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ABSTRACT

Objective The gastrointestinal (Gl) tract is densely
innervated, forming a critical network that secretes
neuropeptides essential for gut function. Tumour cells

are highly adaptive and exploit their microenvironment,
including nerves, to support and accelerate growth.
However, the mechanisms by which tumour cells interact
with neuropeptides in human Gl cancers remain poorly
understood. We aimed to investigate the expression and
function of the sensory neuropeptide calcitonin gene-
related peptide (CGRP) and its receptor component,
receptor activity-modifying protein 1 (RAMP1), and to
elucidate novel mechanisms by which cancer cells exploit
neuropeptides.

Methods and analysis We analysed 180 patient samples
using multiplex immunohistochemistry to assess CGRP
and RAMP1 expression in primary colorectal cancer (CRC),
CRC liver metastases and gastric cancers (GC). RAMP1
expression was correlated with patient demographics
(age and gender) and tumour characteristics, including
pathological features and molecular and genomic
subtypes. RAMP1 expression and association with patient
survival were evaluated using data from the Cancer
Genome Atlas. The function of CGRP on tumour cell lines
and patient-derived tumour organoids was assessed via in
vitro stimulation assays and RNA sequencing.

Results RAMP1 expression in tumours was significantly
associated with reduced survival in both CRC and GC. Over
50% of CRC and 60% of GC cells from patient samples
expressed RAMP1. RAMP1 expression was enriched in
tumours with microsatellite instability (MSI) and in patients
with GC younger than 50 years. CGRP was abundantly
expressed in stromal regions indicative of nerve fibres
near tumour cells, and unexpectedly, CGRP was also
produced by CRC and GC cells. Finally, CGRP stimulation
enhanced tumour cell growth in a RAMP1-dependent
manner, inducing genes linked to proliferation, metabolism
and migration.

Conclusion This study reveals novel mechanisms by
which the neuropeptide CGRP promotes tumour growth

in Gl cancers. We expand upon existing knowledge by
demonstrating that tumour cells are a source of CGRP,
highlighting potential therapeutic targets within the
tumour—nerve axis.

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Chemical or surgical denervation of gastric nerves
has been shown to reduce gastric cancer (GC)
growth in humans. Recent studies demonstrate
that gastric sensory nerves densely innervate GC
tissues, and treatment with calcitonin gene-related
peptide (CGRP) inhibitors in mouse models sup-
presses tumour growth.

WHAT THIS STUDY ADDS

= The expression and function of CGRP and its re-
ceptor subunit receptor activity-modifying protein 1
(RAMP1) in human gastrointestinal (Gl) cancers re-
main poorly understood. This study reveals that both
CGRP and RAMP1 are expressed by tumour cells in
colorectal cancer (CRC) and GC. CGRP potently stim-
ulates tumour cell growth in a RAMP1-dependent
manner, identifying the CGRP-RAMP1 axis as a nov-
el and targetable signalling pathway in Gl cancers.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= These findings support the potential repurposing of
existing CGRP antagonists as therapeutic agents in
CRC and GC. Targeting the CGRP—RAMP1 axis may
reduce tumour growth and improve patient out-
comes, warranting further clinical investigation.

INTRODUCTION

Gastrointestinal (GI) cancers are a major
global health burden, accounting for approx-
imately 3.5 million deaths annually.! Devel-
oping effective targeted treatments for GI
cancers is challenging, given the genetic and
epigenetic heterogeneity of tumour cells and
the complexity conferred by the broader GI
tumour microenvironment (TME).? Despite
this, recent advances in targeting compo-
nents of the mitogen-activated protein kinase
(MAPK) pathway in tumour cells, blood
vessels or immune cells in the TME are
improving patient outcomes.” In addition,
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there are many other components of the TME that
could be explored for further benefit. Nociceptors have
been found to highly infiltrate the TME, and mounting
evidence suggests that tumour cells exploit the presence
of nerves to promote tumour progression and metas-
tasis.*® The GI tract is home to a rich neural network and
includes the enteric nervous system (often referred to as
the ‘second brain’), which, together with gut-extrinsic
sensory, sympathetic and parasympathetic neurons, coor-
dinates gut motility, secretion and blood flow for efficient
digestion.” The impact of crosstalk between tumour cells
and neuronal factors on GI tumour progression and asso-
ciated molecular mechanisms is a rapidly growing field,
revealing promising new avenues for therapeutic inter-
vention.

