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ORIGINAL ARTICLE

Diverse tumour susceptibility in Collaborative Cross
mice: identification of a new mouse model for human

gastric tumourigenesis

Pin Wang, " Yunshan Wang,** Sasha A Langley,’ Yan-Xia Zhou,** Kuang-Yu Jen,”
Qi Sun,® Colin Brislawn,” Carolina M Rojas,®® Kimberly L Wahl,®® Ting Wang,®
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ABSTRACT

Objective The Collaborative Cross (CC) is a mouse
population model with diverse and reproducible genetic
backgrounds used to identify novel disease models

and genes that contribute to human disease. Since
spontaneous tumour susceptibility in CC mice remains
unexplored, we assessed tumour incidence and spectrum.
Design We monitored 293 mice from 18 CC strains for
tumour development. Genetic association analysis and
RNA sequencing were used to identify susceptibility loci
and candidate genes. We analysed genomes of patients
with gastric cancer to evaluate the relevance of genes
identified in the CC mouse model and measured the
expression levels of /SG 15 by immunohistochemical
staining using a gastric adenocarcinoma tissue
microarray. Association of gene expression with overall
survival (OS) was assessed by Kaplan-Meier analysis.
Results CC mice displayed a wide range in the
incidence and types of spontaneous tumours. More than
40% of CC036 mice developed gastric tumours within
1year. Genetic association analysis identified Nfkb? as
a candidate susceptibility gene, while RNA sequencing
analysis of non-tumour gastric tissues from CC036 mice
showed significantly higher expression of inflammatory
response genes. In human gastric cancers, the majority
of human orthologues of the 166 mouse genes were
preferentially altered by amplification or deletion and
were significantly associated with OS. Higher expression
of the CC036 inflammatory response gene signature

is associated with poor OS. Finally, ISG15 protein is
elevated in gastric adenocarcinomas and correlated with
shortened patient OS.

Conclusions CC strains exhibit tremendous variation
in tumour susceptibility, and we present CC036 as

a spontaneous laboratory mouse model for studying
human gastric tumourigenesis.

INTRODUCTION

The development of human cancer has historically
been attributed to the presence of rare mutations or
germline polymorphisms in genes that have major
effects on tumour growth or survival and their
interaction with environmental factors.! Identifying
genes involved in cancer susceptibility has poten-
tial utility in risk management, leads to greater
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Significance of this study

What is already known on this subject?

» Genetic susceptibility contributes to the
development of common cancers.

» Cancer susceptibility genes are identified using
population-based model systems.

» Rodents rarely develop spontaneous gastric
cancer.

» Engineered mouse models have contributed
significantly to our current understanding of
cancer biology but do not always accurately
recapitulate de novo tumour development, nor
do they represent human genetic diversity.

What are the new findings?

» We characterised spontaneous tumour
incidence across 18 strains of the Collaborative
Cross population mouse model and found
a wide range in the incidence and types of
tumours.

» We identified CC036 as a new mouse model
for studying spontaneous human gastric
tumourigenesis.

» Genetic analysis identified the Nfkb1 locus
significantly associated with gastric tumour
susceptibility in CC036 mice and an additional
11 suggestive genetic loci.

» Transcript profiling of mouse gastric tissues
identified an inflammatory response signature
that is significantly associated with overall
survival (0S) in human gastric cancer patients.

» The majority of human orthologues of mouse
genes, which are differentially expressed in
normal gastric tissue from CC036 mice, were
preferentially altered by amplification or
deletion in human gastric cancers and were
significantly associated with OS of patients
with gastric cancer.

» We provide a novel model to study the role
of Nfib1 in inflammation-associated gastric
tumourigenesis.

understanding of biological pathways involved in
cancer development and elucidates how environ-
mental factors exert their effects in combination
with genetic variants.”
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Significance of this study

How might it impact on clinical practice in the foreseeable

future?

» The results suggest that inflammation and the Nfib?1
signalling pathway control gastric cancer susceptibility. Novel
treatment options that target the molecular pathways of the
gastritis-adenocarcinoma sequence should be explored.

