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Abstract: Background: We have previously reported that the endocannabinoid receptor inverse
agonist AM630 is a potent inhibitor of isocitrade dehydrogenase-1 wild-type glioblastoma (GBM)
core tumour cell proliferation. To uncover the mechanism behind the anti-tumour effects we have
performed a transcriptional analysis of AM630 activity both in the tumour core cells (U87) and the
invasive margin cells (GIN-8), the latter representing a better proxy of post-surgical residual disease.
Results: The core and invasive margin cells exhibited markedly different gene expression profiles
and only the core cells had high expression of a potential AM630 target, the CB1 receptor. Both cell
types had moderate expression of the HTR2B serotonin receptor, a reported AM630 target. We found
that the AM630 driven transcriptional response was substantially higher in the central cells than in
the invasive margin cells, with the former driving the up regulation of immune response and the
down regulation of cell cycle and metastatic pathways and correlating with transcriptional responses
driven by established anti-neoplastics as well as serotonin receptor antagonists. Conclusion: Our
results highlight the different gene sets involved in the core and invasive margin cell lines derived
from GBM and an associated marked difference in responsiveness to AM630. Our findings identify
AMBS630 as an anti-neoplastic drug in the context of the core cells, showing a high correlation with the
activity of known antiproliferative drugs. However, we reveal a key set of similarities between the
two cell lines that may inform therapeutic intervention.
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1. Introduction

Cell fate decisions are key in the homeostatic maintenance of the cellular milieu as
well as in the survival of tissues and organisms. Uncontrolled cell proliferation occurs in
tumoral cancer cells as a direct consequence of dysregulated cell cycle phases due to a
lack of effective cell cycle DNA checkpoints as the cell grows and divides. In the central
nervous system (CNS), different systems control cell fate decisions to maintain an effective
and functional brain circuitry [1]. Pathological alterations of this brain cellular network
occur in different pathologies such as brain tumours [2].

The high-grade malignant brain tumour, isocitrate dehydrogenase-1 wild-type glioblas-
toma (GBM)), is the most frequent and aggressive primary de novo tumour of the CNS, with
a median survival of 14.6 months from diagnosis in patients multimodally treated with
surgery, radiotherapy, and chemotherapy [3]. Despite multiple clinical trials and studies
from several laboratories worldwide, there is no cure, unlike the treatment scenario for
other tumours [4]. Median survival after diagnosis is virtually unchanged since records
began in the 1930s, with extent of surgical resection being the best indicator of survival [5].
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In the developed brain the neuromodulatory activity of the endocannabinoid (eCB)
system is the control of neural excitability through retrograde signalling to inhibit presy-
naptic transmitter release [6]. However, during development, the eCB system functions to
promote neurite outgrowth [7]. Pro-proliferative activity associated with eCB signalling has
been reported in the neural stem cell niche of the subventricular zone and hippocampus
of rodents [8]. RNAseq analysis of brain cell types reveal potential eCB responsiveness of
microglia, oligodendrocytes, and astrocytes [9]. These effects are key in the neuroimmune
and neuroprotective interactions of the eCB in response to different insults. In addition,
the eCB network is an important regulator of brain cell fate determination (i.e., prolifer-
ation, migration and differentiation) in healthy and in pathological conditions. Signal
transduction via cannabinoid receptors (CB1 and CB2) or via orphan GPCRs cannabinoid
receptor-like receptors (GPR18, GPR55 and GPR119), leads to the proliferation, differentia-
tion, and cell death events of brain cells, and this has important consequences for neural
development and brain repair [10]. Thus, associated signalling pathways of the brain
cannabinoid system are known to mediate several events in both the developing and adult
nervous systems [11,12]. The eCB system has also been widely studied in the context of
cancer [11] with overexpression of eCBs and their receptors associated with tumour aggres-
siveness [13]. A dysregulation of eCB levels, which produced a modified responsiveness
to specific ligands, has been shown in different cancer cell lines [14]. Interestingly, the
peripheral CB receptor CB2 has been characterised as a novel murine proto-oncogene and
confirmed to have a role in leukaemia development [15] and in the promotion of renal cell
carcinoma prognosis and progression [16]. Other studies have implicated CB2 receptors
as regulators of HER2 pro-oncogenic signalling, demonstrating that genetic inactivation
of the CB2 receptor impairs tumour generation and progression in MMTV-neu mice [17].
However, the precise molecular mechanisms directing many of the above cellular events
are still far from being completely understood.

In previous studies, we have found that the pharmacological blockade of the CB1 or
CB2 receptor signalling pathways impairs (by targeting the mitochondrial unfold protein
response (UPRmt)) the in vitro proliferation of human GBM cells obtained from the core
region (U87) suggesting that CB2 cannabinoid receptors are somehow involved in the
proliferation of these GBM cells [18]. The in vivo or in vitro effects of eCBs in tumour cell
fate are an open debate in the scientific community that needs deeper investigation as the
studies are limited and the molecular mechanisms underlying eCB activity in this context
are poorly understood. Moreover, there is an increasing appreciation of GBM inter- and
intra-tumour heterogeneity which manifests via evolutionary mechanisms [19], and we
have shown that the infiltrative margin of GBM exhibits distinct transcriptomic profiles
from other intra-tumour regions and is more representative of post-surgical minimal
volume residual disease [20].

