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ABSTRACT

Colorectal cancer (CRC) is a common malignancy in the Western world that is not
only linked to lifestyle factors such as diet, smoking, and alcohol consumption but
also to inflammatory bowel disease. Although tremendous advances have been
made in detection and treatment of the disease, it is still the third most leading cause
of cancer death in the United States. In recent years, the endocannabinoid system
has become of interest in cancer research since several of its constituents have
been observed to be differentially expressed under many pathophysiological
conditions including cancer. While the cannabinoid receptor 1 (CB1) has been
reported to suppress intestinal tumor growth, the role of lysophospholipid and
atypical cannabinoid receptor GPR55 in the development of gastrointestinal cancers

is not yet elucidated.

GPR55 is involved in many physiological and pathological processes of the
gastrointestinal tract and has been shown to play a tumor-promoting role in various
cancers. It has recently been reported to exert a pro-inflammatory role in
gastrointestinal inflammation via mechanisms involving leukocyte infiltration. This
thesis aims at elucidating the hitherto unknown functions of GPR55 in the
development and progression of colorectal cancer. Additionally, the involvement of

CB1 in colorectal carcinogenesis has been investigated.

Using azoxymethane and dextran sulfate sodium-driven CRC mouse models,
GPRS55 was found to play a tumor-promoting role that is likely based on alterations
of leukocyte populations, i.e. myeloid-derived suppressor cells and T lymphocytes,
within the tumor microenvironment. Concomitantly, the expression levels of tumor
promoting factors cyclooxygenase-2 and signal transducer and activator of
transcription 3 were reduced in tumor tissue of GPR55 knockout (GPR557") mice,
indicating reduced presence of tumor-promoting factors in the microenvironment.
By employing the experimental CRC models to CB+1 knockout (CB+1’) and
CB1/GPR55 double knockout (CB1/"GPR557") mice, it was further observed that
GPR55 plays an opposing role to CB1. Furthermore, GPR55 and CB1 mRNA
expression were differentially regulated in the experimental models and in a cohort
of 86 CRC patients. Epigenetic methylation of CNR1 (the gene coding for CB1) and



GPR55 was also differentially regulated in human CRC tissue compared to control

samples.

Collectively, the data presented in this thesis suggest that GPR55 and CB1 play
opposing roles in colorectal carcinogenesis where the former seems to act as
oncogene and the latter as tumor suppressor. These findings are of importance
when developing strategies to target the endocannabinoid system for the therapy of
CRC.



ZUSAMMENFASSUNG

Kolorektale Karzinome sind Tumorerkrankungen, die besonders in der westlichen
Welt haufig auftreten. Als Risikofaktoren flr kolorektale Karzinome gelten
entzindliche Erkrankungen des Darms und Lebensstile, die den Ubermaligen
Konsum von rotem Fleisch, Tabak und Alkohol beinhalten. Obwohl bereits grol3e
Fortschritte bei der Erkennung und Behandlung von kolorektalen Karzinomen erzielt
wurden, stellt die Erkrankung in den USA den dritthaufigsten Grund far
krebsbedingtes Ableben dar. In den letzten Jahren ist das Forschungsinteresse am
Endocannabinoidsystem in der Krebsforschung erwacht, da einige Komponenten
dieses Systems unter pathologischen Bedingungen anders exprimiert werden als
unter physiologischen. Der Cannabinoid Rezeptor 1 (CB1) scheint ein
Tumorsuppressor zu sein, wohingegen die Funktion des atypischen Cannabinoid
Rezeptors GPRS55 in gastrointestinalen Tumorerkrankungen noch relativ

unerforscht ist.

GPRS55 spielt in vielen physiologischen und pathologischen Prozessen des
Gastrointestinaltrakts eine  Rolle und wirkt in einigen Krebsarten
wachstumsfordernd. AuRerdem fordert der Rezeptor die entziindungsbedingte
Einwanderung von Leukozyten in das Kolon. Das Ziel dieser Dissertation war es
daher, bisher unbekannte Funktionen von GPR55 in der Entstehung und
Fortschreitung des Kolonkarzinoms aufzuklaren. Zusatzlich sollte untersucht

werden, welche Funktion CB1 in kolorektaler Karzinogenese ausubt.

Mittels chemisch induzierter Krebsmodelle in Mausen wird in dieser Arbeit gezeigt,
dass GPR55 eine tumorférdernde Rolle spielt, die wahrscheinlich darauf basiert,
dass bestimmte Leukozyten — insbesondere myeloide Suppressorzellen und T-
Zellen — in die Tumoren rekrutiert werden. AuRerdem wurde herausgefunden, dass
die tumorférdernden Moleklile Cyclooxygenase-2 und STAT3 im Tumorgewebe von
GPR55 knockout (GPR557) Mausen in geringerem Ausmal vorhanden waren.
GPR55 durfte daher die Zusammensetzung des Tumorgewebes dahingehend
beeinflussen, dass mehr tumorférdernde Faktoren vorhanden sind. Die Anwendung
der chemisch induzierten Krebsmodelle auf CB+1 knockout (CB+7) und
Doppelknockout (CB17-GPR557) Mause hat weiters ergeben, dass GPR55 eine



entgegengesetzte Rolle zu CB1 spielt. Expressionsanalysen der beiden Rezeptoren
haben gezeigt, dass ihre mMRNA Levels sowohl in Mausgeweben als auch in
Biopsien von Patienten unterschiedlich reguliert werden. Die epigenetische
Methylierung von CNR1 (dem Gen, das fur CB1 kodiert) und GPR55 in den

Patientenproben war auch jeweils unterschiedlich reguliert.

Insgesamt weisen die hier prasentierten Daten darauf hin, dass GPR55 und CB1 in
der kolorektalen Karzinogenese entgegengesetzte Funktionen ausiben, wobei
ersterer Rezeptor als Onkogen und letzterer als Tumorsuppressor agiert. Diese
Erkenntnis ist von groRer Bedeutung, falls das Endocannabinoidsystem in der
Zukunft als therapeutischer Angriffspunkt zur Behandlung des kolorektalen

Karzinoms genutzt wird.



1. INTRODUCTION

1.1 Discovery of the endocannabinoid system

Preparations of the marijuana plant Cannabis sativa have been used for both
recreational and medicinal purposes for thousands of years, although the
constituents and their mode of action remained largely unknown. Discovery of the
main psychoactive component of Cannabis, i.e. A°-tetrahydrocannabinol (THC) in
the 1960s (2), and the discovery, cloning, expression and imaging of the first
cannabinoid receptor in 1990 (3), however, boosted research in this field. In 1992,
the first endogenous cannabinoid, i.e. arachidonoylethanolamide (AEA, named
“anandamide”), was identified. The identification of another cannabinoid receptor,
i.e. CB2 (4), as well as the discovery of the endocannabinoid 2-arachidonoylglycerol
(2-AG) followed shortly (5).

1.2 Components of the endocannabinoid system

1.2.1 Classical components of the endocannabinoid system

In the classical sense, the endocannabinoid system is now described as consisting
of the two cannabinoid receptors CB1 and CB2, endogenous lipid ligands (called
endocannabinoids), and synthesizing and degrading enzymes of the

endocannabinoids.

The cannabinoid receptors CB+1 and CB2 are G protein-coupled receptors (GPCRs)
that show 68% amino acid homology in the transmembrane domains and 44%
overall homology (4). Upon activation, both receptors primarily couple to G proteins
of the Gi and Go classes, which cause inhibition of adenylyl cyclases and activation
of several mitogen-activated protein kinases (6). Cannabinoid receptor activation
modulates diverse aspects of cell physiology, including synaptic function, gene
transcription, and cell motility (6). CB+1 is mainly expressed in the central nervous
system, but it has also been shown to be expressed in several peripheral tissues,

e.g. spleen, adipose tissue and the gastrointestinal tract, albeit at much lower
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densities than in the brain (7). CB2 expression is largely restricted to immune and
hematopoietic cells, and it has been found to be present under certain

pathophysiological conditions in various organs (7,8).

Endocannabinoids are synthesized from precursor molecules that are present in
lipid membranes. This process is typically induced by the activation of certain G
protein-coupled receptors or by depolarization (9). Endocannabinoids are, thus,
produced on demand and released into the extracellular space upon which they bind
to the respective receptors (7,9-11). Inactivation of endocannabinoids is achieved
by enzymatic degradation after cellular reuptake via (a yet to be identified)
endocannabinoid membrane transporter or passive diffusion (7,12). Degradation
typically occurs rapidly, resulting in the fact that endocannabinoids are short-lived

bioactive lipid mediators (12—-14).

The two most extensively studied endocannabinoids, AEA and 2-AG, both contain
arachidonic acid but their routes of synthesis and degradation in vivo are mediated
by different enzymes. AEA can be synthesized via different pathways but most of it
appears to be produced from N-arachidonoyl phosphatidyl ethanol (NAPE).
Hydrolysis of NAPE by N-arachidonoyl phosphatidyl ethanol-preferring
phospholipase D (NAPE-PLD) yields AEA and phosphatidic acid (9). Degradation
of AEA is primarily performed by fatty acid amide hydrolase (FAAH) but N-acyl
ethanolamine amino hydrolase (NAAA) has also been described to be expressed in
several tissues (9,15). 2-AG is produced from 2-arachidonoyl-containing
phospholipids with inositol head groups by diacylglycerol lipase (DAGL).
Degradation of 2-AG is achieved by the actions of monoglyceride lipase (MGL), or
a/B domain-containing hydrolase 6 (ABHDG) or 12 (ABHD12) (9,12). Additionally,
endocannabinoids can be further metabolized by enzymes that have very little to do
with endocannabinoid targets. Cyclooxygenase-2 (COX-2), for instance, can oxidize
AEA and 2-AG, giving rise to prostamides and prostaglandin glycerol esters that can
act as prostaglandin precursors (9,12). Arachidonic acid arising from the
degradation of AEA and 2-AG also serves as precursor for eicosanoid production,
making it an important link between endocannabinoid and eicosanoid signaling.
There are three major pathways through which arachidonic acid can be metabolized

to eicosanoids: the cyclooxygenase, the lipoxygenase, and the cytochrome P450

11



monooxygenase pathways (16). In the cyclooxygenase pathway, arachidonic acid
is metabolized to prostaglandin (PG) H2 (PGH2), which is sequentially metabolized
to prostanoids, including PGE2, PGD2, PGFz2q4, and thromboxane Az (TXA2).
Lipoxygenases convert arachidonic acid into leukotrienes and
hydroxyeicosatetraenoic acids (HETEs) while P450 metabolizes arachidonic acid
into epoxyeicosatrienoic acids (EETs), HETEs, and hydroperoxyeicosatetraenoic
acids (HPETEs) (16,17).

Next to AEA and 2-AG, other endocannabinoids having little known functions have
been described, e.g. virodhamine (O-arachidonoyl ethanolamide), noladin ether (2-

arachidonoyl glyceryl ether), and N-arachidonoyl-dopamine (10,18).

1.2.2 The expanded endocannabinoid system

Endocannabinoids, however, do not just bind to the classical cannabinoid receptors
CB+1 and CBsa. In fact, several non-cannabinoid receptors have been found to be
responsive to endocannabinoids and/or plant-derived cannabinoids. The transient
receptor potential vanilloid type-1 (TRPV1), for instance, has been shown to be
responsive to AEA, but not to 2-AG (19). TRPV1 is a non-selective cation channel
that is activated by heat (>42°C), low pH (<6.0), and capsaicin, the pungent
constituent of hot chili peppers (19). The stimulatory effects of AEA on TRPV1 and
the subsequent desensitization of the receptor are now believed to represent one of
the most important mechanisms by which AEA exerts its biological functions (19,20).
Peroxisome proliferator-activated receptors (PPARs) have also been shown to
mediate some of the gastrointestinal, anti-inflammatory, and anti-tumor effects of
certain cannabinoids (21). Importantly, cannabidiol (CBD), a non-psychoactive
constituent of Cannabis with low affinity for CB1 and CB2, has been shown to have
potent anti-inflammatory effects in intestinal inflammation that are exerted via PPAR
activation (22,23).

Besides ligand-sensitive ion channels (i.e. TRPV1) and nuclear receptors (i.e.
PPARs), GPCRs other than CB1 and CB2 have also been found to be responsive to

certain cannabinoids. G protein-coupled receptor 55 (GPR55), for instance, has

12



recently been proposed as a new cannabinoid receptor after it was found to be
responsive to a variety of natural and synthetic cannabinoids, including AEA,
virodhamine, and THC (24-27). GPR55, however, has no significant sequence
similarity with CB1 or CB2 (28) and is rather related (with ~30% similarity) to the
purinergic receptor P2Y5, as well as to GPR23 and GPR92, which have been shown
to be lysophosphatidic acid receptors (29-31). GPR55 does not possess the typical
“cannabinoid binding pocket” but rather exhibits a deep vertical binding pocket for
long, thin inverted L- or T-shaped ligands (32) and, accordingly, its endogenous
ligand was found to be a lysophospholipid, namely L-a-lysophosphatidylinositol
(LPI) (33). In particular, it is believed that LPI carrying an arachidonic acid moiety is

the most potent endogenous agonist of GPR55 (34-36).

GPR55 is highly expressed in the central nervous system, and at moderate levels
in adrenal glands and spleen, as well as on immune cells, endothelial cells and in
the intestine (26,37—41). Contrary to CB1 and CB2, GPR55 signals through Ga12/13
and Ggq, thereby initiating excitatory rather than inhibitory effects, such as activation
of phospholipase C and RhoA, phosphorylation of extracellular signal-related kinase
1/2 (ERK1/2), Ca?* release from intracellular stores, and activation of transcription
factors such as nuclear factor of activated T cells (NFAT) and nuclear factor k-light
chain enhancer of activated B cells (NF-kB) (24,25,35). Recently, it has been shown
that plant-derived cannabinoids like A°-tetrahydrocannabivarin, cannabidivarin, and
cannabigerovarin non-competitively inhibited the effects of LPl on GPR55 (42).
Since those cannabinoids acted as GPR55 agonists when applied alone, it was
suggested that GPR55 possesses an orthosteric and an allosteric ligand binding
site (42).