Genome-wide association studies (GWAS) have been successful
for identifying genetic variants associated with susceptibility to
many types of cancers.” However, the genetic risk imposed by
the variants identified so far accounts for only a minor propor-
tion of familial clustering,* implying that much of the genetic
risk remains to be discovered. Moreover, GWAS have implicit
limitations. Genetic heterogeneity in humans necessitates the
collection of large numbers of samples from patients with cancer
and control populations. Challenges in quantifying the variable
levels of environmental carcinogens to which different individ-
uals are exposed add a further dimension of uncertainty.

Mouse models are an important compliment to the study
of cancer susceptibility. Studies using mice have revealed that
tumour predisposition in different strains is controlled by
multiple loci,* > which control fundamental processes such as
tumour growth rate, ability to stimulate angiogenesis and the
risk of malignant progression. These studies have led to the
development of sophisticated genetically engineered mouse
models of human cancer. Although these engineered models
have contributed significantly to our current understanding of
cancer biology, they do not always accurately recapitulate de
novo tumour development, nor do they represent human genetic
diversity. Thus, additional spontaneous models of tumour devel-
opment are needed to identify novel cancer genes and mech-
anisms of tumour initiation and progression and to support
preclinical therapeutic studies.

The Collaborative Cross (CC) mouse population model was
established to model human genetic diversity by combining the
genomes of eight diverse founder strains,® capturing nearly 90%
of the known variation present in laboratory mice.” Collectively,
many studies have shown that the CC panel consists of a popu-
lation of mice with genetic and phenotypic diversity on par with
human populations.®® However, spontaneous tumour suscepti-
bility in CC mice remains unknown. In this study, we assessed
the tumour incidence and spectrum in 18 CC strains and found
diverse tumour susceptibilities. Most strikingly, within 1year,
CC036 mice spontaneously developed gastric tumours in the
pyloric antrum with a sex-specific incidence of approximately
65% in women and 10% in men. Genetic and transcriptomic
analyses of normal CC036 gastric tissues revealed many candi-
date genes that contribute towards gastric cancer (GC) suscep-
tibility. These candidate genes significantly overlap with many
known human GC genes, suggesting that CC036 is a new spon-
taneous mouse model for human gastric tumourigenesis.

RESULT

Tumour susceptibility across CC strains

Survival was monitored up to lyear in 18 CC strains
(see online supplementary table 1), revealing a wide range in the
incidence and types of spontaneous tumours. Tumours of the
thymus and spleen were the most frequently observed abnor-
malities during necropsy across all strains (figure 1A). Fifty-
seven per cent of CC013, 66% of CC041 and 100% of CC036

mice developed tumours within 1year (figure 1B). Tumours of
lymphoid origin, which commonly occurred in the three most
tumour prone strains CC013 (42%), CC036 (67%) and CC037
(23%), frequently metastasised to other organs including lung
and liver (figures 1C,D and 2C). Most striking was CCO036,
which was the most susceptible strain to spontaneous tumour
development and is the focus of this study. All CC036 mice
developed tumours within 1year with lymphoid and stomach
tumours being the most predominant (figures 1A and 2). Other
strain-specific but non-tumour abnormalities were also observed
(see online supplementary table 1). A large fraction of CC011
mice developed anal prolapse within 1year (see online supple-
mentary table 1), which is consistent with previous results.'
Pulmonary aspiration was frequently observed in CC040 mice
(figure 1E, see online supplementary figure 1A,B), while poly-
cystic kidneys were observed in CC013 and CC032 (figure 1F,
see online supplementary figure 1C-E).