Calcitonin gene-related peptide (CGRP) is a nocicep-
tive neuropeptide predominantly expressed by neurons
of the central and peripheral nervous systems. CGRP is
heavily implicated in migraine pathogenesis, and many
CGRP antagonists, including the non-peptide antago-
nists ‘gepants’ and monoclonal antibodies, have recently
been approved to treat this condition.'” " This makes the
translatability of these antagonists highly lucrative in their
potential for treating other diseases, including cancer.
CGRP" nerves extensively innervate both the normal GI
epithelium and GI tumours.’'*'¥ The canonical receptor
complex for CGRP is composed of functional subunits
calcitonin receptor-like receptor (CALCRL) and receptor
activity-modifying protein 1 (RAMP1).” "1 Despite the
abundance of CGRP' nerve fibres and high expression
of RAMPI in the GI tract,” there are only a handful of
studies investigating the expression and function of the
CGRP-RAMP1 axis in GI cancers.’ Previous studies have
shown that chemical or surgical denervation of gastric
nerves reduces gastric tumour growth.'® Additionally, Zhi
et al recently showed that gastric sensory nerves highly
interact with gastric cancer (GC) spheroids, promoting
tumour growth.’ In addition, analysis of GC cells in mouse
gastric orthotopic tumours revealed that all innervating
neurons were CGRP”, suggesting that CGRP is eminently
involved in GC tumour progression.® They also showed
that CGRP" nerve fibres densely innervated both human
and mouse GCs.” Less is known about the role of the
CGRP-RAMP1 axis in colorectal cancer (CRC). Previous
reports found increased CGRP in the serum of patients
with CRC.' '® In addition, chromogenic immunohisto-
chemistry (IHC) revealed that both CGRP and CALCRL
were highly expressed in CRC tissues.'” '®

Little is known about the expression of CGRP receptors,
including RAMP1, in human GI cancers and how signal-
ling via RAMP1 impacts GI tumour growth. This informa-
tion is a critical missing link, necessary for informing the
design of alternate cancer treatments and shedding light
on the role of RAMPI in the TME. Here, we used high-
resolution multiplex IHC, RNA sequencing (RNA-seq)
and model systems to directly interrogate the expression
of RAMPI and its function in collaboration with CGRP
in human CRC and GC. Collectively, our results indicate

that RAMP1 is highly expressed in human CRC and GC
tumour cells and that CGRP potently stimulates tumour
cell growth, therefore identifying the CGRP-RAMP1 axis
as a potential new target for the treatment of GI cancers.

RESULTS
RAMP1 expression in human CRC and GC is associated with
poor patient outcomes
To begin to investigate the function of RAMP1 in CRC
progression, we used the Cancer Genome Atlas (TCGA)
data and Kaplan-Meier plotter OncolLnc'® to examine
the association of RAMPI and CALCRL expression
and patient prognosis. Higher expression of RAMPI
(p=0.0089) was associated with decreased overall patient
survival (figure 1A). There was no significant correla-
tion between patient overall survival and expression of
CALCRL (p=0.8390; figure 1B). To further investigate
RAMPI and CALCRL expression across the molecular
and clinical subtypes of CRC, TCGA transcriptomic data
sets were further interrogated. Notably, we found that
RAMPI was highly expressed in CRCs with microsatellite
instability (MSI) compared with other molecular subtypes
(chromosomally unstable (CIN) and genomically stable
(GS); figure 1C). Further subdividing each stage by
molecular subtype also revealed higher RAMPI expres-
sion in MSI compared with CIN and GS CRCs (online
supplemental figure 1A). As MSI tumours are known to
harbour higher immune infiltrates and immune cells
are known to express RAMPI1, we used CRC cell lines to
investigate whether RAMP1 is expressed directly by MSI
tumour cells. Consistent with the observation in primary
CRCs, higher expression of RAMPI was also observed in
MSI cell lines compared with microsatellite stable cell
lines (online supplemental figure 1B). These results
suggest the increase in RAMPI1 expression observed in
MSI CRCs is likely driven by increased RAMP1 expression
in tumour cells. Comparatively, no significant trends were
observed between RAMPI and CALCRL expression and
tumour stage (figure 1D) or between the expression of
CALCRL and molecular subtype and stage (figure 1E,F).
We next interrogated the expression of RAMPI in
GC, another cancer of the human GI tract. Interestingly,
previous studies have found that cholinergic signalling via
the vagus nerve promotes mouse GC growth,'® and Zhi et al
recently showed that gastric sensory nerves interact exten-
sively with mouse GC spheroids.” Most GCs are adeno-
carcinomas (hereon referred to as GCs)?; therefore,
we investigated the association of RAMPI and CALCRL
expression and prognosis of patients with GC. Using
TCGA data and the Kaplan-Meier plotter Oncolnc, we
observed that high expression of both RAMPI (p=0.0127;
figure 1G) and CALCRL (p=0.0477; figure 1H) was associ-
ated with reduced overall survival in GC. Further analysis
revealed that both RAMPI and CALCRL were most highly
expressed in GS GCs compared with CIN, Epstein-Barr
virus and MSI molecular subtypes of GC (figure 11,K). No
significant difference was observed in RAMPI expression
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Figure 1 RAMP1 expression correlates with poor patient prognosis in CRC and GC. Analysis of TCGA tumour transcriptomic
data showing overall survival of high versus low expression of (A) RAMP1 and (B) CALCRL in CRC. RAMP1 gene expression
z-scores are shown for (C) CRC molecular subtype (CIN, GS and MSI) and (D) CRC disease stage. CALCRL gene expression
z-scores are displayed for each (E) CRC molecular subtype and (F) CRC disease stage. Analysis of TCGA transcriptomic data
showing overall survival of high versus low expression of (G) RAMP1 and (H) CALCRL in GC. RAMP1 gene expression z-scores
are displayed for (I) each GC molecular subtype (CIN, EBV, GS and MSI) and (J) GC disease stage. CALCRL gene expression
z-scores are displayed for each (K) GC molecular subtype and (L) GC disease stage. Groups were compared using one-way
analysis of variance. The upper one-third and lower one-third percentile values were assigned for patient cohort cut-off values
(CRC: n=145 and GC: n=125) for each survival analysis, and groups were compared using multivariate Cox regression analysis
using OncolLnc. CALCRL, calcitonin receptor-like receptor; CIN, chromosomally unstable; CRC, colorectal cancer; EBV, Epstein-
Barr virus; GC, gastric cancer; GS, genomically stable; MSI, microsatellite unstable; RAMP1, receptor activity-modifying protein
1; TCGA, the Cancer Genome Atlas.
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when analysing histological subtypes as deemed by
Lauren’s classification (online supplemental figure 1C).*!
However, CALCRL expression was upregulated in the
diffuse (D) compared with the intestinal (I) histological
subtype (online supplemental figure 1D). Finally, RAMP1
and CALCRL expression did not differ between the GC
stage (figure 1J,L). In summary, this data indicates that
high expression of RAMP1I is associated with poor patient
prognosis in both CRC and GC.