GPR55 is also able to form heteromers with other GPCRs, which affects down-
stream signaling pathways. When CB+1 and GPR55 were co-expressed in HEK293
cells, GPR55 signaling was inhibited in the presence of CB1, but was restored upon
co-stimulation of both receptors with specific agonists since CB1 was internalized
after activation. CB1 signaling in turn was enhanced in the presence of GPR55 (43).
CB1-GPR55 receptor heteromers were observed when both GPCRs were co-
expressed in HEK293 cells, but receptor internalization was not affected by

heteromerization (43). CB1-GPR55 heteromers have also been observed in rat and
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monkey striatum (44). Furthermore, GPR55 has been reported to form heteromers
with CB2 in human glioblastoma cells that endogenously express both receptors,
and in human neutrophils (45,46). Overall, GPRS55 signaling appears to be rather
complex and modulated by several other factors including allostery, receptor
heteromerization, as well as interactions with membrane lipids (47). Since GPR55
is sensitive to certain cannabinoids, but its endogenous ligand is a non-cannabinoid
lipid, the discussion on whether GPR55 should be named the ‘third cannabinoid

receptor’ is still ongoing (48,49).

Recently, several putative GPR55 antagonists have been tested for their selectivity
towards GPRS55 (39,50). The compound CID16020046 was reported to selectively
antagonize GPR55 and had no effect on CB1 signaling. LPIl-induced ERK1/2-
phosphorylation was selectively inhibited by CID16020046 while CB1/CB2-mediated
ERK1/2-phosphorylation was unaffected. In addition, pretreatment with
CID16020046 prevented GPR55 internalization and the mechanism was suggested

to be non-competitive antagonism (39).

Chemically, AEA belongs to the family of N-acylethanolamides, i.e. it is the amide
of arachidonic acid (20:4 w-6) and ethanolamine. Structural relatives of AEA, such
as palmitoylethanolamide (PEA, 16:0) and oleoylethanolamide (OEA, 18:1) do not
contain highly unsaturated fatty acids, and do not show high affinities for
cannabinoid receptors (51). They are, however, able to interfere with classical
endocannabinoids since they share several synthesizing and degrading enzymes
(51). Other so-called endocannabinoid-like compounds include N-
arachidonoylglycine  (NAGIly), N-arachidonoylalanine  (NAla), and N-
arachidonoylserine (52). Even though endocannabinoid-like compounds generally
do not activate CB1 or CB2, they can activate other cannabinoid-responsive
receptors, e.g. GPR55 or TRPV1, that mediate their effects in physiological and
pathological conditions (12,53). Additionally, endocannabinoid-like compounds can
also potentiate the actions of endocannabinoids, a property known as the
‘entourage’ effect (54,55). The isomer of 2-AG that has the arachidonic acid moiety
in the sn1-position, i.e. 1-arachidonoylglycerol (1-AG), is thermodynamically more
stable than the 2-AG isomer and found to be present in several tissues (56). In fact,

it has been reported that 1-AG may act either as a weak competitive antagonist of
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2-AG, but its effect can also be additive to that of 2-AG, depending on the ratio in

which the two isomers are present (56).

Together, the classical cannabinoid receptors, endocannabinoids, metabolic
enzymes, and ‘atypical cannabinoid receptors’ as well as endocannabinoid-like
compounds make up a complex system best described as the

‘endocannabinoidome’ (12).

1.3 General actions of the endocannabinoid system

1.3.1 Physiologic roles of the endocannabinoid system

Initially, the endocannabinoid system was found to play a role in the inhibition of
neurotransmitter release in the brain. CB1 expression in the brain is up to 50-fold
higher than expression levels of other GPCRs, such as dopamine and opioid
receptors, making it the most abundant GPCR in the brain (11). Endogenous CB1
agonists have been shown to serve as retrograde synaptic messengers in the
central nervous system (9). Suppression of synaptic transmission is achieved by the
production of AEA and 2-AG in postsynaptic neurons upon certain stimuli. The
endocannabinoids are then released into the synaptic cleft and activate CB1
receptors located at the presynaptic terminal. Activation of CB1 consequently leads

to the suppression of glutamate release (9,57).

Research of the last 25 years has now established a key role of the
endocannabinoid system in several physiological and pathological mechanisms, in
both central and peripheral tissues. Of note for the present study is its function in
modulating the immune system, and more importantly, its role in the gastrointestinal
tract. Involvement of the endocannabinoid system in cardiovascular, respiratory,
and reproductive functions, as well as in bone formation and energy metabolism has

also been proposed (18).
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1.3.2 Endocannabinoids and the immune system

Endocannabinoids modulate immune functions in an autocrine and paracrine
fashion, mostly through the activation of CB2 expressed on cells of the adaptive
immune system. Activation of CB: initiates a cascade of signal transduction events
that converge at the transcriptional level to inhibit the migratory activity of diverse
immune cell types. Additionally, endocannabinoids have been reported to modulate
the release of cytokines and chemokines from immune cells. In human monocytes,
for instance, AEA diminished the production of interleukin (IL)-6 and IL-8. In
activated human peripheral T lymphocytes, AEA suppressed the release of IL-2,
tumor necrosis factor a, and interferon y. Endocannabinoid mediated effects that

occurred independent of CB1/CB2 activation have also been observed (15,58).

1.3.3 The role of the endocannabinoid system in the intestine

In the gastrointestinal tract, CB1 receptors can be found in the enteric nervous
system (59) and the epithelial lining (60). Furthermore, CB+1 was also reported to be
expressed by plasma cells, and in smooth muscle cells of blood vessels within the
colonic wall (61). CB2 receptors are mainly expressed by immune cells, myenteric
plexus neurons, and under pathophysiological conditions (60,61) while GPR55

expression was localized to epithelial cells and the enteric nervous system (41).

Under physiological conditions, the endocannabinoid system is believed to control
various aspects of gut homeostasis, such as gastrointestinal motility, gastric and
intestinal secretion, and mucosal integrity (14,15,62). An involvement of the
endocannabinoid system in the regulation of food intake, satiety, nausea and
emesis, as well as immune function, visceral pain, intestinal inflammation, and cell

proliferation has also been implicated (63—66).

Under pathophysiological conditions, e.g. in intestinal inflammation, a dysregulation
of several constituents of the endocannabinoid system has been observed.
Inflammatory bowel disease (IBD) is a chronic relapsing-remitting disorder that
occurs in two major forms, ulcerative colitis and Crohn’s disease. The etiology of

IBD is not yet known, but it is thought to originate from a disturbed interaction of the
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gut microbiota (or their products) with the epithelial barrier causing misdirected
attacks of the immune system at gut components (67,68). Preclinical evidence
suggests that the endocannabinoid system could be a valuable therapeutic target
for treating IBD. Using mouse models of chemically induced mucosal inflammation
it was observed that endocannabinoid signaling was strongly enhanced under
inflammatory conditions (22). In particular, CB1, CB2, and AEA expression were up-
regulated (69,70) and the AEA-degrading enzyme FAAH was found to be expressed
to a lesser extent in the initial stage of experimental colitis (71). Pharmacological
strategies to further enhance endocannabinoid levels by means of inhibiting their
metabolizing enzymes ameliorated the inflammation (72,73). Accordingly, it was
also found that activation of CB1 and CB2 with synthetic agonists or THC protected
rodents from intestinal inflammation (70,74,75). These findings prompted the
investigation of other non-psychoactive constituents of Cannabis and it was
observed that CBD, cannabigerol, and cannabichromene also showed beneficial
effects in colitis models (75-82). Atypical cannabinoid receptor GPR55 was found
to play a pro-inflammatory role in murine colitis since genetic ablation, and treatment
with the antagonists CID16020046 or ML-191 alleviated intestinal inflammation
(83,84). Expression levels of endocannabinoid-like compounds PEA and OEA were
increased under inflammatory conditions, and reported to exert beneficial effects
(85,86). Taken together, preclinical data suggest that the enhanced
endocannabinoid signaling observed under inflammatory conditions of the
gastrointestinal tract is a response to disturbances of the homeostatic system and

is aimed at restoring its balance (22,87,88).

1.4 Inflammation and colorectal cancer (CRC)

Chronic inflammatory conditions of the gut have been identified as a risk factor for
the development of CRC (89). About 20% of IBD patients develop colitis-associated
colorectal cancer (CAC) within 30 years of disease onset (90). During persisting
colonic inflammation recruited immune cells produce reactive oxygen and nitrogen
species that can cause DNA damage and alter cell proliferation and survival, which
then promotes carcinogenesis (91). Immune cells that infiltrate preneoplastic lesions
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and/or tumors produce cytokines and chemokines that, in addition to causing a
localized inflammatory response, can enhance the growth and survival of

premalignant cells, e.g. through NF-kB signaling (92).

CRC can be traced back to a familial basis such as adenomatous polyposis in some
cases, but the majority of incidences are sporadic and likely caused by
environmental components (93,94). CRC is the third most common cancer in the
world, and despite benefits from early screening, it remains the third most leading
cause of cancer death in the United States (95). Although CAC and CRC
development are seemingly of different origin, they exhibit common genetic and
signaling pathways that are altered, such as those involving Wnt, (3-catenin, K-ras,
p53, transforming growth factor (TGF)-B, and the DNA mismatch repair proteins
(89). CAC and CRC also have the main and essential stages of cancer development
in common. The progression in both malignancies usually follows the transformation
of epithelial cells into aberrant crypt foci, which then progress to early and advanced
adenomas and finally to adenocarcinomas (94). Interestingly, even colorectal
tumors that are not associated with IBD show robust signs of inflammation, i.e.
infiltration of immunocytes and expression of pro-inflammatory cytokines (89). The
involvement of leukocytes, inflammatory mediators and their receptors within the
tumor microenvironment is currently being uncovered and recent studies indicate
that immunotherapy might become a valuable treatment option in addition to

traditional chemotherapy (96).

Importantly, molecules known for their role in inflammation, such as COX-2-derived
mediators and the transcription factor signal transducer and activator of transcription
3 (STAT3), are now regarded as driving factors in colorectal carcinogenesis (89).
COX-2 is overexpressed in a majority of CRCs and the role of pro-inflammatory
prostaglandins has been studied extensively (97). Thus, molecules involved in
gastrointestinal homeostasis appear to also play a critical role in the development
of gastrointestinal cancers. In this context, studying the endocannabinoid system is
of great interest as it plays a prominent role in physiological and pathophysiological

processes of the gastrointestinal tract.
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1.5 The endocannabinoid system in CRC

Few studies have investigated the endocannabinoid system in patients with CRC so
far. Ligresti et al. were the first to report that AEA and 2-AG levels were increased
(threefold and twofold, respectively) in CRC lesions as compared to normal colonic
mucosa (98). A more recent study then reported overall increased endocannabinoid
metabolism in CRC (99). Here, AEA and the synthesizing enzyme NAPE-PLD were
upregulated twofold, and mRNA and activity levels of the degrading enzyme FAAH
were increased. Probably as a consequence of increased FAAH activity, elevated
levels of arachidonic acid were also detected (99). Another study reported the 2-AG

degrading enzyme MGL to also be increased in CRC specimens (100).

Examination of CB1 expression revealed a down-regulation of mRNA and protein
levels in colon cancer samples as compared to adjacent non-neoplastic colon
mucosa (101,102). The reason for the down-regulation was found to be DNA
hypermethylation of CpG islands in the promoter region of CNR1 (the gene coding
for CB1) (101). A comprehensive study describing the correlation between receptor
immunoreactivity and patient outcome, however, found no differences in overall
survival between patients with high or low CB1 expressing carcinomas (103). Yet
another study reported that high CB1 immunoreactivity even correlated with poorer
disease-free survival in stage Il microsatellite stable CRC patients (104). Reduced
overall survival has also been reported for patients who were either homo- or
heterozygous for a single nucleotide exchange polymorphism in the CNR1 gene,
i.e. 1359 G/A, although it is not yet resolved how this polymorphism affects CB1
signaling (105). Interestingly, CB2 mRNA expression was only observed in 28.6% of
CRC samples — where it was strongly expressed by epithelial cells — but correlated
significantly with tumor growth and lymph node involvement (106). Overall, studies
on human biopsies indicate increased endocannabinoid activity while the role of

cannabinoid receptors remains less clear.

Animal models used for studying colorectal carcinogenesis generally include
chemically induced models of CRC or mice with a germline mutation of the
adenomatous polyposis coli (Apc) gene. ApcMr* mice spontaneously develop

multiple polyps in the intestine and additional knockout of Cnr1 or inhibition of CB1
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with a specific antagonist strongly increased tumor burden (101). Genetic deletion
of Cnr2 in this strain of mice, however, did not affect polyp growth (101). Chemically,
CRC can be induced by multiple applications of the carcinogen azoxymethane
(AOM), which was reported to increase AEA and 2-AG levels in precancerous
lesions of the colon (107). Inhibition of FAAH with N-arachidonoyl-serotonin reduced
the development of precancerous lesions in this model, and the non-selective
CB1/CB2 agonist HU210 was able to mimic the effect (107). Similar effects were also
observed with non-psychotropic cannabinoids. Application of e.g. CBD or
cannabigerol reduced aberrant crypt foci formation, polyps, and tumors in the colon
(108-110). In yet another model in which colitis-associated colorectal cancer (CAC)
was induced by application of AOM and dextran sulfate sodium (DSS), the atypical
cannabinoid O-1602 showed anti-tumorigenic properties (111). Here, treatment with
0-1602 reduced the number and area of tumors by 30% and 50%, respectively, and
activation of the oncogenic transcription factor STAT3 was reduced (111). Perhaps
surprisingly, one study found that antagonism of CB1 with SR141716 (rimonabant;
a drug approved for the treatment of metabolic syndrome, but later withdrawn from
the market due to psychotropic side-effects) also reduced aberrant crypt foci
formation in AOM-treated mice (112).