CC036 mice are susceptible to spontaneous gastric tumours
and thymic lymphoma

Detailed analysis of the tumour incidence in CC03 6 mice revealed
that the time of onset of lymphoma development tended to be
earlier than the onset of gastric tumours (p=0.066; figure 2A).
The incidence of gastric tumours in female CC036 mice was
approximately 67%, whereas in male CC036 mice, the incidence
was only 11% (p=0.02; figure 2B). Conversely, the incidence of
lymphoid tumours was 100% in male CC036 mice, while only
50% in female CC036 mice (p=0.02; figure 2B). The majority
of lymphomas originated from the thymus (8 of 14 lymphomas),
with 4 of 14 lymphomas originating from the spleen and 2 of 14
from the abdominal area (see online supplementary table 1). Five
of 14 lymphomas showed metastatic lesions in distant organs
including lung, liver and kidney (figure 2C, see online supple-
mentary table 1). Histopathological analysis of gastric tumours
revealed focal areas of low-grade dysplasia with increased archi-
tectural complexity, nuclear atypia and nuclear crowding in the
pyloric antrum (figure 2D,E, see online supplementary figures
2A and 3A). In the tumour areas proliferation as measured by
Ki-67 immunohistochemical staining was irregular with positive
staining observed in regions with high nuclear/cytoplasmic ratios
and negative staining in areas with low nuclear/cytoplasmic
ratios, while Ki-67 staining was limited to the base of the crypts in
adjacent normal tissue (see online supplementary figures 2B and
3B). To further characterise the lineages that are present in the
tumour mass, we performed immunochistochemical and lectin
staining for UEA1, HK-ATPase and TFF3 (see online supple-
mentary figure 4). Tumours were positive for the surface mucous
cell marker UEA1. Nests of UEA1 positive cells were also found
invading beyond the muscularis mucosa into the submucosa
(see online supplementary figure 4B). In approximately 25% of
tumours, scattered cells stained lightly positive for the parietal
cell marker HK-ATPase. TFF3 staining was largely negative,
although few tumours showed scattered TFF3 positive cells.
Mice with gastric tumours frequently showed oesophageal dila-
tion due to tumour obstructed food from moving through the
upper gastrointestinal tract (figure 2F). To exclude the possibility
that gastric tumour development in CC0036 was associated with
Helicobacter sp., we first characterised faecal gut microbiome
composition from each of 18 strains at 12 weeks of age by 16S
rRNA gene sequencing.” The level of Helicobacter sp. was not
different among strains from the same facility, although differ-
ences were observed between two facilities (see online supple-
mentary figure 5A, additional details can be found in ref 9).
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Figure 1

Variation in disease susceptibility across 17 CC strains. (A) Tumour frequency and type across CC strains within 1year. (B) Tumour-free

survival across CC strains. (C) Representative H&E image of splenic lymphoma in CC037 mouse. (D) Representative H&E image of CC037 mouse liver
(from C) showing numerous metastatic lymphoid lesions indicated by red arrows in enlargement. (E) Representative H&E image of CC040 mouse lung
showing plant material obstructing a bronchus and surrounded by lymphocytic inflammation as indicated by the red arrow. (F) Representative H&E
image of CC032 mouse kidney showing a polycystic phenotype. CC, Collaborative Cross.

We then characterised the stomach microbiome composition by
16S rRNA sequencing in six CC strains and showed a similar
difference between strains based on animal facility as was seen
in the faecal microbiome (see online supplementary figure 5B).
The relative abundance level of Helicobacter sp. in CC036 is
low (approximately 0.3%) similar to other strains from the
same animal facility (see online supplementary figure 5C and
table 2). These data lead us to conclude that genetic factors and/
or the interaction between Helicobacter sp. and genetics may
contribute to gastric tumour susceptibility in CC036 mice.

Genome-wide association analysis identified significant
region on distal chromosome 3 associated with increased
gastric tumour susceptibility

To identify genetic loci associated with CC036 gastric tumour
susceptibility, we performed independent quantitative trait locus
(QTL) analyses by interrogating 77 000 SNPs across the genome
and identified 1 significant and 11 suggestive QTLs associated
with gastric tumour susceptibility (figure 3A). The position of

the peak significant SNP was at 135.8 Mb on Chromosome 3.
To identify the CC founder contribution to this phenotype, we
performed genome-wide association using a logistic regression
model across haplotypes and showed that the CAST/EiJ founder
haplotype on chromosome 3 contributed to the development of
gastric tumours (figure 3B). We identified 13 candidate genes in
this region including Nfkb1. The same haplotype analysis was
performed across all suggestive loci (see online supplementary
figure 6).