With the aim of uncovering the biological mechanisms behind the anti-tumour activity
associated with eCB receptor inhibition, we performed a detailed investigation into the gene
expression changes driven by receptor inhibition in the context of the core and invasive
margin cell populations of GBM. Specifically, we performed a microarray analysis of the
gene expression perturbation driven by the CB2 receptor inverse agonist AM630 in GBM
primary cell cultures from the central U87 cells and the more clinically relevant invasive
margin GIN-8 cells.

2. Materials and Methods
2.1. Reagents

The selective CB2 inverse-antagonist (AM630) was purchased from Tocris (Bristol, UK).
All other reagents and materials for cell cultures were obtained from standard suppliers.

2.2. Cellular Models

All cell lines (U87 and GIN-8) used in this project were of human origin, obtained from
Dr Ruman Rahmam (University of Nottingham). U87 cells confirmed on short tandem
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repeat (STR) genotyping, isolated from the core of a GBM tumour and sourced commercially,
were used as a biological positive control for GBM cells. The glioma invasive margin (GIN-8)
cell line, isolated from the tumour infiltrative edge, were derived in-house from surgeries
at the Queen’s Medical Centre, Nottingham (comparable to their respective primary tissue
on STR). Monolayer cells cultures were prepared as described previously [20,21]. Briefly,
cells were plated into T75 cell culture flasks (Nunc, UK) until reaching confluency. Cells
were trypsinised and plated at a density of 25,000 cells/mL in 6-multiwell plates in DMEM
(Sigma, UK), supplemented with 10% foetal bovine serum (Sigma, UK), 5 microM sodium
pyruvate (Sigma, UK), 5 microM L-Glutamine (Sigma, UK) and maintained in a humidified
incubator at 37 °C and 5% CO;. Cells grown in 6-well plates were treated with AM630
(5 microM) or vehicle for 24 h at 37 °C. Cells were then harvested for microarray analysis.

2.3. Microarray Analysis

Following cell treatment, the expression changes relative to control were assayed on a
microarray chip with quadruplicate samples. Cells were lysed in Absolutely RNA Miniprep
Kit lysis buffer and 3-mercaptoethanol (Agilent Technologies, UK). RNA was then extracted,
and quality assessed (RNA integrity number > 8) using a Bioanalyser (Agilent Technology).
RNA expression levels were measured on Affymetrix Human Genome U133 plus 2.0
(GPL570) chip following library preparation and labelling by Nugen Ovation V2 and
Nugen Encore as per the supplier’s recommended procedure (https:/ /www.selectscience.
net/products/ovation-rna-seq-system-v2, accessed on 20 December 2021). The resulting
expression data were pre-processed using RMA normalisation with the Bioconductor affy
package [22].

2.4. Expression Analysis

The cellular phenotype is related to the repertoire of expressed genes. Our data was
generated on microarrays and is in the form of probe levels, where, in general, multiple
probes map to individual genes. One way of quantifying the relative expression level of a
gene in a given sample is to relate the corresponding probe levels to their averages over
a large number of diverse samples. Our data was generated on the Affymetrix Human
Genome U133 Plus 2.0 Array platform, for which the NCBI GEO hosts 145,000 samples,
making it the most popular array platform. We adopted a non-parametric approach where
we compared probe levels via their relative ranks. The relative expression levels of probes
were collected for the samples deposited on GEO data and our samples of untreated cells.
The ranks were scaled to lie between zero for the highest expression probe to unity for
the lowest. The relative rank of each probe was defined as 4~ for r < rg and 1’5 for
r > rg, where r and rj are the average probe ranks over the given cell type samples and
the set of samples deposited on GEO, respectively. Probes were then mapped to genes,
and in the case of degeneracy, the probe with the largest relative rank mapping to the
gene. The resulting profile is the gene rank profile (GRP). This analysis is the same as that
presented by Hompoonsup et al. [23]. The rank profiles for the U87 and GIN-8 cells are
given in Table S1.

The GRP corresponding to the untreated cell samples were queried against RNAseq
data for a panel of cancer cell lines hosted by The Cancer Genome Atlas (TCGA)
(https:/ /cancergenome.nih.gov/, accessed on 20 December 2021). The panel consists
of 7932 samples from 17 cancer types. Samples corresponding to a given cancer type
were grouped and the cancer type gene expression levels were assigned to the median
of the group, resulting in 17 profiles of median expression. The median fragments per
kilobase million (FPKM) for the 17 cancer types are given in Table S2 together with the
abbreviation definitions. The gene expression levels were then ranked and compared to
the ranked gene expression levels across the Genotype-Tissue Expression (GTEx) normal
tissue RN Aseq data (https://gtexportal.org/, accessed on 20 December 2021) to generate
relative rank profiles similar to the microarray procedure discussed above. Because of the
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non-parametric nature of the profiles, we compared our profiles with the TCGA profiles
using the Spearman rank correlation analysis.

Expression profiles contrasting the core and invasive boundary cell populations and
for the cannabinoid inhibitor effects were based on the differences in group average probe
expression levels and ranked based on linear fit Z scores. The probes were mapped to
genes with the maximal magnitude Z score selected in cases of alternative probes.