Potential applications of cannabinoids or related substances have also been studied
in xenograft models. The hexahydrocannabinol analogue LYR-8 reduced tumor
growth in xenografts derived from HT-29 cells (113), while CB13 (a CB2 agonist)
inhibited the growth of DLD-1 derived tumors (102). Cannabigerol was reported to
even halt the growth of HCT116 xenografts (110).

The anti-carcinogenic effects of cannabinoids are believed to be mediated by a
reduction of cancer cell proliferation and induction of apoptosis, as well as inhibition
of angiogenesis and metastasis (114,115). The molecular mechanisms underlying
the induction of apoptosis upon CB1/CB:2 receptor activation include de novo
synthesis of the pro-apoptotic sphingolipid ceramide (102), and the down-regulation
of the apoptosis inhibitor survivin (101). Furthermore, the inhibition of PI3K/Akt
signaling (116), and the induction of endoplasmic reticulum stress leading to
autophagy-mediated cell death have been reported (117). Notably, even
cannabinoids with low or no affinity to CB1 or CBz2, e.g. CBD or O-1602, exert anti-

20



proliferative effects, although the underlying mechanism is not well understood yet
(108,109,111). LYR-8, for instance, decreased angiogenesis in a chick
chorioallantoic membrane xenograft model and, concomitantly, modulated factors
involved in shaping the tumor microenvironment, such as vascular endothelial
growth factor, COX-2, and hypoxia-inducible factor 1a (113). Inhibition of MGL
attenuated the invasion of colon cancer cells (100) suggesting an involvement of the
endocannabinoid system in CRC progression. Taken together, the literature to date
suggests that components of the endocannabinoid system are differentially
expressed under neoplastic conditions. Promising preclinical data concerning the
effects of cannabinoids on tumor growth warrant further exploration on the cause of
the dysregulation of the endocannabinoid system in colorectal carcinogenesis.
Investigating known and hitherto unknown constituents of the endocannabinoid
system in more detail to better understand the complexity of cannabinoid receptor

signaling should thus be of prime interest.

1.6 Atypical cannabinoid receptor GPR55 in cancer

GPRS5 is structurally related to other cancer-relevant GPCRs, such as GPR35,
GPR92, and GPR23 (118) and signals through a-subunits that are known to
contribute to proliferation, migration and invasion (119). A role for GPR55 in
carcinogenesis has, therefore, been postulated. To date, the role of GPR55 has
been investigated in several different cancers, but its role in colorectal cancer has

not been elucidated so far.

GPR55 expression levels were found to be up-regulated in human squamous cell
carcinomas, breast and pancreatic cancer, and in glioblastomas, positively
correlating with aggressiveness (120,121). In vivo, GPR55 promoted
carcinogenesis in a mouse model of skin cancer (120). Here, GPR557- mice were
more resistant to papilloma and carcinoma formation than wild-type littermates
(120). Xenografts derived from glioblastoma or skin carcinoma cells exhibited
significantly reduced growth when GPR55 was knocked down (120,121).
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The main signaling pathway through which GPR55 exerts its proliferative effects in
cancer cells was identified to be ERK1/2-phosphorylation (121). Since LPI was
found to be the endogenous agonist of GPR55 (33) and since GPR55 had been
reported to be expressed in various cancer types in an aggressiveness-related
manner (122), a role for the LPI/GPR55 axis in cancer was recently postulated
(123). GPR55 expression has been demonstrated in several types of cancer cell
lines, such as breast, prostate, ovarian, glioblastoma, and colon cancer cells
(121,124,125). Overexpression of GPR55 enhanced, whereas silencing reduced
the proliferation of breast cancer, glioblastoma, and skin carcinoma cells (120,121).
Furthermore, LPI is believed to act in an autocrine manner, since it was reported
that in prostate cancer cells, LPI is synthesized by cytosolic phospholipase A2 and
pumped out of the cell by an ATP-binding cassette transporter (124). Ovarian cancer
cells have also been observed to produce and secrete LPI (126). Correspondingly,
increased levels of LPl were found in blood and ascites fluids of patients with ovarian
cancer (127). Increased levels of serum LPI were also observed in colon cancer
patients (125).

Recently, a role for cancer cell-derived LPI in angiogenesis has been suggested
(126). In a chick chorioallantoic membrane assay, LPI stimulated the proliferation,
network formation, and migration of human endothelial colony-forming cells(126).
This effect was abolished after treatment with the GPR55 antagonist CID16020046
(126), indicating that the LPI/GPR55 axis plays a role in shaping the tumor

microenvironment.

Other tumor-promoting functions identified for the LPI/GPR55 axis include
migration, invasion, and metastasis. Highly metastatic breast cancer cells MDA-MD-
231, for instance, exhibited robust migration towards LPI, whereas MCF-7 cells
(which express low GPR55 levels) did not migrate (128). Overexpression of GPR55
in MCF-7 cells, however, caused a strong migratory and invasive response to serum
factors, which was further enhanced by LPI (128). In an in vivo model of metastasis,
MDA-MB-231 cells formed significantly more metastases when cells were
pretreated with LPI while ablation of GPR55 expression in these cells strongly
inhibited metastasis formation (129). GPRS55-driven pro-metastatic signaling was
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identified to be achieved via coupling to Gg11 and subsequent phosphorylation of
ERK1/2 (129).

Thus, a tumor-promoting role is proposed for GPR55 via multiple mechanisms in a
variety of cancers. For cholangiocarcinoma, however, it was found that activation of
GPR55 with AEA or O-1602 inhibited cancer cell growth both in vitro and in vivo
(130,131). AEA and O-1602 have been reported to exert off-target effects on several
receptors of the expanded endocannabinoid system but since the effect on
cholangiocarcinoma cells was abolished after GPR55 knockdown, the authors
concluded that the observed effect was mediated by GPR55 (130).

1.7 The role of GPR55 in CRC

Previous work of Dr. Schicho’s group had revealed that GPR55 promoted the
migration and adhesion of the colon cancer cell line HCT116 (125) suggesting that
GPR55 might also play a role in colorectal cancer. In this study, HCT116 migration
towards serum complemented with LPI, and adhesion to endothelial cells was
reduced after pretreatment with GPR55 antagonist CID16020046. Interestingly, LPI
did not enhance the migration of native HCT116 cells towards serum. LPI did,
however, enhance the migration of GPR55-overexpressing HCT116 cells, and this
effect was abolished after pretreatment with CID16020046. In a mouse model of
metastasis where HCT116 cells arrest in the liver after intrasplenic inoculation, in
vivo treatment with CID16020046 led to a significantly reduced number of arrested
cells (125).

1.8 Aim of the thesis

The aim of this thesis was to elucidate the role of atypical cannabinoid receptor
GPR55 in colorectal carcinogenesis. Because of the receptor’s potentially pro-
carcinogenic behavior and its actions within the endocannabinoid system contrary

to those of CB1, the goal was to explore the systemical actions of GPR55 in a model
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of AOM and DSS-induced CRC using GPR55 knockout (GPR557") mice and wild-
type littermates. The main question to be addressed was whether GPR55 promotes
tumor growth. Additionally, | aimed to further investigate the role of CB1 in colon
cancer tumorigenesis and to elucidate the regulation and function of these two
receptors with common ligands. The acquired knowledge should improve our
understanding of mechanisms exerted by the expanded endocannabinoid system

during pathophysiologic conditions in the colon.
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2. MATERIALS AND METHODS

Since parts of this thesis have previously been published as an original research
article in the International Journal of Cancer (1), the Materials and Methods section
has been partially adapted from there and similarities with regards to content and

wording are to be expected.

2.1 Patient data

211 Survival analysis

A publicly available data set of 557 CRC patients (R2: microarray analysis and

visualization platform, http://r2.amc.nl) was used to analyze the influence of GPR55

expression on CRC patient clinical outcome. Relapse-free survival, i.e. the time from
surgery to the first recurrence, was the endpoint. Analysis was done according to
the Kaplan-Meier method, and differences between survival distributions were
assessed with the log-rank test. This survival analysis has also been reported in an

original research article (1).

21.2 DNA methylation status and mRNA levels

As part of the OncoTrack project (http://www.oncotrack.eu), biopsies were collected

from CRC patients. The cohort used for analysis in this study was the same as
described in detail previously (132). The methylation status of CNR717 and GPR55 in
CRC samples and adjacent healthy mucosa was assessed using the lllumina 450K
Infinium Human Methylation BeadChip. mRNA expression of CB1 and GPR55 was
assessed according to standardized procedures. Normalization was done using the
RPKM method (133). Written informed consent was obtained from all patients and
ethical approval was granted by the ethics committee of the Medical University of

Graz (23-015 ex 10/11). The collection of these data has previously been described

(1).
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2.2 Mouse models

2.21 Breeding

GPR557 mice were acquired from the Mutant Mouse Resource & Research Centers
(USA) and bred in house. CB1”- breeding pairs were kindly provided by A. Zimmer.
CB1/GPR55 double knockout (CB17-GPR557) mice were created by crossing the
two strains. Experimental procedures were approved by the Austrian Federal
Ministry of Science, Research and Economy (protocol number: BMWF-
66.010/0112-WF/II/3b/2014), performed in strict accordance with international

guidelines, and have been described previously (1).

222 Mouse model of colitis-associated CRC (CAC)
2.2.2.1 Induction of CAC in C57BL/6 mice

CAC was induced in 5-7 weeks old, gender-matched CB+17-, GPR557, and

CB1""GPR55 mice, and respective wild-type littermates on a C57BL/6 background
as described (134), with minor modifications. On day one, mice were injected i.p.
with 10 mg/kg azoxymethane (AOM; Sigma, Vienna, Austria). Subsequently,
dextran sulfate sodium (DSS; MP Biomedicals, lllkirch, France) was supplied ad
libitum in the drinking water in three cycles: 1.2% on days 8-12, 1.5% on days 22-
26, and 1.5% on days 50-54. On day 80, mice were sacrificed, tumor burden was
evaluated with a caliper under the microscope, and tumor as well as non-tumor
tissue was collected. A schematic overview of the protocol is given in Figure 1.

Colon tissue was also collected from age-matched healthy mice.

AOM Evaluation
v
0 1 2 3 4 5 6 7 8 9 10 11 weeks
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Figure 1. Schematic overview of the CAC protocol for evaluation of tumor burden
and tissue collection in C57BL/6 mice.
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For the analysis of leukocytes recruited into the tumors of GPR557- mice and wild-
type littermates, the protocol was slightly different (Figure 2). The dose of the
second cycle of DSS was reduced to 1.2%, and mice were sacrificed on day 108.
These changes were applied in order to reduce mortality rates, increase tumor sizes

and to obtain a sufficient amount of leukocytes.

AOM Analysis
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Figure 2. Schematic overview of the CAC protocol for leukocyte extraction from
tumors of GPR557- mice and wild-type littermates.

2.2.2.2 Induction of CAC in CD1 mice

For the pharmacological approach, male CD1 mice were obtained from Charles
River (Germany) and the experiment was started as soon as mice weighed 20 g.
After AOM injection (10 mg/kg i.p.), DSS was administered as follows: 2% on days
8-15 and 30-36. Additionally, either 5 mg/kg CID16020046 (GPR55 antagonist;
ChemDiv, San Diego, USA) or DMSO (vehicle control; VWR, Vienna, Austria)
diluted in PBS (Pan-Biotech, Aidenbach, Germany) were applied s.c. on days 22-
28 and 38-46. Tumor burden was evaluated on day 100 (Figure 3).

AOM Evaluation
v t
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Figure 3. Schematic overview of the CAC protocol in CD1 mice.

27



223 Mouse model of spontaneous tumor progression

Spontaneous tumor progression was induced in 5-7 weeks old CB17- and GPR557
mice and gender-matched C57BI/6 wild-type littermates by repeated administration
of 10 mg/kg AOM i.p. (134). For CB+17- mice, only male mice were used and tumors
were evaluated six months after the sixth AOM injection. For GPR557- mice, male
and female mice were used and tumors were evaluated eight months after the sixth
AOM injection (Figure 4).
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Figure 4. Schematic overview of the mouse model of spontaneous tumor
progression.

224 Xenograft tumor model

Female SCID mice were injected subcutaneously into the right flank with 6x10°
HCT116 cells in 100 uL PBS. As soon as the tumors were palpable, mice were
assigned to different treatment groups with equal mean £ SD of tumor volume. Mice
were injected peritumoral daily for 14 days with CID16020046, WINS5,212-2, or
JWH133 (Tocris, Bristol, UK) or combinations thereof as indicated. Mice were
sacrificed one day after the last injection and tumor weight and volume (length x
width x height / 2) were measured. This experimental procedure was approved by
the Ethics-Commission of the Medical University of Vienna (UWGZ 66.009/0114-
WF/V/3b/2015).

2.3 Cell culture assays and tissue analysis

2.31 Cell lines and cell culture

Colon cancer cell lines HCT116, SW480, SW620, HT29, and DLD-1 were obtained
from Interlab Cell Line Collection (Genova, ltaly), CaCo-2 from ATCC (Manassas,
VA, USA). HCT116 and HT29 were maintained in McCoy’s 5A, SW480, SW620,
DLD-1, and CaCo-2 in DMEM, both supplemented with 10% FBS (all Life
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Technologies, Vienna, Austria), 2 mM L-glutamine, and 1% penicillin/streptomycin
(“P/S”; both PAA Laboratories, Pasching, Austria), at 37°C, 5% COz2 in a humidified
atmosphere. Routine culture of colon cancer cells has also been described

elsewhere (1).