RNA-seq analysis reveals potential molecular mechanisms of
gastric tumour susceptibility

To gain insights into potential molecular mechanisms for
gastric tumour susceptibility in CC036 mice, we performed
RNA sequencing of gastric tissues from 12-week-old CC036
mice and five additional CC mouse strains not susceptible to
gastric tumourigenesis (CC001, CC002, CC019, CC042 and
CCO061) as controls. At this age, the CC036 stomach mucosa
appeared unremarkable with proliferation limited to the base
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Figure 2 Tumourigenicity in CC036 mice. (A) Latency of lymphoid and gastric tumours in CC036 mice. There is no significant difference in latency
between two tumour types (p=0.066 obtained by log-rank test). (B) Incidence of lymphoid and gastric tumours in CC036 male and female mice. A
significant sex difference was observed for gastric and lymphoid tumour development (p=0.02 obtained by Fisher's exact test). (C) Representative
H&E image of thymic lymphoma (left) and lung metastasis (middle and right). (D) Representative photographs of gastric tumours in CC036 mice. (E)
Representative H&E image of gastric tumour showing hyperplastic glands with low-grade dysplasia. (F) Representative H&E image of oesophageal

cross-section showing dilation and food matter obstructing the lumen.

of the crypts (see online supplementary figure 7A,B). For each
strain, stomach tissues and corresponding RNA samples were
obtained from three male and three female mice. For control
strains, we pooled the male and female RNA samples respec-
tively, whereas for the CC036 mice, RNA from each male and
female mouse was independently sequenced and analysed. We
identified 166 genes differentially expressed between CC036
and the control CC strains (fold-change 1.5 and adjusted
p<0.05; figure 4A,B, see online supplementary table 3).
Genes expressed at high levels in CC036 stomach compared
with control CC strains include genes previously identified in
gastrointestinal tract cancer such as Kenf1, Ccl20 and Vnnl,

whereas genes expressed at low levels in CC036 stomach
compared with control CC strains include Vopp1, Vtecnl and
Mitmr7 (figure 4B).""'® To further delineate the observed
sexual dimorphism in gastric tumour incidence in CC036 mice,
we directly compared gene expression levels in stomach tissues
between female and male CC036 mice. Twenty-one genes were
differentially expressed between stomach tissues of female
and male CC036 mice (fold-change 1.5 and adjusted p<0.035;
see online supplementary figure 8A). In addition to differences
in expression of genes located on the sex chromosomes, we
observed lower expression of Kruppel-like factor 4 (KIf4) and
higher expression of the hepcidin encoding genes Hamp and
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Figure 3 Identification of genetic loci associated with gastric cancer

susceptibility in CC036. (A) Genome-wide association plot of CC036
gastric cancer susceptibility. Chromosomal position of mouse SNPs

is shown on the x-axis. The logarithm of the odds (to the base 10)
(lod) score of the association for each SNP is shown on the y-axis. (B)
Founder haplotype contributions to gastric cancer susceptibility on
chromosome 3. Candidate genes are listed below.

Hamp2, which have been shown to play an important role in
human GC development.'” '8

Further bioinformatics analysis showed that 166 differentially
expressed genes were significantly enriched in human cancer and
inflammatory response related processes (figure 4C, left panel).
Not surprisingly, we found significant enrichment for gastroin-
testinal tract cancer (figure 4C, right panel). The inflammatory
response enrichment was comprised of 19 genes, 15 of which
were expressed at higher levels in CC036 compared with control
strains (figure 4D). Interestingly, 5 of these 19 genes are regu-
lated by NFKB1 (figure 4D), consistent with our genome-wide
association analysis that identified Nf k b1 as a candidate regu-
lator of gastric cancer susceptibility (figure 3B).

