated proteins.
ZH-161 cells were incubated in glutamate- and serum-free
medium overnight prior to treatment for 5 min with RO1 or
RO2 at 100 nM. (C) Clonogenic survival assay of indicated
GSCs co-treated with RO1 or temozolomide (TMZ) or both;
100 cells per well were seeded in 96-well plates in six
technical replicates and treated after 24 h. Metabolic ac-
tivity was assessed utilizing the MTT (3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide) assay on days
7 (S24) or 21 (T-325; *p < 0.01, **p < 0.001, t test,
referring to mono-treatment with RO1 at 100 nM versus
DMSO solvent control; n.s., not significant, two-way
ANOVA followed by Tukey’s post hoc test referring to
concentration response of TMZ in RO1 versus DMSO). (D)
Immunoblot of MGMT in T-325 cells treated with DMSO,
RO1, and TMZ as indicated for 48 h.
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gene silencing (Figure 4B). Treatment with RO1
or RO2 at 100 nM inhibited self-renewal in
sphere formation assays of five GSC lines by
12%-54% (mean 30%), including in S24 GSCs
by 25% (p = 0.015, RO1) and 17% (p = 0.042,
RO2), respectively, and in ZH-161 GSCs by
39% (p = 0.008, RO2) and 31% (p = 0.029,
RO2, Figure 5A). Similar effects were observed when spherogenicity
was assessed in a limiting dilution assay (Figure 5B) or utilizing a
range of RO1 or RO2 concentrations between 10 nM and 1 uM
(Figure 5C). Likewise, siRNA-mediated knockdown of Grm3 in-
hibited sphere formation of S24 GSCs by 64% (p < 0.001) and of
ZH-161 GSCs by 43% (p < 0.001, Figure 5D). Dynamic assessments
of exhaustion of sphere formation capacity by serial sphere formation
assays were not done.

Limited in vivo efficacy of pharmacological Grm3 inhibition

Given the similar structure and specificity of RO1 and RO2,” and the
similar effects of both drugs in vitro, we focused our efforts to explore
effects of Grm2/3 inhibition in vivo on ROI to limit the number of
utilized animals in accordance with the 3R (replacement, reduction,
and refinement) principle.”” The in vivo dose of RO1 (30 mg/kg)
was selected based on dose-finding experiments conducted by Roche,
the provider of RO1, who determined 100 mg/kg as the maximum
tolerated dose (data not shown). In the ZH-161 GSC xenograft model,
daily treatment with RO1 (30 mg/kg) for 2 weeks inhibited tumor
growth by 71% compared to mice treated with a solvent control
(N = 3 mice/group, p < 0.05), but not in the T-325 GSC xenograft
model (Figure 6A), and no effect of RO1 on apoptosis, invasiveness,
or survival of mice bearing either ZH-161 or T-325 glioblastomas was
observed (Figures 6B-6D). In vivo gene silencing experiments were
precluded, because only transient gene silencing could be achieved
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in vitro (data not shown). In summary, these data suggest that the
stem-like phenotype of GSCs can be targeted to inhibit tumor growth
utilizing negative allosteric inhibitors of Grm3, although monother-
apy approaches targeting Grm3 may not suffice to overcome the ma-
lignant phenotype of glioblastoma.

DISCUSSION

Novel treatment approaches against glioblastoma are urgently
needed. A key challenge to effectively treating glioblastoma is posed
by the extensive cellular heterogeneity of these tumors."* Cell cycle
gene expression is enriched in two stem-like cellular states designated
oligodendrocyte progenitor cell-like and neural progenitor cell-like,”
supporting a concept of cellular hierarchy where tumor progression is
driven by undifferentiated GSCs at the apex giving rise to more differ-
entiated bulk tumor cells.”