RAMP1 is expressed by tumour cells in primary and
metastatic CRGC (mCRC)

The Human Protein Atlas and the Consensus dataset®
revealed that RAMP1 was highly expressed in normal
tissue from the human female reproductive tract (online
supplemental figure 2A). We used healthy human cervix
tissue as a positive control to test and validate an anti-
human RAMPI1 antibody for IHC (online supplemental
figure 2B). Staining for RAMPI revealed high expres-
sion in the human cervix, whereas there was little to no
staining in human testes (negative control; online supple-
mental figure 2C), indicating the antibody’s specificity
and reliability to be used for IHC.

To investigate protein expression of RAMPI in GI
cancers, we used formalinfixed paraffin-embedded
(FFPE) CRC tissue microarrays (TMAs). TMAs were
stained with anti-RAMP1 (yellow) and for Pan-cytokeratin
(PanCK) or cytokeratin (red). Samples were counter-
stained with 4,6-diamidino-2-phenylindole  (DAPT)
(blue) to recognise cell nuclei. Staining of stage II
and stage III primary CRCs and liver mCRC revealed
that RAMP1 was highly and specifically expressed on
cytokeratin-positive tumour cells (figure 2A). Quantifi-
cation of the percentage of RAMPI-expressing tumour
cells in each sample revealed that, on average, over
50% of tumour cells in stage II and stage III CRGCs, as
well as mCRGs, stained positive for RAMP1 (figure 2B).
We were surprised to observe such a high frequency of
RAMPI-expressing tumour cells in CRC, and therefore,
we further confirmed expression of RAMP1 using in situ
hybridisation (RNAscope; online supplemental figure
2D). We observed a punctate staining pattern repre-
senting RAMPI messenger RNA that co-localised with
cytokeratin-expressing tumour cells. Consistent with our
IHC staining, we observed low levels of RAMPI staining in
the tumour stroma (online supplemental figure 2D). In
summary, these experiments show that RAMPI is highly
expressed by tumour cells in primary CRC and mCRC.

Assessment of additional tumour characteristics,
including age, gender, grade, tumour stage, tumour loca-
tion, invasive front, venous invasion, mucinous differ-
entiation and Crohn’sllike lymphoid reaction score
(figure 2C,D and online supplemental figure 3A-F),
revealed that RAMP1 was most significantly expressed
in tumours originating in the proximal and distal colon
compared with the rectum (figure 2C). We also investi-
gated the association of RAMP1 expression with common
genetic drivers of CRC, including BRAF and TP53%;

however, no association with RAMP1 expression was
observed (online supplemental figure 3G,H).

Overall, our analysis of RAMP1 expression in CRC
highlights a potential role for RAMP1 in controlling
the growth of human CRC cells, especially in tumours
arising in the proximal and distal colon relative to the
rectum.

CGRP enhances tumour cell growth in CRC

To directly investigate the function of CGRP and RAMP1
on tumour cell growth in CRC, we stimulated the human
CRC cell line HT115, which expresses both RAMPI and
CALCRI** (figure 2E). Stimulation of HT115 cells with a
range of CGRP concentrations (from 10° M to 107 M)
enhanced the number of tumour cells compared with
unstimulated cells (figure 2F). In addition, deletion of
RAMPI using CRISPR/Cas9 in HT115 cells significantly
reduced tumour cell growth in both unstimulated and
CGRP-stimulated cells compared with HT115 wild-type
cells. We also used a colorimetric 3-(4,5-dimethylthiazol-
2-yl)-5-(8-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-t
etrazolium (MTS) assay to measure cell proliferation and
found that stimulation of HT115 cells with CGRP resulted
in a significant, concentration-dependent increase in
tumour cell growth (online supplemental figure 3I).
These results establish RAMP1 as a critical factor required
for HT115 cell growth and proliferation at steady state
and following CGRP stimulation.