2.3.2 Stable overexpression of GPR55 in colon cancer cells

Colon cancer cell lines stably overexpressing GPR55 were generated by
transfecting HCT116 and SW480 cells with a pcDNAS3.1 construct coding for GPR55
with an N-terminal hemagglutinin tag (3xHA-GPR55), as described (1,35).
Lipofectamine 2000 was used as transfection reagent according to the
manufacturer’s protocol. Forty-eight hours after transfection, transfected cells were
selected with 4 mg/ml G418 (Life Technologies). After cells had grown to
confluence, they were harvested with 0.02% EDTA (in PBS), and blocked in PBS
containing 1% bovine serum albumin (BSA) and 1% goat serum for 30 min at 4°C.
Cells were then incubated with anti-HA antibody (Covance #MMS-101P, 1:1000) for
60 min at 4°C, and consequently stained with an Alexa Fluor 488-conjugated goat
anti-mouse antibody (Thermo Scientific #A-21121, 1:4000, 45 min, 4°C).
Subsequently, cells were sorted on a FACSAria (BD Biosciences, Franklin Lakes,
USA) and maintained in their respective media supplemented with 0.5 mg/ml G418
as HCT116-GPR55 (HCT55) and SW480-GPR55 (SW55).

233 Cell viability assays
For comparison of native and GPR55-overexpressing HCT116 and SW480, cells

were seeded at 7.5x10* cells/ml in 96-well plates. Mitochondrial activity was
assessed after 24, 48, and 72 hours using the CellTiter 96® Aqueous Non-
Radioactive Cell Proliferation Assay (Promega, Madison, WI, USA). For treatment
with CID16020046 or LPI (Sigma), cells were seeded at 1.5x10° cells/ml. After
letting them adhere overnight, they were starved in McCoy’s 5A without serum for
24 hours. Substances were then added as indicated and cell viability was measured
after 24, 48 and 72 hours.
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234 RNA extraction, reverse transcription to cDNA, and gqRT-PCR

RNA extraction from tissue was performed using TRIzol (Life Technologies)
according to the manufacturer’s protocol. RNA from cultured cells was extracted
with RNeasy Kit (Qiagen, Hilden, Germany). Isolated RNA preparations were
treated with DNA-free DNA Removal Kit (Life Technologies) for the removal of
genomic DNA. RNA concentrations were determined on a Nanodrop®
spectrophotometer (peqLab Biotechnology, Erlangen, Germany) and 2000 ng of
total RNA were reverse transcribed to cDNA using High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Carlsbad, USA). Thermal cycling conditions
(Mastercycler gradient, Eppendorf, Hamburg, Germany) were as recommended by
the manufacturer: 25°C (10 min), 37°C (120 min), 85°C (5 min), 4°C («).

Quantification of gene expression was done by real-time PCR (CFX Connect Real-
Time System, Bio-Rad, Vienna, Austria) using SsoAdvanced Universal SYBR
Green Supermix (Bio-Rad). Primers were obtained from Bio-Rad: Gpr55 (mouse,
ID: gqMmuCID0007644), Cnr1 (mouse, ID: gqMmuCEDO0037834), Hprt (mouse, ID:
gMmuCEDO0045738); GPR55 (human, ID: gHsaCEDO0001676), GAPDH (human, ID:
gHsaCEDO0038674), HPRT1 (human, ID: qHsaCID0016375) and relative gene
expression was assessed according to the AACg-method (135). This

methodological approach has also been described in an original research article (1).

2.3.5 Protein extraction

Protein was extracted from cultured cells using RIPA buffer (Thermo Scientific,
Rockford, USA) supplemented with protease and phosphatase inhibitor
(PhosphoStop; both Roche Applied Science, Vienna, Austria). After snap-freezing
the cells in liquid nitrogen, lysis buffer was added and cells were scraped off and
incubated on ice for 20 min. For protein extraction from tissue, collected samples
were submerged in liquid nitrogen and subsequently pulverized with a hammer.
Lysis buffer was added and homogenized samples were incubated on ice for at least
one hour. Lysates were then centrifuged at 15,000%g, 15 min, 4°C, and protein
concentrations of the supernatants were determined with Pierce BCA Protein Assay
Kit (Thermo Scientific).

30



2.3.6 Western blotting

For Western blot analysis, protein lysates were supplemented with 6x Laemmli
buffer containing B-mercaptoethanol and denatured at 95°C for 5 min. Proteins were
separated on 4-12% Tris-Glycine gels (Thermo Scientific) and blotted onto
polyvinylidene difluoride membranes (Bio-Rad) using the wet transfer system (100
V, 75 min, 4°C). Membranes were blocked in Tris-buffered saline/Tween 20 buffer
(TBST; 154 mM NaCl, 10 mM Tris-HCI pH 7.4, 0.1% (v/v) Tween 20) containing 5%
non-fat dry milk for one hour at room temperature. Primary antibodies were then
applied overnight at 4°C: COX-2 (ab15191, 1:1000), NF-kB (CST 4764, 1:1000),
STAT3 (CST 4904, 1:1000), p(Tyr705)-STAT3 (CST 9145, 1:1000), pERK1/2 (CST
9101, 1:1000), ERK1/2 (CST 4695, 1:1000), a-tubulin (CST 2125, 1:1000), B-actin
(Sigma A5316, 1:7500), or GAPDH (CST 5174, 1:1000). Horseradish peroxidase-
conjugated secondary antibody (goat anti-mouse, Jackson ImmunoResearch #115-
036-062, 1:5000; or goat anti-rabbit, Jackson ImmunoResearch #111-036-045,
1:5000) was then applied for one hour at room temperature. Detection was
performed on a ChemiDoc Touch Imaging System using Clarity Western ECL
Blotting Substrate (both Bio-Rad). Immunoblot images were analyzed with Image
Lab 5.2 software (Bio-Rad).

Stripping of membranes was performed by incubation in 62.5 mM Tris-HCI buffer
(pH 6.8) containing 2% SDS and 100 mM B-mercaptoethanol at 50°C for 30 min.
Membranes were then washed four times 15 min in TBST and subsequently

reblocked and reprobed.

2.3.7 Cytokine arrays

Cytokine expression in tumor tissue was measured using the ProcartaPlex Mouse
Essential Th1/Th2 and Panel 2 Multiplex Immunoassays (affymetrix eBioscience,

Vienna, Austria) according to the manufacturer’s instructions.

2.3.8 Immunohistochemistry

Paraffin-embedded sections of mouse colon were cut (5 ym) and deparaffinized.

Sections were then microwaved for 2 x 5 min in citrate buffer (10 mM sodium citrate,
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pH 6.0) for antigen retrieval, and processed by ABC method according to the
manufacturer’s protocol (Vectastain ABC kit; Vector Laboratories, Burlingname, CA,
USA). The following antibodies were used: COX-2 (ab15191, 1:2000) and STAT3
(CST 4904, 1:500). Antibody binding was visualized with ImmPACT NovaRed
(Vector Laboratories) and sections were counterstained with hematoxylin. Images
were taken with a high resolution digital camera (Olympus DP 50) and analyzed by
Cell*A imaging software (Olympus, Vienna, Austria). Only contrast and brightness

of images were adjusted.

2.3.9 Liquid chromatography-mass spectrometry (LC-MS/MS)

Analysis of mouse tumor tissue to detect prostanoids and endocannabinoids was
performed using liquid chromatography-electrospray ionization-tandem mass
spectrometry (LC-ESI-MS/MS). In both cases, the LC-MS/MS system consisted of
a hybrid triple quadrupole linear ion trap mass spectrometer 5500 QTrap (Sciex,
Darmstadt, Germany) equipped with a Turbo-V-source operating in negative ESI
mode, an Agilent 1200 binary pump, a degasser (Agilent, Waldbron, Germany), and

an HTC Pal autosampler (Chromtech, Idstein, Germany).

For the analysis of prostanoids, tissue pieces of approximately 10 mg were spiked
with the respective isotopically labeled internal standards, mixed with 200 ul PBS,
100 ul EDTA solution (0.15 M), 600 pl ethyl acetate and homogenized using a swing
mill (Retsch, Haan, Germany) with 4 zirconium oxide grinding balls for each sample
(25 Hz for 2.5 minutes). The organic phase was removed, and the extraction
repeated with 600 pl ethyl acetate. The organic fractions were combined and
evaporated at a temperature of 45°C under a gentle stream of nitrogen. The
residues were reconstituted with 50 pl of acetonitrile/water/formic acid
(20:80:0.0025, v/v) in glass vials. The chromatographic separation was carried out
using a Synergi Hydro-RP column (150 x 2 mm I.D., 4-um particle size and 80 A
pore size from Phenomenex, Aschaffenburg, Germany). A linear gradient was
employed at a flow rate of 300 ul/min. The mobile phase A was water/formic acid
(100:0.0025, v/v) and mobile phase B was acetonitrile/formic acid (100:0.0025, v/v).
The total run time was 16 min and injection volume 20 ul. Retention times of TXBz,

PGF2q, PGE2 and PGD2 were 7.8 min, 8.1 min, 8.5 min and 8.9 min, respectively.
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The precursor-to-product ion transitions used for quantification were m/z 351.1 —
m/z 315.0 for PGE2 and PGD2, m/z 353.1 —m/z 291.0 for PGF2q« and m/z 369.1
—m/z 169.1 for TXB2.

For the analysis of endocannabinoids, tissue pieces of approximately 10 mg were
spiked with the respective isotopically labeled internal standards, mixed with 50 uL
PBS, 50 pL ethyl acetate/n-hexan (9:1, v/v) and homogenized using a swing mill
(Retsch, Haan, Germany) with 4 zirconium oxide grinding balls for each sample (25
Hz for 2.5 minutes). The organic phase was removed, and the extraction repeated
with 150 ul extraction solvent. The organic fractions were combined and evaporated
at a temperature of 45°C under a gentle stream of nitrogen. The residues were
reconstituted with 50 ul of acetonitrile in glass vials. HPLC analysis was done under
gradient conditions using a Luna C18 column (150 mm L x 2 mm ID, 5 uym particle
size, Phenomenex, Aschaffenburg, Germany). The total run time was 12 min and
injection volume 10 pl. Retention times of AEA, 2-AG, 1-AG, PEA and OEA were
10.2 min, 10.6 min, 10.8 min, 10.9 min and 11.2 min, respectively. Precursor-to-
product ion transitions of m/z 346—259 for AEA, m/z 298—268 for PEA, m/z
377—303 for 2-AG and 1-AG and m/z 324—86 for OEA were used for quantification.

2.3.10 Isolation of recruited leukocytes and flow cytometry

A previously described protocol for the isolation of leukocytes from murine colon
(136) was slightly adapted. Tumors were excised from the colon of GPR55 mice
and wild-type littermates that had been subjected to the protocol of CAC (Figure 2).
Next, tumors were cut into small pieces with a scalpel and washed with HBSS
(containing 20 mM HEPES and P/S) 4 x 10 min at room temperature. Intraepithelial
immunocytes were extracted by incubation with HBSS containing 10 mM EDTA,
2.5% FBS, and P/S for 4 x 20 min at 37°C on a rotating device. The tissue was
washed with RPMI and digested with RPMI supplemented with 5% FBS, 10 mM
HEPES, P/S, and 200 U/ml collagenase type Il for one hour at 37°C (all Life
Technologies). Isolated cells were passed through a 40 pym cell strainer, washed
with PBS once, and leukocytes were stained for flow cytometry. Cells were stained
with the following antibodies (all BD, Vienna, Austria), diluted in antibody diluent
(Dako, Glostrup, Denmark), for one hour at 4°C: CD45-APC (1:200, clone: 30-F11),
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CD3e-BV510 (1:100, clone 145-2C11), CD4-PE-Cy7 (1:500, clone RM4-5), CD8a-
APC-H7 (1:100, clone 53-6.7), CD11b-FITC (1:200, clone M1/70), Ly6G-BV421
(1:500, clone 1A8), Ly6C-PE-Cy7 (1:200, clone AL-21), CD16/32 (1:100, clone
2.4G2). Samples were analyzed on a BD FACS Canto Il flow cytometer. Analysis
was done with FlowJo 4.0 software. This method has also been reported in the

original research article that resulted from this work (1).

2.3.11 DNA demethylation

Demethylation of genomic DNA in colon cancer cell lines was performed as
previously described (1,137). Cells were seeded in 6 well-plates in a way that they
would be confluent four days later. After allowing them to adhere for 24 hours, the
medium was exchanged to medium containing 1 or 10 yM 5-Aza-2’-deoxycytidine
(“5-Aza”; Sigma). Cells were incubated for 72 hours and the medium was replaced
daily. Cells incubated under the same conditions without 5-Aza treatment served as

control. DNA was then extracted using Gentra Puregene Cell Kit (Qiagen).

2.3.12 Bisulfite conversion and sequencing

1000 ng of DNA were bisulfite converted using the EpiTect Bisulfite Kit (Qiagen).
For the amplification of three regions of interest within the GPR55 gene that had
been determined from the methylation data obtained from CRC patients, i.e.
chr2:231789465 in the gene body (“body”), chr2:231789465 in the 5’-untranslated
region (“5’-UTR”), and chr2:231790813 upstream of the transcription start site
(“TSS”), primers were designed using Methyl Primer Express (Life Technologies)

with hg19 as a reference. Primer sequences are listed in Table 1.
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Table 1 Sequences of primers for amplification of regions of interest of GPR55.
Table was adapted from (1).

Name Sequence ?t::(;
GPR55 body BS2 F ATTTGGGGTTTTTTTTGTAGTTTTT 280
GPR55 body BS2 R AAAATTCAAAACCAAAACTTTCTTC

GPR55 UTR BS1 F GAGTTTGGGTTTTTAGGTTTTTTTT 388
GPR55 UTR BS1 R TTATACACACCTATCCCAACTCAAC

GPR55 TSS1500 BS2 F |GTTGGGAGGGTTGAGATTTATT 231
GPR55 TSS1500 BS2 R |AAAAACCCAAAAATAATTTCTATTCCTATA

The regions of interest were amplified using the HotStar Tag® Mix Kit (Qiagen).
Briefly, 25-70 ng of bisulfite converted DNA were mixed with 6 ul of HotStar Tag®
Master Mix, 0.5 ul primers (10 uM), and nuclease-free water to a final volume of 12
ML. After an initial denaturation step at 95°C for 15 min, the samples were run for 40
cycles at 95°C for 45 sec, 57°C for 45 sec and 72°C for 45 sec, followed by an
elongation step at 72°C for 7 min. Amplicons were then sequenced using the
BigDye® Terminator v3.1 Cycle Sequence Kit (Life Technologies). Briefly, 0.5 ul of
undiluted PCR products were mixed with 8 ul nuclease-free water, 0.5 pl BigDye®
Terminator v3.1 Sequencing Buffer (5x), 0.5 yl BigDye® ready reaction mix and 0.5
dI primer (10uM). The samples were run with the following program: 25 cycles at
96°C for 30 sec, 50°C for 15 sec and 60°C for 4 min. The sequencing reactions were
purified using Sephadex G50 Superfine (Sigma) and sequenced on an ABI 3130xI
Genetic Analyzer. Sequences were analyzed using the SeqScape software (Life
Technologies) and CpG methylation was calculated as a function of the area under

the curve of the C and T traces.