The immune system is thought to be a key regulator in cancer
development. To investigate the immune composition in CC036
mice, we measured the relative abundance of specific immune
cell populations using complete blood counts and flow cytom-
etry to distinguish lymphocytes, B cells, T cells, CD4" T-helper
cells and CD8* T-suppressor cells in CC036 and control CC
strains. The relative abundance of specific immune cell popu-
lations was tightly constrained within each strain but varied

across different strains (figure 4E). Interestingly, peripheral
blood of CC036 mice had significantly higher levels of lympho-
cytes and neutrophils compared with the five control CC strains
(p<0.005). Fluorescence-activated cell sorting (FACS) analysis
showed that both the B cell, total T cell, T-helper and T-sup-
pressor cell fractions were significantly higher in CC036 mice
(figure 4E). Moreover, triplex immunohistochemical staining for
CD3, CD11b and CD45R showed moderate levels of myeloid
cell infiltrate (CD11b positive) in tumour areas, whereas only
sparse CD11b positive staining was observed in normal CC036
gastric mucosa (see online supplementary figures 2C, 3C and
7C). Furthermore, blood of female CC036 mice showed signifi-
cantly higher levels of white blood cells, lymphocytes and T cells
compared with male CC036 mice (p<0.05; see online supple-
mentary figure 8B and table 4). These results are consistent with
the observed over-representation of genes involved in inflamma-
tory responses in CC036 stomach tissues and which is conceiv-
ably associated with inflammation-associated tumourigenesis.

Evaluation of CC036 susceptibility gene orthologues in
human GC

To assess the human relevance of the CC036 mouse model,
we identified 140 human orthologues of the 166 mouse genes
differentially expressed between CC036 and other CC strains
(see online supplementary table 5). The Cancer Genome Atlas
(TCGA) data were first used to evaluate the 140 human genes
in human GC. We frequently observed DNA copy number alter-
ations encompassing 59 of 140 genes in human GC where 25
genes were frequently increased in copy number and 34 genes
frequently showed a decrease (figure 5A). Changes in DNA copy
number are often observed in tumours, and DNA copy number
aberrations are one of the mechanisms that can result in a change
in gene expression in tumour progression.'” We observed signif-
icant associations between transcriptional expression levels
and their copy number in 76 out of 140 genes (figure 5B,
see online supplementary table 6).

To further assess the importance of 140 genes in human GC
development, we evaluated their prognostic value for patients
with GC in an integrated dataset.”” This analysis identified that
112 out of 140 genes were significantly associated with overall
survival (OS) (adjusted p value <0.05; figure 5C, supplemen-
tary table 7). Fifty-two genes had an HR <1 (higher gene
expression associated with good prognosis) and 60 genes had a
HR >1 (higher gene expression associated with poor prognosis).
We then specifically asked whether the 19-gene inflammatory
response gene signature observed in CC036 stomach tissue
(figure 4D) is associated with OS. Indeed, higher expression of
the inflammatory response gene signature predicted poor OS in
both TCGA (figure 6A) using SurvExpress®' and publicly avail-
able microarray data using Kaplan-Meier plotter®” (figure 6B).

Impact of ISG15 on human GC patient survival

The interferon-stimulated gene 15 (ISG15), which we found
to be a member of the 19-gene inflammatory response gene
signature, is increasingly recognised for its role in cancers of
the digestive system. We found that Isg1$5 was significantly
upregulated in CC036 stomach tissues compared with control
CC strains (log, ratio=1.5; adjusted p=0.009; figure 4D and
see online supplementary table 2). To further investigate the role
of ISG15 in human GC, we examined the protein expression
level of ISG15 using immunohistochemical (IHC) staining on
a tissue microarray containing 84 gastric adenocarcinomas and
83 normal gastric tissues of which 76 were adjacent matched
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Figure 4 RNA sequencing and immune analysis in CC036 and five control CC strains. (A) Heatmap of differentially expressed genes in gastric tissue
between CC036 and control CC strains (fold-change 1.5 and adjusted p<0.05). Red indicates higher expression and blue indicates lower expression.
(B) Box plots of normalised sequence read counts for six genes significantly differentially expressed between CC036 and control CC strains. (C)
Functional enrichment analysis of genes differentially expressed between CC036 and control CC strains using Ingenuity Pathway Analysis (IPA) (left
panel). Detailed functional enrichment for cancer types and related phenotypes (right panel). (D) Heatmap of inflammatory-response gene signature in
gastric tissue of CC036 and control CC strains. Black indicates higher expression, and white indicates lower expression. (E) Distribution of circulating
lymphocytes, B cells (CD45R/B220), total T cells (CD3+), neutrophils, T-helper cells (CD3+/CD4+) and T-suppressor cells (CD3+/CD8+) in blood from
CC036 and control CC strains. Error bars represent minimum and maximum values; the median is indicated with a horizontal bar inside each box.
***P<0.001, **p<0.01, *p<0.05; ns is not significant. P was obtained using non-parametric Mann-Whitney test. CC, Collaborative Cross.