To further investigate the function of CGRP on tumour
cell growth, we used patient-derived tumour organ-
oids (PDTOs). Following stimulation with CGRP (1()’7
M and 10° M) for 7 days, we observed a significant
increase in organoid size from two independent PDTOs
(figure 2G,H). Together, these findings demonstrate that
CGRP signalling promotes CRC growth in vitro and high-
light both CGRP and RAMPI1 as potential therapeutic
targets in CRC.

RAMP1 is highly expressed by GC cells in younger individuals
CGRP" nerve fibres were recently discovered to be
highly expressed in GC and shown to promote tumour
growth.® However, further research is required to
fully appreciate the distribution of CGRP co-receptor
RAMPI, its expression and function in human GC.
Therefore, we performed multiplex IHC on GC TMAs
and stained for RAMP1 and PanCK to identify tumour
cells (figure 3A). We also stained an additional cohort
of gastro-oesophageal junction (GOJ) tumours, which
closely align with the CIN molecular subtype and
Lauren’s intestinal classification of GC.*” ** We observed
co-localisation of RAMPI and cytokeratin staining
across each subtype of GC. This analysis revealed
that RAMP1 was highly and specifically expressed on
cytokeratin-expressing tumour cells (figure 3A). On
average, over 70% of tumour cells in diffuse GCs and
over 60% of tumour cells across intestinal- and GOJ-GC
expressed RAMP1 (figure 3B). Assessment of patient
characteristics, including age, revealed that RAMPI
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Figure 2 RAMP1 is highly expressed in primary and mCRC, and CGRP promotes tumour cell growth. (A) Representative IHC
staining of RAMP1 (yellow), PanCK (red)/cytokeratin (red) and DAPI (blue) in stage Il and stage Ill CRC and liver mCRC. (B)
Quantitative analysis of IHC staining showing frequency of RAMP-expressing tumour cells according to CRC tumour stage.
Frequency of RAMP1-expressing tumour cells for stage Il and Ill patients according to (C) tumour location and (D) patient age.
Each data point represents the frequency of RAMP1-expressing tumour cells for one patient tumour, averaged from at least two
replicate tissue microarray cores. Scale bars=100pum. (E) Expression of RAMP1 and CALCRL in HT115 human CRC cells. (F)
Number of live cells at day 7 following control (US) or CGRP stimulation of WT or RAMP1 KO HT115 cells. CGRP stimulation
concentrations ranged from 107 to 107° as indicated. Each data point represents the average of three technical replicates

and is the pooled data of 3-4 independent experiments. Error bars represent mean+SEM, with p values calculated using
Welch’s t-test. CRC organoids derived from two independent patients, (G) patient 1 and (H) patient 2, were stimulated with
control PBS or CGRP at the indicated concentrations for 7 days. Each data point represents the size of an individual patient-
derived tumour organoid identified in the assay well. Error bars represent mean+SEM, with groups compared using one-way
analysis of variance. CALCRL, calcitonin receptor-like receptor; CGRP, calcitonin gene-related peptide; CRC, colorectal cancer;
DAPI, 4’,6’-diamidino-2-phenylindole; GC, gastric cancer; GOJ, gastro-oesophageal junction; IHC, immunohistochemistry;

KO, knockout; mCRC, metastatic CRC; PanCK, Pan-cytokeratin; PBS, phosphate-buffered saline; RAMP1, receptor activity-
modifying protein 1; US, unstimulated; WT, wild-type.
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Figure 3 RAMP1 is highly expressed in human GC, and CGRP promotes the growth of human GC cell lines in vitro. (A)
Representative IHC staining of RAMP1 (yellow), PanCK (red) and DAPI (blue) in diffuse and intestinal type GCs and GCs from
the GOJ. (B-C) Quantitative analysis of IHC staining showing the frequency of RAMP1-expressing tumour cells in GC according
to (B) histological and/or anatomical subtypes and (C) patient age. Each data point is indicative of one patient’s tumour,

with data averaged from at least two separate TMA cores. (D) Representative IHC staining of RAMP1 (yellow), Stathmin1

(cyan), PanCK (red) and DAPI (blue) of healthy stomach and the intestinal subtype of GC. (E) Quantitative analysis of healthy
stomach and intestinal GC cells expressing both RAMP1 and Stathmin1. The frequency of RAMP1 Stathmin1 tumour cells is
shown. Each data point is indicative of one patient’s tumour, which is averaged from at least two separate TMA cores. Scale
bars=100pum. Error bars represent mean+SEM, and groups were compared using Welch’s t-test. (F) Expression of RAMP1 and
CALCRL in the Hs746T human GC cell line. (G) Number of live cells at day 5 following control (US or CGRP stimulation of WT or
RAMP1 KO Hs746T cells. CGRP stimulation concentrations ranged from 107 to 107° as indicated. Each data point represents
the average of three technical replicates and is the pooled data of four independent experiments. Error bars represent
mean+SEM, with p values calculated using Welch’s t-test. CALCRL, calcitonin receptor-like receptor; CGRP, calcitonin gene-
related peptide; CRC, colorectal cancer; DAPI, 4’,6’-diamidino-2-phenylindole; GC, gastric cancer; GOJ, gastro-oesophageal
junction; IHC, immunohistochemistry; KO, knockout; mCRC, metastatic CRC; PanCK, Pan-cytokeratin; RAMP1, receptor
activity-modifying protein 1; TMA, tissue microarray; US, unstimulated; WT, wild-type.
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was significantly more highly expressed on tumour
cells in patien known drivers of tumnts with GC aged
50 years and below (figure 3C). There was no associ-
ation of RAMPI staining and the extent of perineural
invasion, lymphovascular invasion, venous invasion
or tumour stage (online supplemental figure 4A-D).
GC is driven by genetic mutations in known drivers of
tumourigenesis, including TP53, while overexpression
of the transcription factor CDX2 is associated with the
development of intestinal-type GCs.”  * However,
no association between RAMPI1 expression and TP53
expression or CDX2 expression were observed (online
supplemental figure 4E,F).