Using database interrogations and gene expression analyses of human
single and fluorescence-assisted sorted glioblastoma cells along with
functional studies, our experiments indicate that Grm3 is enriched
in GSCs and that glutamate signaling through Grm3 may play a
pivotal role for the maintenance of the GSC phenotype. In contrast,
non-GSCs were unaffected by Grm3 inhibition. Pharmacologic inhi-
bition of Grm3 signaling utilizing two members of a novel class of
negative allosteric modulators of Grm3 signaling inhibited self-
renewal, GSC marker expression, and in vivo tumor growth in one
of two GSC xenograft models. Notably, survival was not prolonged
by this monotherapy approach. The observed growth inhibitory effect
in one model and previous pharmacokinetic studies suggest that
insufficient drug delivery was unlikely the reason for this discrepancy.
One possible explanation may be that GSCs tend to adopt proneural
features upon in vitro culturing,”’ while the utilized models expressed
CD44, a marker of the mesenchymal subtype, which appeared to be
less dependent on Grm3 in our database analyses. The lack of an effect
of Grm3 inhibition on tumor invasion and failure to induce apoptosis
suggest that mere targeting of the GSC state may not suffice to
improve outcome and warrants combination treatment approaches
to exploit potential synergy with cytotoxic treatment approaches,
albeit we observed no synergy with TMZ in vitro. Considering that
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we further speculate that the observed moderate

in vitro inhibition of GSC self-renewal by Grm3
inhibition may still exert relevant long-term effects on overall tumor
growth.

A previous study investigating a role of Grm3 for GSCs suggested sensi-
tization to TMZ upon Grm3 inhibition through transcriptional sup-
pression of MGMT, but we observed no more than additive effects
of Grm3 inhibition and TMZ and no modulation of MGMT expression
by RO1. Radiotherapy schedules have been optimized by mathematical
modeling to specifically target vulnerable states of GSCs.”* Targeting
Grm3 may promote cycling of GSCs toward more vulnerable cellular
states, warranting further mathematical exploration and pre-clinical
validation of synergy of combined radiotherapy and Grm3 inhibition.

Our findings expand on two recent reports of glutamate signaling via
bona fide synapses between neurons and post-synaptic, presumably
GSC-like, cells, both of which focused on ionotropic glutamate recep-
tor signaling.”” Beyond synaptic transmission, glutamate is also
released excessively into the tumor microenvironment by glioma
cells,”* supporting the progression of gliomas via autocrine and
paracrine activation of ionotropic o-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA)-type ionotropic glutamate recep-
tors’® and inducing neuronal cell death through hyperactivation of
inward calcium currents via N-methyl-p-aspartate (NMDA)-type
glutamate receptors.”’ By enhancing the excitability of neurons in
the tumor microenvironment and promoting epilepsy,” glutamate
signaling may moreover promote synaptic transmission to activate
GSCs. Whether Grm3 is activated primarily in an autocrine and para-
crine manner, synaptically, or both remains to be determined.

Notably, glutamate signaling in glioblastoma can be targeted pharma-
cologically at multiple levels utilizing drugs that are well established in
clinical practice for other purposes. The anti-epileptic drug gabapen-
tin can lower the interconversion of a-ketoglutarate to glutamate,*
and the anti-inflammatory drug sulfasalazine inhibits the cystine/
glutamate antiporter system x.,”” with both resulting in decreased
glutamate secretion into the tumor microenvironment to inhibit
neuronal excitation and thus presumably reduce the activity of
neuron-glioma synapses. The anti-dementia drug memantine may
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have neuroprotective effects to counteract against excessive NMDA-
type glutamate receptor activation,”’ and the anti-epileptic AMPA-
type glutamate receptor inhibitor perampanel may directly
counteract oncogenic synaptic signaling between neurons and glioma
cells.®” Therefore, negative allosteric modulators of Grm3 may also be
explored in combination with other anti-glutamatergic drugs to
counteract the oncogenic effects of glutamate at multiple levels.

Of note, despite the strong rationale for glutamate-targeted therapy ap-
proaches of gliomas, the central clinical study registration portal of the
US ClinicalTrials.gov lists only two such studies as of November 22,
2020. One ongoing study in glioblastoma patients explores the efficacy
of the anti-alcoholic drug disulfiram, which is thought to inhibit gluta-
mate uptake in the brain, with the primary endpoint being overall sur-
vival (ClinicalTrials.gov: NCT02715609). The other glutamate-targeted
study listed is in the planning phase and will include any glioma patients
with drug-resistant epilepsy for treatment with perampanel or a

frequency, survival will also be recorded and likely
be reported post hoc. A third study explored the
feasibility of a specific diet to reduce intratumoral
glutamate levels as determined by magnetic resonance spectroscopy,
with results being awaited in due time (ClinicalTrials.gov:
NCT02286167). Thus, there is an unmet need of clinical studies
exploring the efficacy of glutamate targeting in glioma patients.