2.4 Statistical analysis

Statistical analysis of in vivo and in vitro experiments was performed with GraphPad
Prism 4.0 (GraphPad Software, La Jolla, CA, USA). The level of significance
between two treatment groups was assessed by two-tailed unpaired student’s t-test
and Welch'’s correction was applied if variances were unequal. Comparison of more

than two treatment groups was done by one-way ANOVA and Tukey’s posthoc test.
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Statistical analysis of DNA methylation data was performed by L. Stirling as reported
in detail elsewhere (132). Briefly, a regularized t-test was conducted using the limma
package in R. P-values were adjusted for multiple-testing using the false-discovery
method.
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3. RESULTS

Since parts of this thesis have previously been published as an original research
article in the International Journal of Cancer (1), this section has been partially
adapted from there and similarities with regards to content and wording are to be

expected.

3.1 GPR55 promotes CRC

3.11 Genetic deletion of GPR55 reduces colonic tumor burden in mice

To assess whether GPR55 plays a tumor-promoting or suppressing role in
colorectal carcinogenesis, GPR55- mice and wild-type littermates were subjected
to a model of inflammation-driven tumorigenesis, i.e. CAC, a well-established
murine CRC model (134,138,139). In this model, tumor formation is initiated through
the application of the carcinogen AOM, and tumor growth is driven by inflammatory
processes caused by DSS applied in the drinking water (see Figure 1). Subjecting
GPR557 mice and wild-type littermates to this model of CAC revealed that genetic
ablation of GPRS5 resulted in mice presenting with ~50% less tumors (7.6 £ 4.7 vs.
16.4 + 8.7), as shown in Figure 5 A. This reduction in total tumor number was
reflected by a decrease in tumors of all sizes (Figure 5 B). For this analysis, tumors
were classified into groups according to their size which was determined by
measuring the largest and the smallest horizontal diameter (area=width x length).
GPR557 mice showed reduced tumor numbers in all categories compared to wild-
type littermates, i.e. <2 mm? (1.1 £ 0.2 vs. 3.5 £ 0.6), <5 mm? (3.5+ 0.5vs. 55
0.6), <10 mm? (2.0 £ 0.3 vs. 4.0 £ 0.5), <20 mm? (0.8 £ 0.2 vs. 1.4 + 0.2), and >20
mm? (0.2 £ 0.1 vs. 0.3 £ 0.1). Accordingly, total tumor areas were also reduced by
~50% (43.7 + 36.8 vs. 90.4 + 62.0) in GPR55"- mice (Figure 5 C). These data have

been reported in a similar fashion elsewhere (1).
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Figure 5. Loss of GPR55 reduces tumor burden in mice.

(A) In a model of CAC, GPR55 mice (n=36) had significantly less tumors than their
wild-type littermates (WT, n=44). (B) Analysis of the tumors by size revealed that
GPR557 mice (white bars) showed reduced numbers of tumors of all sizes
compared to wild-type littermates (WT, black bars). (C) Total tumor areas were also
significantly reduced in GPR557 mice. (A-C) The experiment was performed three
times in total, with male and female mice, and data were combined. (A, C) Symbols
depict data from individual mice, and bars show the mean. *** p<0.001 (B) Data are
shown as mean + SEM. This figure has been adapted from (1).

3.1.2 Pharmacological inhibition of GPR55 reduces colonic tumor burden

To assess whether the results obtained from genetic deletion of GPR55 could be
mimicked with a pharmacological approach, CD1 mice were subjected to the
protocol of CAC and, additionally, treated with the GPR55 antagonist CID16020046,
or vehicle control (see Figure 3). Evaluation of tumor burden showed that
CID16020046 treated mice had ~30% less tumors (12.6 + 2.7 vs. 17.7 £ 4.2), and,
accordingly, ~40% smaller total tumor areas (82.1 + 31.7 vs. 1445 + 44.5)
compared to vehicle treated mice. These results were also reported here (1).
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Figure 6. CID16020046 reduces colonic tumor burden in CD1 mice.

Male CD1 mice were subjected to the protocol of CAC and treated with either 5
mg/kg CID16020046 (16x, i.p.) or vehicle control (n=9 for both groups). Tumor
numbers (A) and tumor areas (B) were reduced significantly in CID16020046
treated mice. Symbols depict data obtained from single mice, bars are the means.
** p<0.01 Figure adapted from (1).

3.1.3 GPR55 promotes CRC independently of its role in inflammation

Since GPR55 has been shown to promote intestinal inflammation (83) and the
above described model relies on inflammation as a driving force of tumor growth,
we next investigated whether GPR55 also promoted CRC in an inflammation-
independent model. Therefore, GPR557 mice and wild-type littermates were
subjected to a protocol of spontaneous tumor progression where tumor growth is
driven by repeated administration of AOM (see Figure 4). Evaluation of tumor
burden 8 months after the last AOM injection showed that GPR557- mice had ~50%
less tumors (2.8 £ 1.0 vs. 5.6 + 3.2) and ~80% smaller total tumor areas (11.9 + 8.1
vs. 64.5 + 58.9) compared to wild-type littermates (Figure 7). These results have

previously been published (1).
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Figure 7. Loss of GPR55 reduces colonic tumor burden in a model of spontaneous
tumor progression.

Tumor numbers (A) and tumor areas (B) were significantly reduced in GPR557 mice
(n=27) compared to wild-type littermates (WT, n=18). Male and female mice were
used for this experiment. Data show values obtained from individual mice and bars
are the means. ** p<0.01 Figure adapted from (1).

314 GPR55 expression correlates with disease-free survival in CRC

patients

For human cross validation, a publicly available data set of gene expression in CRC
patients was analyzed. Although there was no correlation between GPRS55
expression and overall survival, a significant association between high GPR55

MRNA expression and reduced relapse-free survival was found (Figure 8).
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Figure 8. High GPR55 expression is associated with reduced relapse-free survival.
The publicly available clinical CRC expression data set R2 was analyzed (n=557).
A significant (p=0.016) association between high GPR55 expression and shortened
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relapse-free survival was found. Data were provided by M. Pichler and published
previously (1).

Taken together, data obtained from the different mouse models of CRC as well as
the survival analysis of CRC patients suggest that GPR55 plays a tumor-promoting

role in colon carcinogenesis.

3.2 GPR55 actions are not mediated by epithelial cells

3.21 GPR55 agonism/antagonism does not affect cell proliferation

Recent studies on other types of cancer indicate that GPR55 plays a tumor-
promoting role to some extent by increasing proliferation of cancer cells through the
LPI/GPR55-axis (reviewed in (123)). Therefore, six commercially available CRC cell
lines were examined for GPR55 expression. As shown in Figure 9 A, all cell lines
expressed GPR55 mRNA with SW480 cells expressing ~50-fold more mRNA than
DLD-1, HCT116, HT29, SW620, or CaCo-2.

Treatment with the endogenous GPR55 agonist LPI, however, did not increase cell
proliferation of HCT116 or SW480 cells. Antagonism of GPR55 with CID16020046
did not alter cell proliferation in these cell lines either (Figure 9 B, C). These findings

have been reported previously (1).

Additionally, GPR55-related signaling pathways were examined. Treatment with LPI
(concentrations from 0.1 to 10 yM for 1-30 min) or CID16020046 (0.1 to 10 uM for
10-30 min), however, did not alter expression levels of phosphorylated p38, AKT,
STAT3 or ERK1/2 in native colon cancer cells. Furthermore, B-catenin translocation
and Ca?* release from intracellular stores after LPI treatment were analyzed but no

effects were observed (data not shown).
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Figure 9. CRC cell lines express GPR55 but cell proliferation is not altered by
GPR55 activation or antagonism.

(A) SW480 cells expressed ~50-fold more GPR55 mRNA than DLD-1, HCT116,
HT29, SW620, or CaCo-2 cells. mRNA levels were assessed in three different
biological replicates of the cells, each thawed from the nitrogen stock separately.
Data are shown as mean + SD. GAPDH was used as reference gene. (B, C)
HCT116 and SW480 cells were treated with the indicated concentrations of LPI (B)
or CID16020046 (C) and cell viability was examined but no differences were noted.
Assays were performed at least five times. Figure adapted from (1).

3.2.2 Stable overexpression of GPR55 in HCT116 and SW480 cells

Since no effect of GPR55 activation or antagonism could be observed in native CRC
cell lines, GPR55 was stably overexpressed in HCT116 and SW480 cells. This way,
GPR55 mRNA expression was increased 1000-fold in HCTS55 cells, and 24-fold in
SW55 cells. As a result, SW55 cells showed significantly increased proliferation
compared to SW480 cells. HCT55 cells showed the same trend but did not reach
statistical significance (Figure 10 A, B). Concomitantly, SW55 cells showed

increased levels of ERK1/2-phosphorylation compared to SW480 cells. HCT55

42



cells, again, showed the same trend but expression levels were not statistically
different from HCT116 cells (Figure 10 C, D).
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Figure 10. GPR55 overexpression leads to a growth advantage and increases
ERK1/2-phosphorylation.

(A, B) Cell viability was increased in GPR55-overexpressing cells compared to
native SW480 or HCT116 cells. Data are shown as mean + SD from at least five
independent experiments performed in sextuplicates. * p<0.05, ** p<0.01 (C, D)
ERK1/2-phosphorylation was increased in GPRS55-overexpressing cells. A
representative Western blot is shown in (C). (D) Data from three independent
experiments are shown as mean + SD. * p<0.05

GPRb&55-overexpressing cells were then treated with LPI and ERK1/2-
phosphorylation was examined via Western blotting. Indeed, pERK1/2 expression
was increased by ~70% in HCT55 cells, and ~260% in SW55 cells after treatment
with 1 uM LPI for 10 min (Figure 11 A). Treatment of native HCT116 or SW480 cells
with LPI, on the other hand, had no effect on ERK1/2-phosphorylation (data not

shown).

43



In accordance with this observation, ERK1/2-phosphorylation was also altered in
GPR55-overexpressing cells after treatment with the GPR55 antagonist
CID16020046, but not in native HCT116 or SW480 cells. In HCT55 cells, pERK1/2
expression was reduced by ~35%, and in SW55 cells by ~50% after treatment with
10 uM for 30 min (Figure 11 B).
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Figure 11. ERK1/2-phosphorylation is altered in GPR55-overexpressing cells after
LPI or CID16020046 treatment.

(A) HCT55 and SW55 cells were treated with 1 uM LPI or vehicle control for 10 min
at room temperature. A representative blot of three independent experiments is
shown. Bars are means + SD. (B) HCT116, HCT55, SW480, and SW55 cells were
treated with 10 uM CID16020046 for 10 or 30 min, or with vehicle control. In GPR55-
overexpressing cells, a decrease in pERK1/2 levels was observed after
CID16020046 (CID) treatment whereas this effect was absent in native HCT116 and
SW480 cells. A representative blot of three independent experiments is shown. **
p<0.01, *** p<0.001

3.2.3 Xenografts of HCT116 cells in SCID mice

Human colon cancer xenografts were grown from HCT116 cells in SCID mice.
Treatment with CID16020046 (GPRS55 antagonist), WIN55,212-2 (CB1/CB2
agonist), JWH133 (CB:2 agonist), or combinations thereof, however, had no effect

on tumor growth compared to vehicle treatment (Figure 12).
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Figure 12. Tumor xenografts in SCID mice.

Treatment of colon cancer xenografts with CID16020046 (“CID”, 20 mg/kg/day),
WIN55,212-1 ("WIN”, 1 mg/kg/day), JWH133 (“JWH”, 1 mg/kg/day), or combinations
thereof (WIN + CID, JWH + CID) did not result in significant differences regarding
(A) tumor volume or (B) tumor weight compared to vehicle (DMSO) treatment. n=4-
5 per group

3.3 GPR55 modulates the tumor microenvironment

Since experiments performed with CRC cell lines did not reveal the mechanism
underlying the tumor-promoting function of GPR55, tissue collected from murine
CAC (see Figure 5) was analyzed next. Results detailed in this section have partly

been reported previously (1).

3.31 COX-2 is expressed at lower levels in GPR557" tumors

Analysis of tumor and non-tumor tissue as well as colon tissue collected from
healthy control mice revealed that COX-2 is up-regulated in non-tumor tissue, which
can be regarded as inflamed tissue because of the exposure of the mice to DSS. In
tumor tissue, COX-2 expression was found to be even higher at both mRNA and
protein level (Figure 13 A, B). Comparison of COX-2 levels in tumors of GPR55
and wild-type mice revealed that protein levels were lower in GPR557- tumors as
observed through Western blotting as well as immunohistochemical staining
(Figure 13 C, D).
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For gRT-PCR Hprt was used as housekeeping gene after it was identified as being
stably expressed across the different tissues that were analyzed. On protein level,
GAPDH was stably expressed across different tissues, but B-actin showed more

stability in comparing tumors of GPR557- and wild-type mice.
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Figure 13. Tumors of GPR557 mice show reduced COX-2 expression.