We next stained a cohort of healthy stomach tissue and
intestinal GCs with Stathminl and RAMPI. Stathminl
is a marker of cell proliferation and an oncoprotein,
which has a crucial role in spindle assembly and disas-
sembly during mitosis and is highly expressed in multiple
cancers.” GCs and healthy stomach samples were stained
with RAMP1 (yellow), Stathminl (cyan), PanCK (red)
and DAPI (blue) (figure 3D). The proportion of PanCK-
expressing epithelial or tumour cells that stained for both
RAMPI and Stathminl was significantly higher in intes-
tinal GC compared with healthy stomach (figure 3E). In
summary, these experiments show that RAMPI is highly
expressed by cells expressing the proliferative marker
Stathminl in GC, and RAMP1 is highly expressed in GC,
especially in younger individuals.

CGRP enhances GC cell growth

To investigate the function of RAMPI1 and its co-re-
ceptor CALCRL in GC cell growth, we investigated the
effect of CGRP stimulation on cell proliferation of two
human GC cell lines, Hs746T?%* (figure 3F). Stimulation
of Hs746T cells with CGRP led to a significant increase
in tumour cell growth as determined 5 days after stimu-
lation by flow cytometry (figure 3G) and the MTS assay
(online supplemental figure 4G). In contrast, stimula-
tion of SNU601 GC cells, which expressed low levels of
RAMPI and CALCRL (online supplemental figure 4H),
exhibited a modest increase in cell proliferation (online
supplemental figure 4I). Furthermore, CRISPR/Cas9
deletion of RAMPI in Hs746T GC cells led to a signifi-
cant decrease in cell number following culture for 5 days
and in response to CGRP stimulation. Together, these
results show that CGRP and RAMP1 play an important
role in promoting the growth of GC cells.

CGRP is produced by tumour cells in CRC and GC

To assess CGRP expression and spatial distribution in
the progression of CRC and GC, we next stained a small
cohort of CRC and GC samples containing tumour and
normal surrounding tissue (figure 4). CGRP" staining
appeared as granular or punctate and, as expected, was
observed in thin, branched structures potentially repre-
senting nerve fibres in the stromal regions of normal
and tumour tissue (figure 4A,D). Surprisingly, we also
observed CGRP co-staining on PanCK" tumour cells in

both CRC and GC samples (figure 4A,D). Additional
representative images where we co-stained for CGRP,
RAMP1 and PanCK revealed RAMP1" tumour cells in
close proximity to CGRP’ tumour and stromal cells
(online supplemental figure 5A,B). Analysis of CRC
samples revealed that total CGRP staining was signifi-
cantly elevated in stage III CRC compared with stage
IT and mCRC (figure 4B). Interestingly, when CGRP
staining was stratified by PanCK" (tumour or epithelial)
and stromal regions, we observed a significant increase
in CGRP expressed by PanCK' tumour cells, particu-
larly in stage III CRC (figure 4C).

We observed a similar trend in GC, with a significant
increase in total CGRP' expression in intestinal-type
GC compared with normal stomach, diffuse and GOJ
tumours (figure 4E). Notably, CGRP staining was signifi-
cantly higher in PanCK" tumour cells of intestinal-type
GC relative to GOJ tumours and was also elevated in
PanCK" stromal regions compared with both diffuse and
GOJ tumours (figure 4F).

To verify that CGRP is produced by tumour cells, we
further examined the cell lines used in this study for
CALCA (the gene encoding oCGRP) expression. Consis-
tent with the expression of CGRP in PanCK" tumour cells
in CRC and GC, we also observed CALCA expression in
the HT115 and Hs764T cell lines (online supplemental
figure 5C).