Profiles were compared with a Spearman rank correlation analysis and Fisher exact
test across subsets of significantly regulated genes shared by the two profiles.

2.5. Drug Comparison

The AM630 profiles were queried against the Connectivity Map (CMAP) [24] data
comprising the transcriptional profiles of 1309 drug-like compounds using the SPIED plat-
form [25]. The CMAP drugs were ranked according to the Fisher exact test for shared genes.

2.6. Transcription Factor Co-Expression Profiles

Transcription factor co-expression profiles (IFCEP) were generated by collecting pairs
of genes with the highest co-expression patterns across the 600,000 expression samples
comprising SPIED [25]. Co-expression was measured by a Fisher exact test across samples
for which both genes showed significant deviation from the sample series average. Each
gene is assigned a profile consisting of the top 500 positively and negatively co-expressed
genes. The transcription factor subset is obtained with reference to the gene ontology [26]
assignment (GO:0003700).

2.7. Pathway Analysis

Pathway enrichment analysis was based on a variant of the Kolmogorov-Smirnoff (KS)
statistic. This is similar to the approach used in Gene Set Enrichment Analysis (GSEA) [27].
The expression profile to be analysed was ordered based on the Z-score in the case of
internally contrasted profiles, and the relative rank in the case of profiles based on a
comparison with external data. The KS measures the maximal displacement, D, from the
null hypothesis distribution of a cumulative distribution of pathway genes on the ranked
profile. The null distribution corresponds to the distribution of D for N random selections
from an ordered set of M. Explicitly, for a cummulitive pathway gene count C;:

Dmax = max; (Ci — l)

N M
Dmin = min; <% — ]\l/I>

We observe that the distribution of Dmax + Dmin is normal with a standard deviation
approximated by

(N, M) ~ (ﬁ—aﬁ)% N

where a = 0.3274679, B = 0.3327016 and v = 0.491337. The reported statistic is the Z score
Dmax+Dmax
= .

3. Results
3.1. The GBM Core and Invasive Margin Cells Show Distinct Gene Expression Patterns

Our first goal in this study was to contrast the two cell lines derived from the core
and invasive margin of the GBM tumour. This was facilitated by global gene expression
profiling as cell functionality was encoded in the set of genes expressed in the given cell
line. Expression ultimately only has meaning in relation to levels seen in other cellular
contexts. Thus we quantified gene expression by comparing the probe level ranks in
the samples relative to their ranks across multiple samples profiled on the same array
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platform, to generate a GRP [23]; see Methods. Comparing the GRP with similar profiles for
multiple cancer cell lines from The Cancer Genome Atlas (TCGA) (https://cancergenome.
nih.gov/, accessed on 20 December 2021) further strengthens our understanding of the
basal transcriptomic profile of the core cell population (see Table 1). However, the invasive
cell population had no correlation with any cell lines of this cancer panel (see Table 1). A
pathway analysis of the two GRPs is shown in Table 2. Thus, it appears that the GBM
infiltrative margin exhibited a unique transcriptomic profile relative to the tumour core.
The TCGA data was primary data from 206 patients with classical, mesenchymal and
proneural subtypes of GBM.

Table 1. The rank expression profiles for the untreated cells compared to a panel of cancer cell types
from the TCGA database. The rank expression profile for the untreated core cells was queried against
a panel of 17 cancer cell lines from the TCGA database. The Spearman rank correlation coefficient is
shown together with the Z score significance level. It is clear that the core cells correlate best with the
GBM cell line from the TCGA database, shown left. The invasive GBM cell population, at right, has
no positive correlation with any of the cancer cell types, including GBM.

CORE INVASIVE

CELL r z CELL r Z
GBM 0.33 42.09 SKCM —0.05 —6.72
SKCM 0.30 38.12 UCEC —0.06 —7.02
BRCA 0.28 35.72 GBM —0.07 —8.56
LUSC 0.27 34.09 TGCT -0.07 —8.98
HNSC 0.26 32.79 LIHC —0.08 —9.82
BLCA 0.26 32.64 ov —0.08 —10.08
TGCT 0.25 32.62 KIRP —0.08 —10.07
ov 0.25 31.90 PAAD —0.08 —10.48
CESC 0.24 30.97 READ —0.08 —10.48
UCEC 0.24 29.86 HNSC —-0.09 —-11.21
STAD 0.23 29.94 BLCA —0.09 —11.24
PRAD 0.23 29.57 KICH —0.09 —11.65
THCA 0.21 26.94 COAD -0.09 —-11.72
LUAD 0.21 26.73 CESC —0.10 —12.15
COAD 0.21 26.40 PRAD —0.10 —12.61
READ 0.21 26.21 THCA —0.10 —12.57
KIRC 0.21 26.40 STAD —0.12 —14.59
KICH 0.21 25.85 LUSC —-0.12 —15.39
PAAD 0.20 25.56 LUAD -0.13 —16.28
KIRP 0.19 2391 KIRC —0.14 —17.13
LIHC 0.17 20.84 BRCA —0.14 —17.76