(A) In wild-type mice, COX-2 mRNA was up-regulated in non-tumor and tumor
tissue compared to healthy control tissue. Housekeeping gene: Hprt. n=10-12 (B)
COX-2 protein levels were also increased in non-tumor and tumor tissue compared
to control tissue. The corresponding Western blot is shown. n=4-6 (C) COX-2 protein
levels were lower in tumors of GPR557 mice compared to tumors of wild-type
littermates (WT). A representative Western blot is shown. n=11 (D) Sections of
colonic tumors were stained for COX-2 (brown color). Expression levels were lower
in tumors of GPR557 mice. Representative images are shown (scale bar, 50 um).
Data points show values obtained from tissue collected from individual mice, bars
are the means. ** p<0.01 Figure adapted from (1).
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3.3.2 STAT3 expression is altered in GPR55" tumors

Further analysis of collected tumor tissue showed that STAT3 signaling was altered
in tumors of GPR557 mice. STAT3 activation through Tyr705-phosphorylation was
reduced in GPR557 tumors but did not reach statistical significance. Total protein
levels of STAT3, however, were significantly reduced in tumors of GPR557- mice as
assessed by Western blotting (Figure 14 A). This finding was confirmed by

histological staining of colonic sections (Figure 14 B).

A B STAT3
20 p=0.08 L:ffis-. et
. . . :s,hg;,}; R A0
= . Bioae
n e £ 4
Sl E ok Ji By
< " YV ot 3 Mgy 2 TR
| . £.5F s 8 77, s
. DY
o A . (\%‘N."’h‘:‘:‘-m TR
- , : ] P S S X
WT GPR55* GPR55™
C
o . G p=0.067
im
é il £ 2.0 =
Q ] ‘6 H
8 @ 1.5 [
dqpf T N =
& e m10{ __mm A
205 C . xiix
5 54 A‘ 2 05-‘ ... A
. & [ ] AA
0.0 I 2 0.0 T L
WT GPR55+ WT GPR55™-
PSTAT3 ==tm,. Smmesl~w = = NF-kB W WP W™ = = = w
STAT3 wews. wmwi=m == = I i
B-actin  Se—— -

Figure 14. STAT3 expression is reduced in tumors of GPR557 mice.

(A) Compared to tumors of wild-type (WT) mice, tumors of GPR557- mice showed
reduced expression of STAT3 protein levels. The degree of STAT3-phosphorylation
was reduced in GPR557 mice but statistical significance was not achieved (upper
panel). The amount of total STAT3, however, was significantly lower in tumors of
GPR557 mice (lower panel). (B) Staining of colonic tumor sections for STAT3
(brown color) confirmed reduced protein levels in GPR557 tumors. Representative
images are shown (scale bar, 50 ym). (C) NF-kB expression was also reduced in
tumors of GPR557 without reaching statistic significance. Data points show values
obtained from tissue collected from individual mice, bars represent the mean value.
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Representative Western blots are shown. n=7-11, * p<0.05. Figure adapted from

(1).

Additionally, NF-kB expression was found to be slightly reduced in tumors of
GPR557 mice (Figure 14 C). The degree of NF-kB activation through
phosphorylation of the p65 subunit, however, did not differ between tumors of

GPR557 mice and wild-type littermates (data not shown).

3.3.3 Differential expression of cytokines in tumors of GPR557 mice

Cytokine levels in tumor tissue were assessed using a multiplex ELISA. Four
cytokines were found to be differentially expressed in tumors of GPR557- mice. IL-
5, IL-10, and IL-12 levels were elevated compared to tumors of wild-type littermates
whereas the presence of myeloid cells-recruiting chemokine monocyte
chemoattractrant protein-1 (MCP-1/CCL2) was decreased (Figure 15). Other
cytokines that were analyzed, but did not show differential expression, included
interferony, IL-18, IL-17A, IL-4, IL-6, C-X-C motif chemokine ligand 1 and 2 (CXCLA1
and CXCL2), macrophage inflammatory protein 1 a and 3, and tumor necrosis factor

a (data not shown).
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Figure 15. Differential cytokine production in tumors of GPR557 mice.

IL-5 (A), IL-10 (B), and IL-12 (C) expression was increased in tumors of GPR55
mice compared to wild-type littermates (WT) whereas CCL2 expression was
decreased (D). Data points show values obtained from individual mice, bars are the
means. n=11, * p<0.05, ** p<0.01. Figure adapted from (1).

3.34 Reduced expression of prostanoids in GPR557 tumors

Since tumors of GPR557 mice showed reduced COX-2 expression, down-stream
effector molecules of COX-2 were analyzed by mass spectrometry. Indeed,
thromboxane Az (as determined through the measurement of the primary metabolite
thromboxane B2 (TXB2)) and prostaglandin F2a (PGF24) were found to be expressed
at lower levels in tumors of GPR55- mice (Figure 16). These results have also been
published here (1). Prostaglandin E2 and D2 levels were also assessed but the
content of the samples was so high that all measured values were above the
calibration curve and, therefore, could not be analyzed. Additionally, 6-keto-
prostaglandin 1a was measured, but there was no difference between tumors of

wild-type and GPR557- mice (data not shown).
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Figure 16. Reduced expression of prostanoids TXB2 and PGF2. in tumors of
GPR557 mice.

Mass spectrometry revealed that TXB2 (A) and PGF2q (B) were expressed at lower
levels in tumors of GPR557 mice than in tumors of wild-type litermates (WT). Data
were provided by N. Ferreirds and have also been reported here (1). Data points
show prostanoid content of tumor tissue collected from individual mice. n=12
*p<0.05, *** p<0.001

3.35 Reduced levels of endocannabinoids in GPR557 tumors

Furthermore, levels of endocannabinoids and related lipids were assessed in tumor
tissue as well as in healthy control tissue collected from GPR557- mice and wild-
type littermates. In accordance with previous reports on human CRC biopsies
(98,99), endocannabinoids AEA and 2-AG were expressed at very low levels in
healthy colonic tissue, but expression was strongly increased in tumors of wild-type
mice (Figure 17). In tumors of GPR557 mice, however, AEA and 2-AG levels were
strongly reduced compared to tumors of wild-type mice, and the amount of
compound detected was almost reduced to control tissue levels. The same was true
for endocannabinoid-like compounds OEA and 1-AG. PEA was also expressed at
lower levels in tumors of GPR557- mice. In accordance with endocannabinoid levels
assessed from human CRC biopsies (98), 2-AG levels were about two orders of
magnitude higher than AEA levels in both control and tumor tissue of wild-type mice
corroborating that the in vivo model used here is an appropriate model to study

endocannabinoids in CRC.

50



AEA
*kk
800-
A
A

600+ ad
g Ax &
£ 400/ ry
Q. A‘ A

2004

control tumor control tumor

WT GPR55™*
B c
OEA PEA
150 - PR S 60 - =
A
gk A 50 4 ”
2 1004 — 2 404 u,a ¥ or N
E o, 5 30 - D
< 504 4 20 « % o
n® 1] S— ‘ A
0 :. Ll L Ll 10- L) T L] ATA
control tumor control tumor control tumor control tumor
WT GPR55* WT GPR55*
D E
1-AG 2-AG
20000- — 1000004
A
15000- 2 R ‘e
5 60000 at
S, 100004 s > T
2 e o 2 400004 y
A4 ’ A 20000 . B
ol ofle Tef ol=dr  TH i
control tumor control tumor control tumor control tumor
WT GPR55* WT GPR55*

Figure 17. Levels of endocannabinoids and related compounds are altered in
tumors of GPR557 mice.

Mass spectrometry analysis of healthy control colonic tissue (n=4-5) and tumor
tissue (n=10-11) revealed that N-acylethanolamines AEA (A), OEA (B), and PEA
(C) were expressed at lower levels in tumors of GPR557- mice compared to tumors
of wild-type littermates (WT). Monoacylglycerols 1-AG (D) and 2-AG (E) expression
levels were also strongly reduced in tumors of GPR557 mice. (A-E) Data were
provided by N. Ferreirés and show concentrations measured in tissue samples
obtained from single mice. ** p<0.01, *** p<0.001
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3.3.6 Leukocyte populations are altered in tumors of GPR557 mice

Since the analysis of the tumor tissue collected from GPR557 mice and wild-type
littermates revealed differential cytokine expression as well as altered expression of
COX-2 and STATS3, the leukocyte populations recruited into the tumors were
investigated next. A recent publication reported that one of the cytokines reduced in
GPR557 tumors, i.e. CCL2, contributes to carcinogenesis in CAC through the
recruitment of myeloid-derived suppressor cells (MDSCs) (140). MDSCs in turn
have been reported to contribute to colonic tumor growth via the inhibition of T cells
(141). Therefore, flow cytometric analysis was targeted at identifying these distinct
subsets of leukocytes in tumors of GPR557 mice and wild-type littermates that had
been subjected to the model of CAC (as outlined in Figure 2). Indeed, as shown in
Figure 18, a subset of CD11b* cells, i.e. Ly6CMLy6G- cells, reported to be monocytic
MDSCs (140,141), were significantly less abundant in tumors of GPR557 mice.
Importantly, total amounts of CD11b* cells were not altered between tumors of
GPR557 mice and wild-type littermates, suggesting that the observed effect was not

due to “per se” reduced infiltration of leukocytes in tumors of GPR557- mice.
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Figure 18. Reduced recruitment of Ly6C"Ly6G- cells in tumors of GPR557- mice.
(A) Gating strategy for MDSCs: after exclusion of cell debris from the FSC/SSC plot,
CD11b* cells were further analyzed for their Ly6C and Ly6G expression. (B) No
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difference in CD11b* cells was observed between tumors of wild-type (WT) and
GPR557 mice. n.s.= not significant (C) The population of Ly6CMLy6G-CD11b* cells,
however, was strongly reduced in tumors of GPR557 mice. Each data point
represents the leukocytes extracted from the pooled tumors of one individual
mouse, bars are the means. *** p<0.001 n=9 per group. Figure adapted from (1).

Furthermore, tumors of GPR557- mice displayed strongly enriched numbers of CD3*
leukocytes (Figure 19). Subsequent analysis of the CD3* population revealed an
increase in both CD4* and CD8* T cells in these tumors. Taken together, the data
indicate that systemic genetic disruption of GPR55 alters the composition of CAC
tumors leading to a rather tumor-rejecting microenvironment. A schematic overview
of how altered leukocyte populations and mediators assessed in this study may
contribute to the observed reduction in tumor burden of GPR557 mice is given in

Figure 20. These data have also been reported here (1).
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Figure 19. Tumors of GPR557 mice show increased infiltration of CD3* cells.

(A) Gating strategy for T cells: following the exclusion of cell debris, CD45* and
CD3* leukocytes were analyzed for their CD4 (Q1) and CD8 (Q3) expression. (B)
Tumors of GPR557 mice showed strongly increased numbers of CD3* leukocytes
compared to tumors of wild-type littermates (WT). This increase was further
translated into the enhanced presence of CD4* (C) and CD8* (D) T cells in tumors
of GPR55 mice. (B-D) Each data point represents the leukocytes extracted from
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the pooled tumors of one individual mouse, bars are the means. * p<0.05,
***n<0.001, n=12 per group. Figure adapted from (1).
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Figure 20. Deletion of GPR55 alters the tumor microenvironment in murine CAC.

This scheme summarizes the various alterations identified between tumors of
GPR557 mice and wild-type littermates that could account for the reduced colon
carcinogenesis observed in GPR557 mice. Changes in leukocyte populations and
mediators caused by genetic disruption of GPRS5 are indicated by green arrows.
Firstly, reduced numbers of monocytic myeloid-derived suppressor cells (MDSC)
were observed, which is likely a consequence of reduced CCL2 expression (140).
Therefore, STAT3 expression in turn could be diminished partly by reduced CCL2-
MDSC signaling (140), although the role of other cells, e.g. neoplastic cells, cannot
be excluded (142). Secondly, reduced expression levels of transcription factor NF-
kKB and COX-2 as well as of its effector molecules PGF2qa and TXB2 were observed.
Both prostanoids have been shown to promote carcinogenesis (143,144). Thirdly,
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recruitment of both T helper cells (CD4%) and cytotoxic T cells (CD8*) was enhanced
in tumors of GPR557 mice. Increased infiltration of T cells has been shown to be
associated with a favorable clinical outcome in CRC (145) and might thus also
contribute to reduced carcinogenesis in this model. This figure and its legend have
been reproduced from (1) with permission of Wiley.

3.4 CB1 is a tumor-suppressor and has opposing effects to
GPR55

3.41 CB17- mice have a higher tumor burden than wild-type littermates

CB1 has been shown to play a tumor-suppressing role in a genetic mouse model of
intestinal cancer (101) where polyps develop mainly in the small intestine (Apcmin*
mice). To examine whether CB+1 would also be protective in CRC, CB1”- mice and
wild-type littermates were subjected to the AOM+DSS-induced model of CAC (see
Figure 1) as well as the model of spontaneous tumor progression (see Figure 4).
As shown in Figure 21, it was observed that CB17- mice developed significantly
more tumors and, accordingly, had larger tumor areas than wild-type littermates in
both models of colon cancer. In the CAC model, CB17- mice had ~3.3 times more
tumors than wild-type littermates (10.9 + 4.2 vs. 3.3 £ 1.3) and tumor areas were
increased ~2.4-fold (62.0 £45.4 vs. 26.3 £ 16.7). In the model of spontaneous tumor
progression, CB17- mice showed ~1.5-fold higher tumor numbers (5.0 + 0.8 vs. 3.4
1+ 1.0) and ~1.9-fold (30.0 £ 8.0 vs. 16.1 £ 6.4) increased tumor areas.

These data confirm the tumor-suppressing role of CB1 in intestinal cancer and
suggest that CB1 plays a contrary role to GPR55. The results have also been

reported here (1).
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Figure 21. CBy plays a tumor-suppressing role in murine models of CRC.

(A, B) CB17 mice (n=7) and wild-type litermates (WT, n=8) were subjected to the
model of CAC. CB+1”- mice developed more tumors and, accordingly, had larger
tumor areas. Because of the high mortality in male CB17- mice after application of
DSS, only female mice were used for this experiment. (C, D) Male CB17- mice (n=7)
and wild-type littermates (n=7) were subjected to the protocol of spontaneous tumor
progression. Again, CB17- mice had more tumors and increased total tumor areas.
Data show values obtained from individual mice, bars are the means. * p<0.05,
**p<0.01 Figure has been adapted from (1).