normal. A wide range of expression levels were observed across
the GC (figure 7A). After quantifying ISG15 protein expression
in the tumours and adjacent normal tissue sections we observed
a significantly higher level of ISG15 in GC compared with adja-
cent normal stomach samples (p<0.001; figure 7B). Finally, we
addressed whether ISG15 protein expression was associated
with OS. The patient population was split based on the ISG15
THC staining score (low: score <3; high: score >3). This anal-
ysis showed that patients with higher expression of ISG15 had a

significantly worse survival compared with patients with lower
expression (p value=0.016; figure 7C).

DISCUSSION

In this study, we assessed the spontaneous tumour incidence and
spectrum in 18 CC strains. Our results show that tumour suscep-
tibility is highly variable among different CC strains. Tumours
of the thymus and spleen were the most frequently observed
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abnormalities. Our most exciting finding is strain CC036 that
spontaneously develops gastric tumours. Histopathology and
histochemistry of the tumours suggested that the majority were
adenocarcinomas. GC is one of the most common malignan-
cies in the world and ranks fifth in the incidence rate.”> GC is
a polygenic disease, in which interactions of cancer genes with
environmental risk factors or pathogens, such as Helicobacter
pylori infection-associated inflammation, lead to early lesions of
dysplasia within the gastric mucosa, and ultimately to the devel-
opment of gastric adenocarcinoma. Animal models of GC have
been developed to elucidate the molecular mechanisms under-
lying this disease.”* Although spontaneous gastric tumours have
not been previously observed in mice, infection with Helicobacter
sp. and carcinogen treatment have been used to establish mouse
models that resemble human GC. For example, mice treated
with N-methyl-N-nitrosourea (MNU) have been widely used to
study gastric carcinogenesis.”* A combination of MNU treatment
with Helicobacter felis infection resulted in rapid development
of antral GC.* Helicobacter is present in CC036 mice at levels
similar or lower as compared with other CC strains raised in the
same environment. Although we cannot exclude the possibility
that Helicobacter sensitises the CC036 gastric tumour model, it
appears that host genetics plays an important role. Additional
studies using gnotobiotic techniques are necessary to dissect
the role of Helicobacter in this model. Other mouse models of
gastric cancer use transgenic mice such as the insulin—-gastrin
(INS-GAS) model.?® In these animals, human gastrin is regulated
by the rat insulin 1 (Ins1) promoter leading to overexpression of
gastrin in the pancreas resulting in gastric atrophy and intestinal
metaplasia and eventually invasive gastric adenocarcinoma by 20
months of age. Infection with Helicobacter shortens the latency
period.”” A number of other transgenetic or chemical models of
gastric hyperplasia or tumourigenesis in mice have been devel-
oped (reviewed in ref 23). For example, mice mutant for Tff1,
a gastric-specific tumour suppressor gene, rapidly developed
gastric hyperplasia and a third of the mice went on to progress to
dysplasia and carcinomas.”® Interestingly, our RNA sequencing
analysis of gastric tissues from CC mice showed a trend for
reduced expression of Tff1 in CC036 compared with the other
CC strains (p value=0.016).

Juvenile polyposis syndrome is a rare autosomal dominant
condition characterised by the presence of polyps along the
gastrointestinal tract. Mutations in SMAD4 and BMPRI1A

can cause juvenile polyposis syndrome in 20% of cases.” We
found no polymorphisms in coding regions and no differences
in gene expression of Smad4 and Bmprla in stomach tissues of
12-week-old CC036 mice (see online supplementary figure 9).
Targeted DNA sequencing of Smad4 and Bmprla coding regions
in CC036 stomach tumour tissues also did not reveal any muta-
tions suggesting that tumour development in CC036 mice is not
due to a mutation in these genes implicated in juvenile polyposis
syndrome. This is the first CC mouse model for gastric tumouri-
genesis that can be used to dissect the set of genes and environ-
mental components responsible for GC development to identify
potential GC risk factors in humans.