It is clear that the core GBM cells expressed high levels of the CB1 receptor (CNR1)
but not the CB2 receptor (CNR2) (see Figure 1). This led us to investigate alternative
targets for AM630 activity. A comprehensive investigation of CNR2 ligand profiling [28]
delimited the off-target activity of AM630. In total 11 non-CB2 targets were identified:
CNR1, TRPA1, A3 receptor (ADORA3), GABA-gated Cl-channel (GABRA1), FP (PTGFR),
5-HT2A /B receptors (HTR2A andHTR2B), KOP (OPRK1), PPARG, COX2 (PTGS2). Of
these, CNR1 shows the highest expression within the core cell population. Whereas in
the invasive margin cells, neither of the CB receptors were expressed. The only putative
target for AM630 engagement with the invasive margin cells were the 5-HT serotonin
receptors (HTR2A and HTR2B) and the transient receptor potential channel TRPA1. The
serotonin receptors had moderate expression in both cell populations and we expected
any shared response to AM630 to be through inhibition of these receptors. By virtue of the
high expression of the CB1 receptor in the core cells it was reasonable to expect that these
cells will be more responsive to AM630 than the invasive margin cells. This exemplifies the
caution needed when predicting preclinical drug selection and dosing, upon data generated
from the GBM core. Our data support the notion that drug selection/dosing should be
informed by the clinically-relevant infiltrative margin of GBM.
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Table 2. Positively enriched pathways in the GPR profiles for the core and invasive margin cells.
As expected, the core cells show a large positive enrichment with a series of cancer-associated
pathways, shown at left. In contrast, the invasive GPR enrichment scores are more modest and reveal
a distinctly unique pathway enrichment relative to the core. The full list of enriched pathways is

given in Table S3.

Core Invasive

z Pathway z Pathway

13.98 CHEK2 PCC NETWORK 8.79 ES WITH H3K27ME3

13.96 TARGETS OF MIR192 AND MIR215 8.60 MEF HCP WITH H3K27ME3

13.57 MYCN TARGETS WITH E BOX 7.59 PRC2 TARGETS

13.16 BRCA1 PCC NETWORK 7.36 SUZ12 TARGETS

12.58 LUNG CANCER POOR SURVIVAL A6 7.08 TRANSIENTLY UP BY 2ND EGF PULSE ONLY

11.59 NANOG TARGETS 6.99 EED TARGETS

10.61 ACINAR DEVELOPMENT LATE 2 6.94 MCV6 HCP WITH H3K27ME3

10.61 CYCLING GENES 6.34 NPC HCP WITH H3K4ME2 AND H3K27ME3

10.45 RB1 TARGETS SENESCENT 5.74 BRAIN HCP WITH H3K27ME3

10.25 TARGETS OF SMAD2 OR SMAD3 5.63 NPC HCP WITH H3K27ME3

9.95 LIVER CANCER 5.58 EBNA1 ANTICORRELATED

9.95 BRCA2 PCC NETWORK 5.49 TP63 TARGETS

9.92 BOUND BY E2F4 UNSTIMULATED 5.16 EGF RESPONSE 480 HELA

9.60 mir21 targets 5.16 dilated cardiomyopathy

9.33 MIR21 TARGETS 4.87 GASTRIC CANCER CHEMOSENSITIVITY

9.10 RB1 TARGETS CONFLUENT 4.84 BREAST CANCER 16P13 AMPLICONn

8.99 EMBRYONIC STEM CELL CORE 4.79 FOCAL ADHESION

8.91 SOX2 TARGETS 4.31 ES ICP WITH H3K27ME3

8.88 TARGETS OF MIR34B AND MIR34C 4.21 MBD TARGETS

8.69 HYPOXIA NOT VIA KDM3A 4.20 NFAT 3PATHWAY
GENE Relative Rank GENE Relative Rank
CNR1 B 094 HTR28 f0.41
HTR2B TRPA1 10.36
PTGFR HTR2A 10.26
TRPA1 PPARG /18
HTR2A GABRA1 .07
PPARG CNR2 Bo.o8
OPRK1 ADORA3 Bo.17
GABRA1 OPRK1 ®o.19
ADORA3 PTGS2 [o.26
PTGS2 PTGFR [ o.55
CNR2 CNR1

High Expression

[ Low Expression

Figure 1. The relative expression levels of candidate targets for AM630 in the core and invasive cell
populations. Genes that are reported as off-target for AM630 are expressed at different levels in
the two cell populations with the CB1 receptor (CNR1) showing the highest expression in the core
cells, indicating that the dominant activity elicited by AM630 in this population will most likely be
mediated through this receptor, shown at left. In contrast, the invasive margin cells do not have
conspicuously high CNR1 expression, shown at right. Only the 5-HT serotonin receptor HTR2B is
upregulated in both populations, suggesting that a shared activity of AM630 might involve serotonin
receptor antagonism. See Table S1 for the full rank profiles for the U87 and GIN-8 cells.
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3.2. The AM630 Driven Differential Expression Profiles in the GBM Cells Point to an
Anti-Proliferative Activity in the Context of the Core Tumour Cells

Our next objective was to probe for differences in the the GBM-derived cell lines by
looking at the expression changes driven by the CB2 receptor inverse agonist AM630. We
found that AM630 drove a substantial transcriptional response in the core cell population.
The transcriptional response was symmetrical and substantial, with 1514 and 2168 two-
fold up and downregulated genes (see Figure 2). This was in contrast to the invasive
margin cells, where there are 688 and 575 two-fold up and down regulated genes. The full
differential expression profiles are given in Table 54.