CGRP promotes gene pathways associated with tumour
proliferation and metastasis

To understand the gene pathways induced by CGRP
that enhance tumour cell growth, we performed
RNA-seq to identify differentially expressed genes
(DEGs) after CGRP stimulation of Hs746T human GC
cells (figure bA,B). Stimulation with CGRP for 2 days
induced gene expression changes, with numerous
genes increased in expression (figure 5A). The induced
genes included genes associated with angiogenesis,
cell metabolism, adhesion, migration and invasion.
Specifically, proangiogenic factor vascular endothelial
growth factor-A (VEGIA), while Procollagen-Lysine,2-
Oxoglutarate 5-Dioxygenase 2 (PLOD2), which is known
to modify the TME by inducing production of collagen,
was also increased in expression® (figure 5B). Notably,
PLOD2 was recently shown to promote the proliferation
and invasion of CRC tumour cells.”! We also observed
increases in several genes previously shown to enhance
cancer cell growth (BNIP3, ETNKI, PDKI, PDK3 and
PFKL).”*™ In addition, we observed enhanced expres-
sion of several genes involved in apoptosis or ferro-
ptosis (MIR210HG and BHLHE40)™ ** (figure 5B).
The DEGs were interrogated in the Metascape portal,
which provides automated analyses of genes into
common biological, gene ontology pathways and
protein networks.*! Wound repair and MAPK signalling
pathways were both downregulated, while hypoxia and
peptidyl-amino acid modification pathways were upreg-
ulated. These findings reveal potential new mechanisms
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Figure 4 CGRP is produced by tumour cells in CRC and GC. (A) Representative immunohistochemistry staining of CGRP
(cyan), PanCK (red)/cytokeratin (red) and DAPI (blue) in normal tumour-adjacent colon (N), stage Il and stage Ill CRC and

liver mCRC. (B) Quantitation of (A) showing frequency of CGRP-expressing cells among total cells for each normal or tumour
sample. (C) Quantitation of (A) showing frequency of CGRP-expressing cells from stromal versus epithelial cells in each normal
tumour-adjacent colon or CRC sample. (D) Representative immunohistochemical staining of CGRP (cyan), PanCK (red) and
DAPI (blue) in N, D and | type GCs, and GCs from the GOJ. (E) Quantitation of (D) showing frequency of total CGRP-expressing
cells in each normal tumour-adjacent stomach sample or GC sample. (F) Quantitation of (D) showing frequency of CGRP-
expressing stromal versus epithelial cells in each normal stomach or GC sample. Each data point represents one patient sample
averaged from two to three different tissue areas of the same sample. Scale bars=100pum for all images except for (A) normal
tumour-adjacent colon, which is 30 um. Error bars represent mean+SEM, with groups compared using Welch'’s t-test. CGRP,
calcitonin gene-related peptide; CRC, colorectal cancer; D, diffuse; DAPI, 4’,6’-diamidino-2-phenylindole; GC, gastric cancer;
GOJ, gastro-oesophageal junction; mCRGC, |, intestinal; mCRC, metastatic CRC; N, normal stomach; PanCK, Pan-cytokeratin.
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by which CGRP may promote tumour cell growth in GI
cancers.

DISCUSSION
Recent studies report high nerve fibre densities, notably
nociceptors, within human tumours, where they have
been proposed to interact with cancer cells, immune cells,
fibroblasts and other cells of the TME to promote tumour
growth and metastasis.”®*'°*** The sensory neuropeptide
CGRP has recently attracted significant interest due to its
expression and function in promoting tumourigenesis in
mouse models of GC.° However, more research is needed
to fully elucidate the role of CGRP and its receptor
subunit, RAMPI, in human GI cancers. The availability
of highly specific and validated antibodies to investigate
RAMPI within the human TME has been a major limita-
tion. Here, we used both anti-RAMP1 and anti-CGRP anti-
bodies and RNA in situ hybridisation probes in imaging
experiments to investigate the expression and spatial
distribution of RAMP1 and CGRP in human CRC and
GC. We found that RAMP1 and CGRP are both highly
expressed by primary tumour cells in human CRC and
GC. In addition, we observed robust staining of RAMP1
and CGRP in mCRC lesions isolated from liver resections.
The risk of developing GI cancers over the age of 50 is
higher; however, there has been a recent uprise in both
GC and CRC being diagnosed in younger adults.** Inter-
estingly, we observed a significant increase in RAMPI
expression in patients with GC younger than 50 years.
Further research is needed to reveal the factors involved
in regulating CGRP and RAMP1 expression in the steady-
state stomach, colon and in tumour settings. Recent

reports show that distinct epithelial cell types express
RAMPI1 in the healthy stomach and colon.®’ RAMPI
is expressed predominantly by endocrine cells in the
normal human stomach® and by mucus-producing goblet
cells in the normal colon.’ Therefore, distinct factors are
likely involved in regulating the expression of RAMP1
in the colon versus the stomach. Nevertheless, RAMP1
was associated with poor patient prognosis in both CRC
and GC. CGRP is predominantly expressed by sensory
neurons in the GI tract; however, it can also be produced
by other cell types, including group 2 innate lymphoid
cells, which also increase in GI cancers.!? 1718 Impor-
tantly, future studies will be necessary to fully elucidate
factors controlling CGRP release by tumour cells and the
broader implications for the TME. Our findings reveal
that CGRP potently promotes the growth of both RAMP1-
expressing GC and CRC cells in vitro. Together, these
results suggest that CGRP signals via RAMP1 and play a
significant role in controlling the growth of human CRC
and GC.