In humans, GC incidence is approximately twice as high in
men than women. However, rodents rarely develop spontaneous
GC with the exception of cotton rats (Sigmodon hispidus), which
develop spontaneous GC with an incidence of 25%-50% and the
Z strain of the African rodent Mastomys natalensis.”* ** Interest-
ingly, female predominance of GC was observed in cotton rats.*
These tumours develop secondary to hypergastrinaemia due
to reduced intragastric pH. In addition, female C57BL/6 mice
infected with Helicobacter felis showed significantly greater
chronic inflammation with earlier onset compared with male
mice.’' However, gastritis and development of gastrointestinal
intraepithelial neoplasia in the INS-GAS model is male predom-
inant.*> These differences are not well understood but likely
depend on differences in immune response, sex hormones and
possibly sex differences in the microbiome. For example, studies
using the INS-GAS mouse model showed that oestradiol was
protective in Helicobacter induced GC.* 3

We performed RNA sequencing of histologically normal gastric
tissues from 12-week-old CC036 mice and five additional CC
mouse strains not susceptible to gastric tumourigenesis to gain
insights into potential molecular mechanisms for gastric tumour
susceptibility. Genetic background can significantly influence
gene expression levels in tissues, which has led to the hypothesis
that tumour susceptibility gene signatures could be present in
normal tissues prior to tumour induction.* For example, anal-
ysis of human metastasis-predictive gene signatures in normal
mouse tissues accurately categorised mice based on their meta-
static potential supporting the presence of predictive signatures
in normal tissues.*® Using this approach, we identified a 19-gene
inflammatory response gene signature in normal CC036 stomach
tissue that was associated with OS in human gastric cancer
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patients. ISG135, included in this 19-gene signature, encodes a
member of the ubiquitin-like protein superfamily,’” and aber-
rant expression has been observed in gastric and other cancer
types.*® Our previous work showed that combined oestrogen
and progesterone treatment induced type 1 interferons, which
modulate Isg15 expression in the mammary gland of oopho-
rectomised mice.” It is also known that ISG15 is induced by
type I interferons as a primary response to diverse microbial and
cellular stress stimuli. In addition, we observed upregulation
of other inflammatory genes including the chemokine CCL20,
which plays a role on mucosal surfaces in inflammation where it

attracts immature dendritic cells and memory T cells.*® CCL20
is upregulated in Helicobacter pylori-associated gastritis, which
can progress to GC.*' A direct comparison of gene transcript
levels in stomach tissues of female and male CC036 mice showed
lower expression of KIf4 and higher expression of the hepcidin
genes Hamp and Hamp2 in female mice. Loss of KIf4 in mice has
been shown to cause increased proliferation and altered differ-
entiation of the adult gastric epithelium suggesting a critical role
for KIf4 in maintaining gastric epithelial homeostasis.'® Hepcidin
is critically important in regulation of systemic iron homeostasis
and increased expression in gastric tumour tissues correlated
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with increasing tumour stages, which was associated with acti-
vation of JAK/STAT3 signalling.'” Our genetic analysis identi-
fied the Nfxb1 locus significantly associated with gastric tumour
susceptibility in CC036 mice. Interestingly, human GWAS anal-
ysis also showed significant association between polymorphisms
in NFxB1 and susceptibility of GC.** NFkB1 transcriptionally
regulates expression of genes involved in immune responses.
Consistent with these observations, we found that four genes out
of the 19-gene inflammatory signature are downstream targets
of NF«kB1, which includes ISG15 and CCL20. A recent study
further supports our results showing that loss of Nfxb1 causes
GC in mice with aberrant inflammation.*’

In conclusion, we investigated tumour susceptibility across 18
CC strains and identified new spontaneous mouse models for
the study of different malignancies including polycystic kidney
disease, lymphoma and gastric tumourigenesis. The new gastric
tumour model described has an average latency of approxi-
mately 1year and may be mediated at least in part by an inflam-
matory signature that is evident at 2 months of age prior to the
onset of disease. Our data show that susceptibility genes discov-
ered through this model as well as the observed inflammatory
response signature can be used as a biomarker to predict survival
in human GC patients. Further investigations will need to focus
on the progression of gastric tumours over time and whether
disrupting the inflammatory signature early in life can prevent
the development of GC.