-log2(prob)
N N w W L
S o S o ©

=y
(4]
T

log2(T/C) log2(T/C)

Figure 2. Volcano plot of genes significantly perturbed by AM630. The response is substantial in the
core cells (left) but relatively dampened in the invasive margin cells (right).

The muted transcriptional response to AM630 in the invasive margin population had
only a moderate correlation with the core cell response. Comparing probes with significant
expression differences (at the three standard deviation from the null level) between the
treatment and control in the two cell populations, we saw a slight correlation in the
AMB630 response (see Figure 3). This observation might speak to the similar expression
level of serotonin receptors in the two cell populations.

CORE INVASIVE
AM630 CONTROL AM630 CONTROL
[——=5] [
== -
__ -
e
e [—
pE=——=
-—
— . =
—-_
-—
o=} =
Lm_) LI EX
[ — -15
— o

-0.5
0.0
0.5
1.0
— B
20

Figure 3. The probes that are significantly perturbed by AM630 in both the core and invasive margin

cells. Probe levels are shown for which both the AM630 core and invasive cell expression change
is above three standard deviations from the null. The total number of probes is 64 and there is a
significant correlation between the responses in both cell types, with a Fisher exact test score of
p <0.004 (UU 28, UD 7, DU 13 and DD 16, where U = up regulated and D = down regulated).
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Pathway enrichment of the genes perturbed in the core population showed a clear
up regulation of immune response genes and down regulation of cell cycle and metastatic
pathways (see Table 3). In contrast, the weaker response in the invasive margin was
associated with more modest pathway enrichment (see Table 4). However, of note was the
down regulation of tumour invasiveness genes and the MYC oncogene signature indicated
an anti-neoplastic AM630 activity in this context.

Table 3. The positive and negative enrichment of pathways in the AM630 transcriptional response of
the core cell population. AM630 up regulates an immune response together with TP53 and interferon
and a down regulation of cell cycle and cancer-associated pathways. See Table S5 for a full list of

enriched pathways.
Up-Regulated Pathways Down-Regulated Pathways
Z-Score Pathway Z-Score Pathway
7.22 TP63 TARGETS —14.33 CHEK2 PCC NETWORK
7.03 TRANSIENTLY UP BY 1ST EGF PULSE ONLY —14.28 BRCA1 PCC NETWORK
6.18 TP53 TARGETS —14.05 EMBRYONIC STEM CELL CORE
6.03 IFNA RESPONSE —14.04 BOUND BY E2F4 UNSTIMULATED
5.85 CLASS 3 TRANSIENTLY INDUCED BY EGF —13.20 MYCN TARGETS WITH E BOX
5.60 ENDOCRINE THERAPY RESISTANCE 3 —12.51 ACINAR DEVELOPMENT LATE 2
5.57 INTERFERON RESPONSIVE GENES —12.45 BRCA2 PCC NETWORK
5.44 TP53 AND TP63 TARGETS —12.32 LUNG CANCER POOR SURVIVAL A6
CERVICAL CANCER PROLIFERATION
5.33 IMMUNE SYSTEM —11.84 CLUS-TER
5.26 AMINO ACID DEPRIVATION —11.27 TARGETS OF MIR34B AND MIR34C
5.04 IFNB1 TARGETS —10.88 RB1 TARGETS SENESCENT
INTERFERON INDUCED ANTIVIRAL
4.99 MOD-ULE —10.49 CELL CYCLE MITOTIC
4.94 RESPONSE TO UV C0 —10.40 PLURINET
4.89 RESPONSE TO ARSENITE —10.23 XPRSS INT NETWORK
4.50 INTERFERON ALPHA BETA SIGNALING —9.94 CYCLING GENES
4.48 LMP1 RESPONSE EARLY -9.78 RB1 TARGETS GROWING
4.38 GENERIC TRANSCRIPTION PATHWAY —-9.70 CELL CYCLE GENES IN IR RESPONSE 24HR
4.37 INTERFERON ALPHA BETA SIGNALING —9.52 BRCA CENTERED NETWORK
ANTIGEN PRESENTATION FOLDING
4.36 AS-SEMBLY —-9.32 DNA REPLICATION
425 AMYLOIDS —-9.14 PEDIATRIC CANCER MARKERS

The main affected pathways in the boundary of the tumour after AM630 exposure
(Table 4) were epigenetic markers related to chromatin remodelling via histones modifica-
tion (i.e., H3K27me3, PCR2 targets, SUZ12 targets) These genes, that are normally expressed
in embryonic cells but not in adult tissues are reactivated in tumours as occurs in glioblas-
toma. An increase in migration capacity at distances of the primary tumour implicates a
higher metabolic response ... , with subsequent production of toxic metabolites for the
cells of the tumour. The above histones modification is believed to affect the peroxisome as-
sociated pathway and induce the loss of the peroxisomes to ameliorate oxidative stress [29],
facilitating tumour migration [30].