3.4.2 CB1 opposes the role of GPR55 in murine CRC

To further analyze the contrary roles of CB1 and GPR55 in CRC, double knockout
mice (CB17-GPR557) and wild-type littermates were subjected to the protocol of
CAC. As shown in Figure 22, there was no statistically significant difference in tumor
burden between CB1""GPR557 mice and wild-type littermates, i.e. neither in tumor
numbers (9.6 £ 4.1 vs. 6.5 + 4.3) nor in tumor areas (46.0 £ 28.35 vs. 29.9 + 23.9).
These data suggest that the tumor-promoting role of GPR55 is indeed opposed by

the tumor-suppressing role of CB1.This has also been reported previously (1).

56



Number of tumors Total tumor areas
20 - ns. R 17 ) ns.
© =
(2} A £ 100
2 154 - = .
£ - roy @ 80 A
= M A‘ 3 604 ‘e :‘
ok L] ] A
5 . e £ a0 —=— W
5 o & AAAAA @ 20 4 " n
0 : . & 0 * Adgpad
CB1/GPR55" WT CB1/-GPR55" WT

Figure 22. CB1 appears to oppose the tumor-promoting role of GPR55.

CAC was induced in CB1/GPR55 double knockout mice (CB1"-GPR557, n=7) and
wild-type littermates (n=18). Tumor burden, i.e. tumor numbers (A) and total tumor
areas (B), was not significantly (n.s.) different between the two groups. Data points
are values obtained from individual mice, and bars are the means. Figure adapted
from (1).

3.5 Differential regulation of CB1 and GPR55

3.51 CB1 and GPR55 mRNA expression are differentially regulated

Wang et al. (101) had reported that the tumor-suppressing function of CB1 was
diminished in neoplastic tissue because of the down-regulation of the receptor as
compared to adjacent control tissue. Following up on this finding, expression levels
of CB1 and GPR55 mRNA were analyzed in tissue collected from the murine model
of CAC. gRT-PCR revealed that CB1 mRNA levels were indeed strongly down-
regulated in tumor tissue compared to healthy control colon. In colonic non-tumor
tissue, i.e. tissue that did not exhibit neoplastic lesions but was nevertheless
affected by the multiple exposure to DSS, CB1 expression was increased as
compared to healthy colon. This regulatory pattern of CB1 mRNA expression was
found in both wild-type mice as well as GPR557 mice. CB1 levels were also
comparable between healthy colon tissue of wild-type and GPR557 mice (Figure
23 A). On the contrary, GPR55 mRNA levels were decreased in non-tumor tissue
and increased in tumor tissue compared to colon tissue of healthy control mice
(Figure 23 B). Additionally, we analyzed mRNA expression levels in a cohort of 86

CRC patients (132). In accordance with a previous report (101), we found a strong
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down-regulation of CB1 in tumors as compared to control tissue. Interestingly,
however, CB1 mRNA levels increased again with disease severity (Figure 23 C).
GPR55 levels, on the other hand, decreased with increasing tumor stage (Figure
23 D). Taken together, the data indicate a differential regulation for the transcription

of CB1 and GPR55 in CRC. These findings have also been reported here (1).
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Figure 23. Differential regulation of CB1 and GPR55 mRNA.

(A, B) CB1 and GPR55 mRNA expression levels were assessed in healthy colonic
tissue of control mice (n=10) and in tumor and non-tumor tissue of mice that had
been subjected to the AOM+DSS-induced model of CAC (n=10-12). mRNA levels
were assessed with qRT-PCR with Hprt as reference gene. (A) CB1 was found to
be up-regulated in non-tumor tissue and down-regulated in tumor tissue compared
to healthy colon tissue. This regulatory pattern was observed in both wild-type (filled
symbols) and GPR557 mice (empty symbols). (B) GPR55 mRNA, in contrast, was
down-regulated in non-tumor tissue compared to healthy control colon whereas it
was up-regulated in tumors. (C, D) mRNA expression levels in tumors of CRC
patients (n=86) and adjacent control tissue (n=21) were determined by RNAseq
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(132). Tumors were TNM staged according to the guidelines of the Union
international contre le cancer (UICC). (C) CB1 mRNA was strongly down-regulated
in tumors but increased with disease severity. (D) GPR55 mRNA, in contrast,
decreased with stage. (A-D) Statistical analysis was done by one-way ANOVA
followed by Tukey’s posthoc test. Data points show values obtained from individual
mice (A, B) or patient samples (C, D), and bars represent the mean values. * p<0.05,
** p<0.01, ** p<0.001 RNAseq raw data were provided by the OncoTrack
consortium. The figure has been adapted from (1).

3.5.2 Epigenetic changes in CNR71 and GPR55 in CRC patients

A possible explanation for the aforementioned down-regulation of CB1 expression
in tumor tissue compared to control tissue was given by Wang et al. — epigenetic
hypermethylation of the CNR1 promoter resulted in reduced transcription in their
patient cohort (101). To further elucidate these findings, the methylation status of
CNR1 and GPR55 was assessed in our cohort of CRC patients. Indeed, CNR1 was
found to have a CpG island-associated promoter (Figure 24 A) that was
characterized by low DNA methylation in healthy colonic mucosa, i.e. the fraction of
methylated cells (“B”) was <0.11 in all CpG’s in the promoter region in the control
samples. In tumor samples, however, six analyzed CpG’s were significantly
hypermethylated (Ap>0.04, p<0.01). These CpG’s are located at -755 to +268 with
regard to the transcription start site (hg19 coordinates 88875844 to 88875398).
Additionally, differences at CpG’s within the 5’-untranslated region (5’-UTR) and the
gene body were observed. These CpG’s are not part of CpG islands but rather
located in open sea regions. In control samples, these regions were characterized
by much higher methylation (3>0.54). In tumor samples, however, ten CpG’s were
substantially hypomethylated in this region (AB=0.04-0.32, p<0.001). This
phenotype is consistent with the idea that CNR1 is actively transcribed in both CRC
and healthy controls, but that transcription is being nuanced toward down-regulation
in CRC samples. In contrast, GPR55 does not have CpG islands and exhibited a
rather global decrease in methylation (Figure 24 B). Four of the analyzed CpGs
were significantly less methylated in tumor samples as compared to control tissue

(AB=0.03-0.07, p<0.01). These observations have also been reported previously
(1).
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Figure 24. Methylation of CNR1 and GPRS55 is differentially regulated in CRC
patients.

The methylation status of CNR7 and GPR55 DNA was assessed in tumor samples
(n=81, white bars) and in adjacent control tissue (n=67, black bars). Each set of bars
shows the mean + SEM degree of methylation in one CpG. The hg19 coordinate of
each CpG is indicated by the x-axis label. Raw data were provided by L. Stirling,
who also performed the statistical analysis as reported in detail elsewhere (132). (A)
In tumor samples, CNR1 methylation was increased at CpG islands surrounding the
promoter region, whereas it was decreased at CpG’s located in the body of the gene.
(B) GPR55 lacks CpG islands and rather exhibited a global decrease in methylation
in tumor samples. Four CpG’s including the one located in the body of the gene
showed significantly decreased methylation. * p<0.01, ** p<0.001, *** p<0.0001 The
figure and its legend have been adapted from (1).
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3.5.3 DNA hypomethylation increases GPR55 expression levels

To examine the effect of epigenetic demethylation on the expression of GPR55, six
colon cancer cell lines were treated with the demethylating agent 5-Aza-dC. The
methylation status of GPR55 was then assessed in three regions of interest of
interest (gene body, 5-UTR, and upstream of the transcription start site) using
bisulfite sequencing. GPR55 was heavily methylated in untreated colon cancer cell
lines (Figure 25 A). SW480 cells, however, showed a slightly lower degree of
methylation at CpG’s in the gene body and the 5’-UTR compared to the other cell
lines. Intriguingly, SW480 cells also expressed ~55-fold more GPR55 mRNA (see
Figure 9 A). Treatment with 5-Aza-dC caused a reduction of methylation in 4 out of
6 examined cell lines, i.e. DLD-1, HCT116, SW620, and HT29 cells. The methylation
status of SW480 and CaCo-2 cells was not altered after treatment with the

demethylating agent.

Concomitantly with the decrease in methylation, an increase in GPR55 mRNA
expression was observed in DLD-1, HCT116, SW620, and HT29 cells (Figure 25
B). In SW480 and Caco-2 cells unaltered degrees of methylation after the treatment
with 5-Aza-dC resulted in unchanged GPR55 expression levels. Alterations in

epigenetic methylation thus seem to have an effect on GPR55 mRNA expression.

Bisulfite sequencing was performed in cooperation with E. Heitzer and R. Graf from
the Institute of Human Genetics (Medical University of Graz). The data obtained
from these experiments have been reported in a similar fashion in the original

research article that originated from this study (1).
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Figure 25. Epigenetic changes in GPR55 in colon cancer cell lines.

(A) The methylation status of GPR55 was assessed in three regions of interest that
have been determined from the data obtained from CRC patients: one in the gene
body, one in the 5’-UTR, and one upstream of the transcription start site (TSS). In
each region of interest four to six CpG’s were analyzed (hg19 coordinate as
indicated on top). Pie charts represent the amount of methylation in a single CpG
as assessed by bisulfite sequencing. GPR55 was heavily methylated in all colon
cancer cell lines (upper rows). Treatment with 5-Aza-dC (aza) reduced epigenetic
methylation in DLD-1, HCT116, SW620, and HT29 cells. (B) Accordingly, GPR55
MRNA levels were increased in those four cell lines after treatment with 5-Aza-dC
but not in SW480 and CaCo-2 cells. Data shown are means + SEM of three
independent experiments, reference gene: HPRT1. The figure has been adapted
from (1).
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4. DISCUSSION

Cannabinoids are currently used in medicine for pain relief after spastic attacks in
multiple sclerosis, stimulation of appetite in HIV/aids patients, and for the reduction
of nausea and vomiting induced by chemotherapy (146). Over the last years,
however, a plethora of preclinical studies have been published that report possible
anti-tumorigenic properties of cannabinoids and related substances. Several recent
review articles summarize these findings, thereby highlighting the great potential of
cannabinoids in the treatment of cancer (8,15,115,147-158). The maijority of authors
conclude that experimental evidence obtained from cell-based assays is very
promising, i.e. cannabinoids show anti-proliferative, pro-apoptotic, anti-angiogenic,
anti-migratory, and anti-invasive properties in vitro. Data from in vivo models are
more scarce and paint a rather complicated picture leading the authors to conclude
that the complexity of the endocannabinoid system needs to be further elucidated,

before the therapeutic potential of medical marijuana can be fully exploited.

Until a few years ago, the endocannabinoid system was defined as comprising the
two cannabinoid receptors CB1 and CBg, certain endocannabinoids (e.g. AEA and
2-AG), as well as the endocannabinoid synthesizing and degrading enzymes.
Recent discoveries of receptors responsive to cannabinoids whose endogenous
ligands, however, are not cannabinoids have challenged the perception of the
endocannabinoid system being a confined system. Endocannabinoid-like
compounds (i.e. mediators belonging to the same chemical class as the
endocannabinoids with targets other than CB1/2) have also been discovered and the
term “endocannabinoidome” has been coined to describe the whole entity (12). It
has become evident that our understanding of this complex system has to increase
drastically before its great therapeutic potential can be exploited. Accordingly, the
aim of this thesis was to elucidate the role of the atypical cannabinoid receptor
GPR55 and to further investigate the role of classical cannabinoid receptor CB1 in

colorectal carcinogenesis.
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4.1 GPR55 exerts its tumor-promoting function via modulation

of the tumor microenvironment

To assess whether GPR55 plays a tumor-promoting or suppressing role in CRC,
the AOM+DSS-driven model of CAC was applied to GPR557 mice and wild-type
littermates. Genetic deletion of GPR55 resulted in a significantly reduced tumor
burden in the colon, i.e. GPR557 mice had less tumors and, accordingly, smaller
total tumor areas. To examine whether the results obtained after genetic ablation of
GPRS55 could be mimicked with a pharmacological approach, CD1 mice were
subjected to the protocol of AOM+DSS-induced CAC and given CID16020046 or
vehicle control. In this experiment, CD1 mice were the preferred strain of mice
because they are more susceptible to the AOM+DSS model than C57BL/6 mice
(159) meaning that the rate of non-responders, i.e. mice that do not develop any
tumors, and the mortality caused by the protocol is greatly reduced in CD1 mice.
Pharmacological inhibition of GPR55 gave similar results to the afore mentioned
experiment with GPR557 mice, i.e. CID16020046 treated mice had lower tumor
numbers and smaller tumor areas than vehicle treated mice. Since GPR55 has been
reported to play a pro-inflammatory role in mouse models of colitis (83) and DSS-
induced inflammation drives tumor growth in the CAC model, GPR55"- mice and
wild-type littermates were also subjected to a model of CRC that is independent of
inflammation, i.e. the AOM-induced model of spontaneous tumor progression. Here,
GPR557 mice again presented with less tumors and had smaller tumor areas than
wild-type littermates. Thus, it can be concluded that GPR55 plays a tumor-promoting

role in murine CRC.