Supporting the feasibility of future exploration of Grm3 inhibition in gli-
oma patients, a similar negative allosteric modulator of Grm2/3 (deco-
glurant) was well tolerated by patients treated in a phase II clinical trial of
major depressive disorder (ClinicalTrials.gov: NCT01457677). Along
the same lines, treatment applications of Grm2/3 negative allosteric
modulators for other psychiatric disorders have been suggested based
on promising preclinical and preliminary clinical data, including cogni-
tive enhancement, psychotic disorders, and sleep-wake disorders.”

The presence of a negative correlation of GRM3 gene expression with

survival in glioblastomas with proneural gene expression, but not in
patients with classical and mesenchymal glioblastoma, is of note,
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Figure 6. Limited in vivo effects of RO1

Tumors were generated by orthotopic injection of 100,000
ZH-161 or T-325 cells in nude mice. Beginning on day 14
after implantation, mice were treated daily for 7 days by oral
gavage with RO1 (30 mg/kg in 0.3% Tween 20 in saline) or
solvent control. Three animals per group were euthanized
on day 21 after tumor cell implantation for tissue analyses.
(A) Tumor volumes were determined by area measurement
on at least five hematoxylin and eosin (H&E)-stained slides
per tumor utilizing ImagedJ followed by calculation per stack
height. (B) Survival was defined as the time from tumor cell
implantation to the development of neurological symptoms
or loss of at least 15% weight (N = 5-7 mice per group, log
rank test not significant). (C) Tumor invasion was deter-
mined by counting of tumor cell islands, defined as at least
50 cells at a distance of at least two cell layers from the
tumor bulk (yellow lines). (D) Apoptosis was determined by
cleaved caspase-3 staining (arrowheads indicate groups of

T-325
caspase-3-positive cells).
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because on the single-cell level, proneural gene expression is associ-
ated with the expression of stemness-related genes.'> Although glio-
blastoma gene expression subtypes are associated with distinctive

. 34,35
genomic features,

these oncogenic differences may merely result
in a different cell type composition. Whether targeting Grm3 should
be confined to proneural glioblastoma remains elusive, because
Grm3-positive GSCs may as well reside in other subtype glioblas-
tomas at lower frequencies and may likewise drive the malignant
phenotype of these tumors,”' and associations of the expression of

single genes with survival need to be interpreted with caution.

In summary, Grm3 may be a novel, pharmacologically accessible
target in glioblastomas, although future studies will be required to
decipher the precise molecular mechanism of potential anti-glioma
activity of Grm3 inhibitors. To date, drugs to specifically target the
GSC phenotype are lacking. Clinical exploration of Grm3 targeting
in glioblastoma patients is warranted.

MATERIALS AND METHODS

Extended Supplemental materials and methods are available online.

Database interrogations

Publically available microarray and clinical data on glioma patients,
% and genomic data for cross-cancer analyses, were acquired from
TCGA. Data were accessed on October 31, 2019 and analyzed utilizing
the web tools cBIO portal (www.cbioportal.org)'* and Xena (https://
xena.ucscedu)'’, or the R2 genomics analysis and visualization

36—
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Glioblastoma samples were collected from pa-
tients who were treated at the Department of
Neurosurgery, University Hospital Zurich, Zurich, Switzerland. Writ-
ten informed consent was obtained from all individuals and tissue
collection was approved by the local ethics committee.