Another insight into the activity of AM630 can be gained by a direct correlation anal-
ysis with the transcriptional activity of other compounds. To this end, we performed
a search of the Connectivity Map (CMAP) [24] database of 1300 drug-like compounds
profiled in cancer cell lines through the SPIED platform (www.spied.org.uk, accessed
on 20 December 2021) [25]. As expected, the highly correlated profiles correspond to anti-
proliferative agents with some having reported inhibitory effects against GBM (see Figure 4).
Conspicuous in the list of CMAP profiles correlating with the AM630 core profile are the
six antipsychotic serotonin receptor inhibitors: thioridazine, fluphenazine, prochlorper-
azine, perphenazine, nortriptyline, metergoline. Interestingly, antipsychotics have been
suggested as repurposing candidates for GBM [31,32]. Specifically, perphenazine and
prochlorperazine have sub-micromolar cytotoxicity against the US7MG GBM cell line [33]
with thioridazine and fluphenazine having reported anti GBM8401 and U87MG GBM cell
activity [34]. Metergoline was reported as a GBM stem cell proliferation inhibitor in a
high-throughput screen [35]. Another class of drugs scoring highly against the AM630 pro-
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file are the HDAC inhibitors: scriptaid, vorinostat and trichostatin A. HDAC inhibition
has also been proposed as an intervention in GBM [36] with vorinostat reaching phase
II clinical trials for GBM [37] and scriptaid inducing glioma cell apoptosis [38]. The top
correlating drug, prostaglandin J2, is a PPARg agonist and has shown anti-glioma activity.
The PI3 kinase inhibitor LY-294002 has been reported to inhibit the growth of malignant
glioma cells [39].

Table 4. The positive and negative enrichment of pathways in the AM630 transcriptional response
of the invasive cell population. The invasive margin response is associated with the enrichment of
distinct pathways relative to the core cell response. Of note, are the down regulation of the tumour
invasiveness and MYC pathways, indicating a possible anti-neoplastic activity. See Table S5 for a full
list of enriched pathways.

Up-Regulated Pathways

Down-Regulated Pathways

Z-Score Pathway Z-Score Pathway
387 METABOLISM OF PROTEINS ~376 ADULT TISSUE STEM MODULE
369 NEUROTROPHIN SIGNALING PATHWAY ~ —3.42 PYRUVATE METABOLISM
SEMA4D INDUCED CELL MIGRATION AND
318 AR A ~3.36 EZH2 TARGETS
315 SOS MEDIATED SIGNALLING ~331 BLADDER CANCER HIGH RECURRENCE
313 ZNF143 PARTNERS ~3.23 B CLL WITH 6Q21 DELETION
CLASS I MHC MEDIATED ANTIGEN
306 PRO-CESSING PRESENTATION —316 MIR21 TARGETS
3.06 REGULATION OF IFNG SIGNALING ~316 RB1 TARGETS CONFLUENT
FATTY ACID TRIACYLGLYCEROL AND
3.05 SIGNALING BY WNT 315 T O ot
FORMATION OF TUBULIN FOLDING
3.00 T ARG By e TRl ~313 NETRIN1 SIGNALING
ANTIGEN PROCESSING UBIQUITINATION
3.00 T A SO DR R A DTN ~3.01 MCV6 ICP WITH H3K4ME3 AND H3K27ME3
292 V2 LATE DIFFERENTIATION GENES —297 HYPOXIA
290 EPO PATHWAYy 287 MYC ONCOGENIC SIGNATURE
289 ILARECEPTOR IN B LYPHOCYTES 287 TNF RESPONSE NOT VIA P38
TEMPORAL RESPONSE TO PROGESTERONE
287 R —277 HYPOXIA METAGENE
283 MYC MAX TARGETS —2.75 HEMATOPOIESIS STEM CELL QTL CIS
282 HOST INTERACTIONS OF HIV FACTORS —275 CIVEORAL RESPONSE TO PROGESTERONE
PREFOLDIN MEDIATED TRANSFER OF
277 o N AT o ~2.70 TUMOR INVASIVENESS
276 SIGNALING BY ERBB4 ~2.70 VU OGENIC TARGETS OF PAXS FOXO!1
273 IFNG PATHWAY 2,65 CDH1 SIGNALING VIA CTNNBI
7 CYCLIN E ASSOCIATED EVENTS DURINGGL REGULATION OF PYRUVATE
' S TRANSITION : DEHYDRO-GENASE PDH COMPLEX

In contrast, a CMAP analysis of the invasive AM630 margin profile does not return
many significantly correlating drugs. Noting the moderate correlation in the core and
invasive margin responses we reasoned that a combined profile populated with genes
with a significant combined expression change may capture the shared activity in the
two cellular contexts. To this end, we generated a combined profile constituting genes
with combined Z scores of above five standard deviations from the null using Stouffer’s
method [40] (see Table S6). Here, there was a significant overlap in the core cell response
result, notably, the serotonin receptor antagonists are still significantly correlated.