To elucidate the mechanism by which GPR55 exerts its tumor-promoting function,
in vitro experiments with colon cancer cell lines were performed. The endogenous
GPR55 ligand LPI has been established to promote tumorigenesis by activating
signaling cascades related to cell proliferation, migration, and survival (123). Recent
work of our group had already revealed that GPR55 enhanced the migration and
adhesion of colon cancer cells (125), but its role in cell proliferation had not yet been
investigated. Therefore, cell viability assays were performed with two colon cancer
cell lines, one with high GPR55 mRNA expression (SW480 cells) and one with low
GPR55 mRNA expression (HCT116 cells). Interestingly, however, no effect of
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GPR55 activation with LPIl or antagonism with CID16020046 on cell proliferation
was found in either cell line. Additionally, several GPR55-related signaling pathways
were examined, but no effect of agonism or antagonism on signaling molecules
could be detected. A possible explanation for these findings could lie in the
purported cross-regulation of CB1 and GPRSS, i.e. GPR55 signaling was found to
be inhibited when CB1 and GPR55 were co-expressed in HEK293 cells (43).
HCT116 and SW480 cells express both receptors and thus it is possible that GPR55
signaling is inhibited in the presence of CB1. Therefore, GPR55 was stably over-
expressed in HCT116 and SW480 cells and cell viability assays revealed that this,
indeed, led to a growth advantage of GPR55 over-expressing cells compared to
native cells. Concomitantly, both HCT55 and SW55 had increased basal expression
levels of phosphorylated ERK1/2 compared to their native counterparts. Treatment
with LPI (1 uM) further increased ERK1/2-phosphorylation in both over-expressing
cell lines. Interestingly, however, cell viability was still not enhanced by LPI in these
cell lines (data not shown), although the activation of signaling cascades was
apparent. Treatment with CID16020046 decreased basal expression levels of
phosphorylated ERK1/2 in HCT55 and SW55 cells, but not in HCT116 and SW480
cells. These data suggest that GPR55 can only be manipulated pharmacologically
when it is expressed several fold higher than CB+1. Whether CB1 actually inhibits

GPR55 signaling in native colon cancer cells, however, still needs to be established.

To further elucidate the tumor-promoting role of GPR55 in CRC, tumor tissue
collected from the AOM+DSS-induced model of CAC was analyzed. As summarized
in Figure 20, several alterations were observed between tumors of GPR55 mice
and wild-type littermates that, together, could be responsible for the differences in
tumor burden in the two experimental groups. In fact, tumors of GPR557 mice
exhibited modifications in the tumor microenvironment that constituted of altered
leukocyte populations and a concomitantly reduced expression of tumor-promoting
factors. For instance, reduced expression of the myeloid cell-recruiting chemokine
CCL2 was observed. Deletion of CCL2 has been reported to reduce the recruitment
of myeloid-derived suppressor cells (MDSCs) in colitis-associated CRC (140). In
line with this finding, reduced numbers of monocytic MDSCs were observed in
GPR557 tumors. MDSCs suppress immune responses mediated by CD4* and

CD8" T cells by inhibiting T cell proliferation, migration and function (160). Increased
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numbers of both CD4" and CD8* T cells were found to be present in tumors of
GPRS557- mice which could be a consequence of reduced amounts of MDSCs in the
tumor microenvironment. Importantly, CD3* lymphocytes have been shown to be
beneficial in CRC patients since increased numbers of CD3* cells were associated
with an increased disease-free survival (145). Furthermore, it was observed that
COX-2, a promising target in the prevention of CRC (97,161) and shown to be up-
regulated in tumors of the CAC model compared to non-tumor and healthy colonic
tissue, was expressed at lower levels in tumors of GPR557 mice as compared to
tumors of wild-type littermates. Subsequent analysis of COX-2-derived mediators
revealed that, indeed, PGF2qa and TXB2, which have both been attributed tumor-
promoting functions (143,144) were also expressed at lower levels in GPR557
tumors. Additionally it was found that STAT3 signaling, which has been established
to drive colon carcinogenesis (91,142), was reduced in tumors of GPR557" mice,
which could partly be due to diminished CCL2-MDSC signaling (140). Cytokine
analysis further revealed increased levels of IL-5, IL-10, and IL-12 in tumors of
GPR557- mice, which might be caused by increased numbers of T cells present in
these tumors (97). While the role of IL-5 in CRC has not been fully clarified yet,
clinical trials using recombinant human IL-10 (ClinicalTrials.gov identifier:
NCT02009449) and IL-12 (NCT01417546) in solid tumors including CRC are
currently ongoing. Taken together, the data obtained from the tumor tissue analysis
suggest that genetic deletion of GPR55 modulates the tumor microenvironment and

shapes it towards tumor rejection.

Further evidence for the involvement of GPR55 in the modulation of the tumor
microenvironment rather than a straight-forward role in cell proliferation is provided
by the xenograft experiment that was performed. HCT116 cells, which are colorectal
carcinoma cells of epithelial origin, were grafted into immunodeficient SCID mice.
Antagonism of GPR55 with CID16020046, however, did not reduce tumor growth in
this model. In light of the observations described above, i.e. that GPR55 agonism
and antagonism had no effect on the proliferation of cultured HCT116 cells, this
finding supports the notion that GPR55 does not exert its tumor-promoting function
in CRC via epithelial cells. On the contrary, it could even be argued that the
ineffectiveness of CID16020046 in the xenograft model was due to the absence of
functional T lymphocytes in SCID mice (162). In line with this, WIN 55,212-2 (a non-
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selective CB1,2 agonist) and JWH133 (a CB2-selective agonist) had previously been
reported to have more pronounced anti-tumor effects on xenografts in
immunocompetent mice than on those generated in immunodeficient mice (54).
Accordingly, these results would confirm that GPR55 exerts its function by shaping

the tumor microenvironment through alterations in recruited leukocyte populations.

This conclusion is further supported by the analysis of the tumor distribution in the
CAC model of GPR557 mice and wild-type littermates. As detailed in Figure 5 B,
tumors of all sizes were present in lower numbers in GPR557- mice than in wild-type
mice. If GPR55 were to mainly affect cell proliferation, one would expect knockout
mice to present with smaller tumors rather than less tumors which would result in a
shift of the distribution to the left, i.e. an increase in smaller tumors and a decrease
in larger tumors compared to wild-types (134). Since, instead, a decrease in tumors
of all sizes is observed it can again be postulated that genetic ablation of GPR55
results in a rather tumor-rejecting microenvironment leading to a better clearance of
beginning tumors. Interestingly, similar observations have also been made when
GPR557 mice and wild-type littermates were subjected to a model of skin cancer,
the only other in vivo cancer model with GPR557- mice reported to date (120). Here,
GPR557- mice also had significantly less papillomas and carcinomas than the wild-
types but there was no difference in the size of tumors between the two groups
(120).

4.2 CB1 has an opposing role to GPR55 in CRC

CB1 has been reported to act as tumor-suppressor in a genetic mouse model of
intestinal cancer since the genetic deletion of CB1 in ApcM"* mice caused a strong
increase in polyps of the small intestine and a moderate increase in polyps of the
colon (101). To assess whether CB1 would also act as tumor-suppressor in
chemically induced models of CRC, CB+17- mice and wild-type littermates were
subjected to the AOM+DSS-induced model of CAC as well as the model of
spontaneous tumor progression. Indeed, genetic deletion of CB1 led to an increased

tumor burden in both experimental models, i.e. CB17- mice had more tumors than
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wild-type littermates and accordingly, larger total tumor areas were detected. These
findings, therefore, corroborate the observations made by Wang and colleagues
(101).

Since CB1 and GPR55 appear to have opposing roles in CRC, i.e. CB1 seems to act
as tumor-suppressor whereas GPR55 seems to act as tumor-promoter, a
CB1/GPR55 double knockout mouse was created. When subjected to the
AOM+DSS-induced model of CAC, no differences in tumor burden were found
between CB1/GPR55 double knockout mice and wild-type littermates thereby
confirming that CB1 and GPRS55 regulate colon carcinogenesis in an opposing

manner.

4.3 CB1 and GPR55 are differentially regulated in CRC

Previous publications had reported that the tumor-suppressing function of CB1 might
be lost in tumor tissue because of translational silencing of the receptor
(101,102,163). Therefore, receptor expression was analyzed in tumor and non-
tumor tissue collected from mice that had been subjected to the CAC model.
Additionally, receptor expression was analyzed in colonic tissue of healthy control
mice. While CB1 appeared up-regulated in inflamed, non-tumor tissue and down-
regulated in tumor lesions, GPR55 was found to be down-regulated in non-tumor
tissue and up-regulated in tumors when compared to healthy control colon. These
findings reveal a differential regulation of CB1 and GPR55 and corroborate the
hypothesis that colonic tumor growth is facilitated by the absence of tumor-

suppressing CB1 and the presence of tumor-promoting GPR55.

Importantly, the same regulatory pattern of CB1 expression was observed in the
tissues of both wild-type and GPR557- mice. This finding is particularly noteworthy
because it shows that the genetic ablation of GPR55 per se had no effects on CB+
expression. Accordingly, it is thus feasible that the above described effects on colon
carcinogenesis in GPR557 mice are indeed caused by the absence of GPR55,

rather than resulting from compensatory effects exerted by CB1.
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Since the reason for the down-regulation of CB1 expression in tumors of CRC
patients has been shown to be a result of epigenetic hypermethylation of the CNR1
promoter (101), the methylation status of GPR55 and CNR1 was assessed in a
cohort of 86 CRC patients. In accordance with previous reports (101), DNA
methylation analysis revealed a strong increase in methylation of CpG’s located in
the CpG islands of CNR17 in CRC samples compared to control tissue. Contrarily, a
decrease in methylation of GPR55 was found in tumor samples. Alterations in DNA
methylation are ubiquitous in human cancers, with promoter CpG islands often
showing hypermethylation that occurs in the context of a global decrease in
methylation (164). Increased promoter cytosine methylation has been established
to silence gene expression. CNR1 promoter hypermethylation, therefore, is very
likely to contribute to colon carcinogenesis through silencing of tumor-suppressing
CB1. GPR55 on the other hand does not have CpG islands in the promoter region
and is, perhaps, subject to the genome-wide hypomethylation frequently observed

in cancer (165).

In accordance with the observed promoter hypermethylation, mMRNA expression
analysis revealed a strong down-regulation of CB1 in CRC samples compared to
control tissue. Interestingly, however, CB1 expression levels were found to increase
with disease severity, i.e. from UICC stage | to stage IV. GPR55 expression, in
contrast, decreased with CRC stage in this cohort. These findings differ from other
studies which stated that GPR55 mRNA expression was increased in several
human tumors, e.g. pancreatic neoplasias and glioblastomas, as compared to the
control tissues (121). GPR55 expression levels, however, have also been shown to
correlate with aggressiveness (121) and, indeed, high GPRS55 expression was
associated with a significantly reduced disease-free survival in CRC, confirming the
tumor-promoting role of GPR55 in CRC.

CB1 and GPR55, thus, seem to be subject to differential regulation and appear to
play contrary roles in CRC. It could, therefore, be hypothesized that the homeostatic
balance of the intestine under physiologic conditions (14,166) is maintained by the
~5-fold higher expression levels of CB1 compared to GPR55 mRNA in healthy
human colonic tissue (compare controls in Figure 23 C with controls in Figure 23
D). Under pathological conditions, epigenetic hypermethylation of the CNR1
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promoter causes a drastic down-regulation of CB1, leaving GPRS55 to be expressed
at severalfold higher levels than CB1in CRC tumors (compare stage | data in Figure
23 C with stage | data in Figure 23 D). Bearing in mind that GPR55 signaling was
shown to be inhibited in the presence of CB1 (43), one could further reason that the
tumor-promoting properties of GPR55 are suppressed in the healthy colon by the
strong abundance of CB1. In tumor tissue, however, the ratio of CB1 over GPR55
MRNA levels is inversed and GPR55 could thus possibly show increased activity
even though the expression of the receptor itself is barely altered. Whether data
obtained on mRNA level can also be observed on protein level and whether this

proposed mechanism is indeed true still remains to be elucidated.

4.4 GPR55 and the endocannabinoid system in CRC

GPRS5 has been reported to be responsive to certain cannabinoids (27), but its
endogenous ligand was found to be LPI (33), a non-cannabinoid lipid. Therefore,
GPR55 is currently considered an atypical cannabinoid receptor or part of the
extended endocannabinoid system, the “endocannabinoidome” (12,25). In the
gastrointestinal tract, the endocannabinoid system is thought to play a role in
maintaining homeostasis since endocannabinoids are synthesized rapidly on
demand (166,167). Endocannabinoids were found to be expressed at much higher
levels in human CRC tissue (98,99) as well as in precancerous lesions in a murine
model (107) as compared to healthy colonic tissue. Pharmacological inhibition of
FAAH, i.e. the primary AEA-degrading enzyme, reduced the development of
precancerous lesions, and furthermore, this effect was also mimicked by the non-
selective, synthetic CB1/CB2 agonist HU210 (107). It was therefore concluded, that
endogenous cannabinoids have anti-tumor properties (98,107,168). In the present
study, it was indeed observed that the levels of endocannabinoids AEA and 2-AG
were strongly increased in tumors of wild-type mice compared to healthy control
colon. Endocannabinoid-like substances OEA and 1-AG were also strongly over-
expressed in these tumors. In tumors of GPR557- mice, however, expression levels
of AEA, OEA, PEA, 1-AG, and 2-AG were significantly lower than in tumors of wild-
type mice. In fact, in GPR557 mice the expression levels of all measured
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compounds were barely increased in tumor tissue compared to healthy colon. A
possible explanation for this finding could be that endocannabinoids and related
substances are either produced at a lesser extent or metabolized more rapidly in
tumors of GPR557 mice. Increased degradation of endocannabinoids could be
facilitated by classical endocannabinoid-degrading enzymes, i.e. FAAH for AEA and
MGL for 2-AG; or through pathways involving oxidation and subsequent synthesis
to prostamides and prostaglandin glycerol esters, which serve as precursors for
prostaglandins (9,12,155,169). Since assessing enzyme activities, however, was

not the focus of this project, this reasoning is rather speculative.

4.5 Conclusion

In conclusion, data presented in this thesis suggest that GPR55 plays an opposing
role to CB1 in colon carcinogenesis with GPR55 acting as tumor-promoter and CB+
as tumor-suppressor. The absence of GPR55 was found to modulate the tumor
microenvironment towards a tumor-rejecting phenotype. Additionally, GPR55
appears to play a role in the regulation of expression levels of endocannabinoids
and related substances in colonic tumors. These findings highlight the importance
of research needed on the entire “endocannabinoidome” rather than just the
classical components of the endocannabinoid system before targeting this system

for future therapy of colorectal cancer.
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