Cells and reagents

The GSC lines ZH-161, ZH-305, S24, T-325, and T-269 were estab-
lished from freshly resected tumors and cultured as sphere cultures
under stem cell conditions. All other cell lines were cultured under
standard adherent conditions. Stem cell conditions for culturing
GSCs were neurobasal medium supplemented with B-27 (20 pL/mL;
Invitrogen), GlutaMAX (10 pL/mL; Invitrogen), fibroblast growth fac-
tor-2, epidermal growth factor (20 ng/mL each; PeproTech), and hep-
arin (32 IU/mL; Ratiopharm). Growth factors were replenished twice
weekly. The non-GSC LN-18, LN-229, LN-308, LN-319, and LN-428
glioma cell lines were kindly provided by N. de Tribolet, and T98G,
U87MG, and A172 glioma cell lines were purchased from the Amer-
ican Type Culture Collection. Non-GSC cell lines were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10%
FCS. Dimethyl sulfoxide was utilized as a solvent for TMZ (Merck)
and Grm2/3 negative allosteric modulators RO1 and RO2 at final con-
centrations of 0.2%. Grm2/3 negative allosteric modulators RO1 and
RO2 were provided by F. Hoffmann-La Roche.

Single-cell gqRT-PCR

Glioblastoma tissues were obtained from the operating room and
immediately dissociated using a papain-based dissociation system
(Worthington Biochemical). Leukocytes were depleted using
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anti-human CD45 MicroBeads (Miltenyi Biotec). The C1 single-
cell auto prep instrument (Fluidigm) was used for capturing single
cells. Pre-amplified cDNA was utilized for qPCR with the Biomark
HD system with IFC Controller HX (Fluidigm) and 2x SsoFAST
EvaGreen supermix with low ROX (Bio-Rad).

CD133 magnetic-activated cell sorting and qRT-PCR

Separation of freshly dissociated tumor specimens into CD133-posi-
tive and CD133-negative cell fractions was performed using MicroBe-
ads conjugated to the mouse anti-human CD133/1 epitope antibody
(clone AC133, Miltenyi Biotec). Depletion of CD45-positive cells was
followed by separation of CD133-positive and CD133-negative cell
populations utilizing magnetic-activated cell sorting (MACS) LS col-
umns (Miltenyi Biotec). All differential mRNA expression data were
obtained from cells lysed immediately following magnetic sorting.

cAMP assay

A cell-based competitive immunosorbent assay kit to detect cAMP
was utilized (cisbio). Adenyl cyclase stimulation was done with for-
skolin at 10 uM with or without the Grm2/3 agonist LY-379268 at
100 nM or RO1 or both. Fluorescence resonance energy transfer
(FRET) between XL665-labeled cAMP and a cryptate-labeled mono-
clonal anti-cAMP antibody was measured utilizing a Tecan Infinite
plate reader (Tecan).

siRNA-mediated gene silencing

For transient transfections, glioma cells were seeded in six-well plates
and transfected with 100 nM specific or scrambled control siRNA by
electroporation using the Neon transfection system (Invitrogen).
Pools of control and GRM3 siRNA oligonucleotides were purchased
from Thermo Scientific using siGENOME SMARTpool.

Statistical analysis

For column statistics of in vitro experiments, an unpaired t test or
one-way ANOVA was performed, followed by correction for multiple
testing utilizing the Holm-Sidak method or Tukey’s post hoc test, as
indicated. The in vitro experiments reported herein were performed
at least two times in triplicate with similar results and analyzed using
Prism 8 (GraphPad). The log rank test was applied for survival statis-
tics. Correlations of gene expression in single cells were assessed by an
unpaired t test and Bonferroni correction for multiple testing in the
statistical environment R (v3.3.2) utilizing the ggplot2 package for
graphical display. Statistics for database analyses were performed uti-
lizing the respective web tools through which data were accessed and
visualized. Copy number alterations annotated by Xena were calcu-
lated by GISTIC2.0 with estimated values —2, —1, 0, 1, and 2 repre-
senting homozygous deletion, single copy deletion, diploidy, low-level
copy number amplification, or copy number gain, respectively.’’
DNA methylation values annotated by Xena are described as beta
values derived at the Johns Hopkins University and University of
Southern California TCGA genome characterization center as contin-
uous variables between 0 and 1, representing the ratio of the intensity
of the methylated bead type to the combined locus intensity.

Throughout the manuscript, p values <0.05 were considered statisti-
cally significant.

SUPPLEMENTAL INFORMATION
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