Large-scale transcriptional data enables the discovery of functional associations be-
tween genes [41], where gene pairs with correlated expression changes across multiple
experiments are likely to be involved in similar biological functions. This enabled us to
pinpoint transcription factors whose regulation may recapitulate the inhibitory activity
of AM630, see Methods. Figure 5 shows the top positively and negatively correlating
transcription factors. This analysis suggests that AM630 activity might be recapitulated
by the up regulation of DDIT3 in GBM. This is of interest because DDIT3 expression leads
to the modulation of NAG-1, resulting in GBM cell apoptosis [42]. Similarly, another TF
involved in apoptosis through the ER stress pathway, CREBRF, was positively correlated
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with AM630 activity [43]. It would be of interest to investigate the therapeutic potential of
inhibiting the negatively correlated TFs. For example, FOXM1 induces resistance to radio-
therapy by modulating the activity of SOX-2 [44]. Not surprisingly, we see a correlation
with the down regulation of multiple E2F TFs as these are required for cell cycle progres-
sion [45] and associated with GBM malignancy progression [46]. Inhibition of the Fanconi
Anaemia pathway gene FANCD?2 has been reported to sensitise gliomas to chemothera-
peutic intervention [47]. GBM is also strongly associated with the expression of TFDP1 [48].
Intriguingly, this analysis points to APP involvement in both cell lines. In this context there is
evidence that Ab is associated with glioblastoma and other types of cancer. Specifically, APP
has been implicated in metastasis, cell growth, and invasion in multiple cancers [49].

DRUG SAME OPPOSITE prob

15-delta prostaglandin J2| 227 [ 1 44 [3.37x10°
thioridazine 267 1 1§ 64 (9.83x10"
withaferin A 234 - I 57 |1.28x10725
astemizole 150 B 1| 35 |1.64x10°2
scriptaid 21z [ 1 54 |4.64x102*
fluphenazine 173 B | 35 |1.66x102°
vorinostat 286 IIE B 100 |5.41x1022
prochlorperazine 211 . I 63 |1.28x10™°
puromycin 197 K 1 57 |2.08x10®
parthenolide 207 R 1 63 |2.55x10°"
perphenazine 139 . I 26 |5.72x10™"*
trifluoperazine 216 N 1 71 |3.75x10°®
terfenadine 15 I 1 54 8.13x102
trichostatin A a7 B 161 |1.37x107
alexidine 107 I I 16 |1.45x10°"7
MG-262 221 K 1 79 9.14x10"7
fendiline 14 1 34 [1.81x107°
nortriptyline 137 B 1| 32 |3.32x10°'
metixene 133 . I 31 [1.21x10™"°
prenylamine 154 B | 41 |4.07x10.5
mefloguine 147 B 1 41 |4.49x10"°
LY-294002 280 - . 126 |9.29x10°"°
pyrvinium 17e I 1 59 |1.44x10"
metergoline 105 B 1] 21 |1.57x10"
calmidazolium 137 B | 37 [3.74x10°"*

| Expression changes in same direction
B Expression changes in opposite direction

Figure 4. Drug-like compound expression profiles that correlate with AM630 driven expression
changes in the core cell population. At the five standard deviations from the null level, there are 343 up
and 348 down regulated genes. There is a substantial correlation with established anti-neoplastics
and compounds with specific activity against GBM. Conspicuous amongst the correlating drugs are
the six antipsychotic serotonin receptor antagonists: thioridazine, fluphenazine, prochlorperazine,
perphenazine, nortriptyline and metergoline.
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Figure 5. Transcription factors predicted to recapitulate the inhibitory activity of AM630. The
AMBG630 transcription profile in the core cells restricted to 343 up and 348 down regulated genes
passing the five standard deviations away from the null significance level, were queried against
TFCEPs (see Methods). The positively correlating TFs are shown on the left and negatively correlating
TFs on the right. Up/down regulation of the positively /negatively correlating TFs are hypothesised
to recapitulate the inhibitory activity of AM630.

4. Discussion

Despite multiple clinical trials and research efforts, GBM continues being the most
aggressive of all forms of cancer with very limited clinical options to stop progression and
dissemination of the tumour. GBM constitutes a complex of interacting cell types with
a core population responding to treatments and an invasive margin population that has
proved refractory to intervention [50]. Unfortunately, all efforts to cure this type of cancer
have failed to significantly extend median survival times [4].

Different signalling pathways associated with the brain endocannabinoid machinery
are being investigated as potential therapeutic targets [51], with recent evidence suggests
that blocking cannabinoid machinery mediates anti-tumour effects via the inactivation
of traditional cannabinoid receptors (CB1 or CB2) [13,14]. This is a research field in de-
velopment, with limited results, as the molecular mechanisms of this anti-tumoral effect
downstream of the cannabinoid receptors activation are unknown [52]. In this context, we
have previously reported on the effectiveness of the CB2 receptor inverse agonist AM630 in
blocking core GBM cell proliferation [18]. However, AM630 appears to be a less potent
inhibitor of the invasive margin cell population. To uncover the biological mechanisms un-
derlying AM630 activity we performed a gene expression analysis of treated core, U87 cells,
and invasive margin, GIN-8 cells, of human GBM.

Relative expression analysis of the untreated cells highlights the differences between
the core and invasive margin populations. The core cells show a clear correlation with
published GBM expression data, whereas the invasive margin population shows no cor-
relation with any of the TCGA cell lines. This is in agreement with recent evidence that
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reveals an extensive degree of intra-tumour heterogeneity in GBM resulting from a clonal
evolution process producing a completely different genetic pattern in the core compared
with the invasive margin [50]. This different molecular signature is critical for the selection
of potential pharmacotherapies for clinical application. The margin cells, which ultimately
result in the inevitable recurrence of GBM, escape from traditional treatments [50]. Residual
cells at the tumour invasive margin are responsible for the 85% of GBMs that relapse locally
following resection plus radiotherapy and temozolomide [53].