METHODS

Mice

CC mice were obtained from the Systems Genetics Core Facility
at the University of North Carolina.** Mice were acclimated at
the Lawrence Berkeley National Laboratory for 8 weeks prior
to the initiation of breeding. The study was carried out in strict
accordance with the Guide for the Care and Use of Labora-
tory Animals of the National Institutes of Health. The Animal
Welfare and Research Committee at Lawrence Berkeley National
Laboratory approved the animal use protocol. Tumour develop-
ment was monitored for 1year. Tumour tissue embedding and
H&E staining were performed at the University of California
San Francisco Mouse Pathology core facility, and tumour type
was assessed by two pathologists.

QTL analysis

The frequency of stomach tumours in each CC line was used for
genetic mapping. Forty per cent of mice from the CC036 strain
developed stomach tumours. Although no other CC line developed
stomach tumours, all other lines were coded at 1% to perform the
analysis using gQTL, an online implementation of DOQTL for
genetic analysis of CC data.* Significance thresholds were deter-
mined using 1000 permutations and taking p=0.05.

Mouse blood analysis
Whole blood was collected into EDTA-coated tubes at 12 weeks
of age in a cohort of 267 mice across 16 CC strains. Complete
blood cell counts were acquired using a HemaVet950FS.
Lymphocyte subpopulations were identified by FACS as
described previously.’

Tissue microarray and immunohistochemical staining and
scoring

A GC tissue microarray, with 84 tumour tissues and 83 normal
stomach tissues of which 76 are adjacent matched normal, was
purchased from Shanghai Outdo Biotech. Pathological grade and

tumour-node-metastasis staging is based on the seventh staging
classification of the American Joint Committee on Cancer
and Union for International Cancer Control. Endogenous
peroxidase activity was blocked with 3% hydrogen peroxide.
Antigen retrieval was carried out in citrate buffer (10 mM,
pH6) for 20min at 92°C. Tissue sections were incubated with
the primary ISG135 antibody (1:50, Cell Signaling Technology)
for 16 hours at 4°C, and then incubated for 30 min at 37°C and
subsequently with a secondary biotinylated antibody for 30 min
at 37°C followed by incubation with streptavidin—peroxidase
complex for 5 min at room temperature. An IHC staining score
was assigned to each sample by a pathologist based on extent
and intensity of staining (for extent: O=nostaining, 1=staining
19%-25%, 2=staining 26%-50%, 3=staining 51%-75% and
4=staining 76%-100%; for intensity: 0=nostaining, 1=weak,
2=intermediate and 3 =strong). The IHC staining score is calcu-
lated by multiplying the extent and intensity staining scores.

Statistical analysis

Differential gene expression analysis was conducted by
comparing CC036 with the pooled results from the remaining
five CC strains using DeSeq2. Gene-level counts were computed
on independent biological replicates. Functional annotation of
differentially expressed genes was performed using Ingenuity
Pathway Analysis (Qiagen). Significance of the differences in
blood counts across different CC strains of mice was assessed by
non-parametric (Mann-Whitney) test. Genomic alterations and
gene transcript levels for human GC in TCGA were obtained
from cBioPortal.*® * We used a rank-based non-parametric test
(Kruskal-Wallis) to determine whether gene expression levels
were significantly different between DNA copy number groups
(p<0.05 was used as a threshold for significance). Association
of differentially expressed mouse genes and OS in patients with
GC was assessed using Kaplan-Meier plotter (http:/kmplot.
com) including Kaplan-Meier (KM) survival analysis, HR with
95% Cls and logrank p value for each gene.?’ Association of
the inflammatory response gene signature with OS was assessed
using Kaplan-Meier plotter and SurvExpress.”!
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