Our results reveal several mechanisms by which CGRP
and RAMPI1 signalling may enhance tumour growth.
These include cell-intrinsic mechanisms, where CGRP
stimulation of human GC cells significantly increased
the expression of genes associated with cell proliferation
and metabolism. We also observed potential tumour cell-
extrinsic functions of CGRP that could impact the TME.
Specifically, CGRP enhanced the expression of PLOD2
and VEGFA, which are important for collagen produc-
tion and blood vessel formation, respectively, in rapidly
growing tumours, thereby improving oxygen delivery to
fuel cancer growth.”*' ** Recent reports have also shown
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that CGRP can act on immune cells within the TME. For
instance, CGRP has been found to promote CD8" T cell
exhaustion, reducing T cell activity and limiting anti-
tumour immune responses.” * In light of our findings,
we hypothesise that blocking CGRP-RAMP1 signalling
in human GI tumours would directly limit tumour cell
growth and modify the TME while also enhancing CD8"
T cell immunity, ultimately reducing cancer progression
and improving patient survival.

There are several methods used to target nerves ther-
apeutically, including denervation, treatment with
neuronal receptor antagonists and inhibitors of neuro-
endocrine factors.* Although denervation has shown
promise in GC mouse models'® and in a phase 2 clinical
trial (NCT01822210)% its efficacy in metastatic GC has
been difficult to validate.'® There have also been side
effects, including the growth of cancerrelated lesions
after denervation in rats.” B-blockers (including propran-
olol and propranolol hydrochloride), which target adren-
ergic nerves, are being used alongside immunotherapy in
anumber of clinical trials in a range of cancers, including
CRC (NCT03919461) and GC (NCT03245554).* Recently,
Zhi et al used the non-peptide antagonist of CGRP,
rimegepant, to reduce GC growth both in mouse models
in vivo and in vitro.® Therefore, targeting nerves via such
antagonists is an area of research with great potential
in cancer medicine; however, more research is needed
to fully elucidate the mechanisms and potential of ther-
apeutically targeting RAMP1 in GI cancers, particularly
in humans. Monoclonal antibodies (mAbs) are heavily
exploited in cancer treatment. There are four mAbs
(erenumab, galcanezumab, eptinezumab and freman-
ezumab) which potently antagonise the CGRP-RAMP1
axis and are very successful in reducing episodic and
chronic migraine frequency.”' Future research exploiting
these clinically available tools could show promise in
targeting RAMP1 receptors expressed by GI tumour cells
and different compartments of the TME, including CD8"
T cells. Therefore, our work showing that RAMP1 is a key
player in the tumour cell-neuronal axis has the poten-
tial to unlock innovative treatment approaches to benefit
patients with GI in the future.

METHODS

Study participants

CRC stage II-IV primary tumour samples, liver metastasis
(n=106), normal colon (n=3) or GC stage I-IV samples
(n=71) from both male and female donors were retrospec-
tively collected and deidentified from patients recruited
at Austin Health or by the Victorian Cancer Biobank, for
whom clinical data were collected. Assessment of tumour
characteristics, including venous invasion, mucinous
differentiation, Crohn’s-like lymphoid reaction score,
invasive front, BRAF mutation, TP53 expression, CDX2
expression, perineural invasion and lymphovascular inva-
sion, has been previously described.”™

Fluorescent multiplex IHC

Human TMAs and whole tissue FFPE sections were
stained with antibodies and/or RNAscope probes using
the Opal 7-colour multiplex IHC kit (Akoya Biosciences).
Staining was performed using the manual staining
protocol according to the manufacturer’s instructions.
The following antibodies/probes were used: RAMPI
(ab203282, Abcam), CGRP (PA5-114929, Invitrogen),
Stathminl (A4379, ABclonal), PanCK (PA0094-U, Leica),
cytokeratin 8/18 (NCL-L-5D3, Leica), RNAscope 2.5
Probe-Hs-RAMP1-C2 (ADV483051C2, Advanced Cell
Diagnostics) and DAPI. Whole slide scans at 10x magni-
fication were performed using the Vectra 3 Automated
Quantitative Pathology Imaging System (Akoya Biosci-
ences) and Phenochart (Akoya Biosciences) to identify
and map individual TMA cores to then obtain 20x magni-
fication multispectral images for analysis. For full face
tissue sections, 20x magnification multispectral images
were obtained. A spectral library was created to unmix
images and subtract autofluorescence using InForm
Analysis Software (Akoya Biosciences), and cell frequen-
cies were quantified using the HALO imaging platform
(Indica Labs, Albuquerque, New Mexico, USA). At least
two TMA cores from each patient were used to obtain an
average value for RAMP1 or CGRP expression for anal-
ysis. Cell segmentation was performed using nuclear,
membrane and cytoplasmic staining. Scale bars were
added using FIJI (V.2.0.0-rc-59/1.51n).