As regards the potential activity of AM630, we found a low primary target, the
CB2 receptor, expression in either population. This led us to consider potential off-target
effects for AM630 activity. Of the off-targets, the CB1 receptor is highly expressed in the core,
and the serotonin receptor (HTR2B) is expressed at moderate levels in both populations.
This observation is in agreement with the relatively high potency of AM630 in the core
population. We hypothesise that AM630 elicits a substantial response in the core cells
through antagonism of the CB1 receptor and any activity shared by the drug across the
core and invasive margin cells may be driven by serotonin receptor antagonism.

Analysing the pathways involved, we found that in the core of the tumour, AM630 is
associated with the down regulation of the cell cycle and cancer-associated pathways. In
contrast, AM630 up-regulates an immune response together with the TP53 and interferon
pathways. The TP53 gene encodes a tumour suppressor protein P53, that plays a critical
role in tumour suppression by orchestrating a wide variety of cellular responses inducing
tumoral cell death [54]. We can speculate that AM630 effects in the core of the tumour
are a restoration of P53 function, inducing a change in the cytokine network, mainly
via IFN signalling pathways. Consequently, the above restorative and pro-inflammatory
AMBG630 actions, will induce cell cycle arrest and cell death of GBM. In support of our
findings, new evidence suggests the involvement of the effector caspases 3 and 9, BAX
and the phosphor JNK pathway in the AM630 anti-tumoral actions in glioblastoma [55].
Our findings regarding the beneficial effects of harnessing the IFN signalling pathway, are
supported by recent evidence that identifies an IFN-f3-associated gene signature as a marker
for the prediction of overall survival among glioblastoma patients [56]. In tandem with the
pathway analysis we performed an investigation of the transcription factors predicted to
recapitulate the inhibitory activity of AM630. Of note is the positive correlation with the
DNA damage-induced TF, DDIT3, because DDIT3 expression leads to the modulation of
NAG-1, and the whole process results in GBM cell apoptosis [42]. Similarly, CREBREF is
a TF involved in inducing cell apoptosis through the ER stress pathway [43]. TFs whose
down regulation tends to drive gene expression in the direction of the AM630 response
may emerge as therapeutic targets for inhibition. This is bolstered by the observation
that FOXM1 induces resistance to radiotherapy by modulating the activity of SOX-2 [44];
also the TFs FANCD2 and E2F8 have expression levels strongly associated with GBM
malignancy progression [46], as has TFDP1 [48].

Investigating the drug-driven transcriptional profiles from the CMAP database we
found that anti-neoplastic agents have high levels of correlation with the core cell response
profile, with some drugs reported to have anti GBM activities. Different studies showed
a high degree of expression for different serotonin receptor subtypes in glioblastoma. Of
particular interest was the high degree of correlation with serotonin receptor antagonists
which may speak to the serotonin receptor HTR2B being the sole off-target of AM630 with
significant expression in both the core and invasive margin cell populations. This is of
interest in the context of GBM as the serotonin levels have been shown to be elevated in
some cancer types [57]. However, the relatively weak AM630 response in the invasive
margin population has only a moderate correlation with the core cell response. A pathway
analysis of the invasive margin response reveals the down regulation of pathways in
associated with cancer, but a CMAP analysis does not return significant drugs. However,
a transcriptional profile constituting genes that are regulated in common in the two cell
populations largely recapitulates the results in the core cell population. Specifically, the
serotonin receptor antagonists correlate with the combined profile.
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The correlation with serotonin receptor antagonists is of interest as the 5-HT serotonin
receptors are highly expressed in different types of cancers, including GBM and modulate
mitogenic signalling and impact tumour cell viability [58]. In this context, serotonin
receptor antagonism has been hypothesised as a therapeutic intervention in GBM, with
perphenazine and prochlorperazine showing inhibition of the US”MG GBM cell line [33],
thioridazine and fluphenazine inhibiting both GBM8401 and U87MG GBM cell activity [34].
Metergoline was reported as a GBM stem cell proliferation inhibitor in a high-throughput
screen [35]. The Inhibition of SMPDI, a gene that regulates “ceramide sphingosine-1-
phosphate rheostat” and drives tumour growth and immune escape in different types of
cancer [59], through inhibition of epidermal growth factor receptor (EGFR) signalling and
via activation of lysosomal stress has been proposed as the potential anti-tumoral effects
of serotonin receptor inhibition, through fluoxidine, in GBM [60]. In preclinical studies,
the effect of 5-HTR2B antagonists on angiogenesis was associated with decreased tumour
microvessel density [61]. The substantial involvement of serotonin receptors, especially
S5HTR2B, in different types of cancers [62], supports further studies as a potential treatment
target for both the core and invasive margin of GBM. Interestingly in our study, the HTR2B
paralog gene HTR2A is substantially expressed in the boundary of the tumour.

Given the heterogeneity of glioblastoma, further studies are required to elucidate
the molecular mechanisms of the observed AM630 anti-tumoral actions and if they can
potentially be used in the future as an addition to current therapy.
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