In vitro cell proliferation assays

Cell line assays

HT115, Hs746T and SNUG601 cells were grown in media
(Dulbecco's modified Eagle medium/nutrient mixture
F-12, Thermo Fischer, Australia), supplemented with 10%
v/v foetal bovine serum (Bovogen Biological, Australia)
in 175 cm? flasks (Corning, New York, USA). 5x10% cells
were seeded in 96-well round-bottom plates (Corning)
and stimulated with 10 to 10 M aCGRP (C0167,
Merck, Australia) on day 1. CGRP was diluted in MilliQ
water according to the manufacturer’s instructions. The
number of viable cells was measured on day 7 for HT115
cells and day 5 for Hs746T cells. Briefly, cells were washed
with phosphate-buffered saline (PBS, Thermo Fischer)
and trypsinised (Thermo Fischer) before incubation with
the viability marker, propidium iodide (Merck), which
binds to dead cells. Cells were analysed with a BD FACS
Canto II Flow Cytometer, and data were analysed using
FlowJo V.10.10.0.

Cell proliferation was also measured with the CellTiter
96 AQueous One Solution Reagent kit using the tetra-
zolium compound MTS (inner salt, G3580, Promega,
Australia) on day 5 (for Hs746T and SNU601) and day 7
(for HT115), where 20 pL. of MTS was added to each well
containing 100 pL of fresh media. Plates were incubated
for at least 1hour, and absorbance was measured using
a spectrophotometer (Spectrostar Nano, BMG Labtech,
Australia).
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PDTO assays

CRC organoids were recovered and expanded using
methods described in previous publications.”® CRC
organoids were grown for 2weeks after recovery from
liquid nitrogen. Cells were trypsinised into single-cell
suspensions and plated into 384-well plates at a density of
3000 cells per well. Organoids were grown at 37°C for 3
days to grow into small organoids before treatment with
PBS or CGRP. Each well of the organoid assay plates was
imaged at the NIKON LIPSI live-cell image system every
24 hours for 7 days. Organoid sizes were measured by
image analysis using Image].

Electroporation (nucleofection) of recombinant CRISPR/Cas9
and single guide RNA (sgRNA)

RAMP1 sgRNA 5-AGUGGUCAUGAAGAGGUGAU-3’
was synthesised by IDT (Singapore). HT115 or Hs746T
cells were electroporated with either a Cas9-only control
or Cas9/guide RNA ribonucleoproteins using the SF Cell
Line 4D-Nucleofector X kit (Lonza). Knockout efficiency
was assessed by multiplex IHC.

Cell extraction and RNA purification

Hs746T cells were stimulated with 10" M o.CGRP. On day
2 following stimulation, cells were trypsinised (Thermo
Fischer) and lysed with lysis buffer (Buffer RLT Plus
RNeasy Plus Lysis Buffer, Qiagen, Australia), 1% v/v
B-mercaptoethanol (Sigma, Australia) and stored at
-30°C until RNA purification. RNA was purified using the
RNeasy Plus Micro Kit (Qiagen). RNA was eluted in 14 L
of RNase-free water and stored at —-80°C. RNA quality was
tested using a 4200 TapeStation (Agilent, Australia).

Bulk RNA-seq

100ng of total RNA per sample was used for next-
generation sequencing (NGS) library preparation
(FC-122-2002, Illumina TruSeq RNA, USA) as per the
manufacturer’s instructions. NGS libraries were pooled
and sequenced using a P2 100-cycle Illumina sequencing
kit (20046811, Illumina) on the NextSeq 1000 sequencing
system (Illumina) with paired-end 66 base pair reads.
Sequencing reads were mapped to the GRCh38/hg38
reference genome using the Subread aligner in the
Subread package (V.2.0.7).57 8 Multimapping reads
were allowed, and gene-wise read counts were obtained
using the featureCounts programme included in the
Subread package.” Subread Inbuilt RefSeq annotation
for human (build 38.1) was used in the read summari-
sation. Only genes that achieved at least 10 counts per
million (CPM) in at least two samples were included in
the downstream analysis. Genes without official symbols,
pseudogenes, mitochondrial genes and ribosomal genes
were excluded. Gene counts were converted to log2-CPM,
quantile-normalised and precision-weighted using the
limma voom function.” *' Normalised 1og2-CPM expres-
sion values of genes were then converted to log2-reads
per kilobase per million mapped reads (RKPM) values.
A linear model was fitted to each gene (using limma’s

ImFit function), and an empirical Bayes moderated t-sta-
tistic was used to assess differential expression of genes.”
Genes were identified as differentially expressed if they
achieved a false discovery rate cut-off of 0.2.

Analysis of TCGA RNA-seq data

GC (stomach adenocarcinoma) and CRC (colon
adenocarcinoma) patient data from TCGA were down-
loaded from the University of California, Santa Cruz
Xena database. This database contains gene transcrip-
tion data, which has been analysed using the Illumina
HiSeq2000 RNA Sequencing Platform (University of
North Carolina), expressed as either RPKM or RNA-Seq
by Expectation-Maximisation. Genes of interest were
extracted and correlated with the appropriate clinical and
molecular subtypes obtained from cBioPortal, and z-score
normalised per gene row (z=(x-p1)/0) and plotted using
GraphPad Prism (Boston, Massachusetts, USA).

Statistical analysis

All data were analysed using GraphPad Prism V.10.2.3 for
MacOS (GraphPad Software). Multivariate Cox regres-
sion analysis, multiple comparisons, one-way analysis of
variance and Welch’s t-tests were performed to determine
statistical significance. A p value of less than 0.05 was
considered statistically significant.
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