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Background & Aims: Carcinogen-induced mouse models of
liver cancer are used extensively to study the pathogenesis
of the disease and are critical for validating candidate
therapeutics. These models can recapitulate molecular and
histological features of human disease. However, it is not
known if the genomic alterations driving these mouse
tumour genomes are comparable to those found in human
tumours. Herein, we provide a detailed genomic characterisa-
tion of tumours from a commonly used mouse model of
hepatocellular carcinoma (HCC).

Methods: We analysed whole exome sequences of liver
tumours arising in mice exposed to diethylnitrosamine (DEN).
Mutational signatures were compared between liver tumours
from DEN-treated and untreated mice, and human HCCs.
Results: DEN-initiated tumours had a high, uniform number of
somatic single nucleotide variants (SNVs), with few insertions,
deletions or copy number alterations, consistent with the
known genotoxic action of DEN. Exposure of hepatocytes to
DEN left a reproducible mutational imprint in resulting tumour
exomes which we could computationally reconstruct using
six known COSMIC mutational signatures. The tumours carried
a high diversity of low-incidence, non-synonymous point
mutations in many oncogenes and tumour Suppressors,
reflecting the stochastic introduction of SNVs into the
hepatocyte genome by the carcinogen. We identified four
recurrently mutated genes that were putative oncogenic drivers
of HCC in this model. Every neoplasm carried activating hotspot
mutations either in codon 61 of Hras, in codon 584 of Braf or in
codon 254 of Egfr. Truncating mutations of Apc occurred in 21%
of neoplasms, which were exclusively carcinomas supporting a
role for deregulation of Wnt/B-catenin signalling in cancer
progression.

Conclusions: Our study provides detailed insight into the muta-
tional landscape of tumours arising in a commonly used
carcinogen model of HCC, facilitating the future use of this
model to better understand the human disease.
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Lay summary: Mouse models are widely used to study the biol-
ogy of cancer and to test potential therapies. Herein, we have
described the mutational landscape of tumours arising in a
carcinogen-induced mouse model of liver cancer. Since cancer
is a disease caused by genomic alterations, information about
the patterns and types of mutations in the tumours in this
mouse model should facilitate its use to study human liver
cancer.

© 2018 European Association for the Study of the Liver. Published by
Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Introduction
Hepatocellular carcinoma (HCC) is the predominant form of
primary liver cancer, which is currently the sixth most
frequently diagnosed human cancer. Liver cancer is the second
most common cause of cancer death globally and its incidence
is increasing in countries with historically low rates.!> HCC
typically develops in the context of end-stage liver disease,
resulting from chronic inflammation, fibrosis and cirrhosis,
and is almost exclusively caused by environmental risk
factors, such as chronic hepatitis virus infection, aflatoxin
B exposure, chronic alcohol consumption, and metabolic
syndrome.? This diversity of aetiologies appears to be reflected
in the molecular heterogeneity of the disease. Over the last
few years, next generation sequencing analyses of hundreds
of human liver tumours have identified several oncogenic
pathways and a wide range of putative driver gene mutations
underlying hepatocarcinogenesis.*™®

There are an increasing number of experimental mouse mod-
els used in HCC research to study the disease pathogenesis and to
assess novel therapeutics.'® For several decades, carcinogen-
induced tumours have been used in preclinical research, and
the most widely used chemical to induce liver cancer in mice is
diethylnitrosamine (DEN). When injected into juvenile mice,
DEN targets the liver where it is metabolically activated by cen-
trilobular hepatocytes into alkylating agents that can form muta-
genic DNA adducts.!! The introduction of oncogenic mutations
into hepatocytes that are actively proliferating during normal
post-natal development can then result in dysplastic lesions
which progress to carcinoma. Mouse tumours induced by DEN
alone frequently harbour initiating activating mutations in either
Hras or Braf proto-oncogenes.'>!> In a related model in which
tumours are induced using DEN as an initiator followed by
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phenobarbital as a tumour promoter, chromosomal instability
and activating mutations in p-catenin have been implicated in
tumour progression.'* There is also evidence that inflammation
is a contributing factor to DEN-induced hepatocarcinogenesis.
As well as acting as a genotoxin, DEN is also hepatotoxic causing
necrotic cell death. This damage triggers an inflammatory
response resulting in elevated expression of mitogens, such as
interleukin-6, which promote compensatory proliferation of sur-
viving hepatocytes.'”

No single mouse model can capture all aspects of human
HCC, although each can recapitulate at least some of the genetic
and/or cellular features of the human disease. For example, a
comparison of global gene expression profiles showed that
HCC from DEN-treated mice resembles a subclass of human
HCC associated with poor prognosis.'® However, there are few
studies which compare the genome-wide mutational land-
scapes of mouse cancer models to those seen in the human can-
cer. Such oncogenomic evaluations will be crucial to identify the
most appropriate preclinical mouse model for specific clinical
questions. To this end, we describe the exome-wide mutational
pattern in tumours arising in the DEN mouse model of HCC,
which has, and continues to be, commonly used in preclinical
research to understand the biology of liver cancer.

Materials and methods

Generation of mouse samples

Male C3H/HeOu] mice were administered a single intraperi-
toneal injection of DEN (20 mg/kg body weight) aged 14-16
days. Liver samples were collected during the first 24 h follow-
ing DEN administration; tumour samples were collected up to
40 weeks after treatment. Untreated C3H male mice were used
for reference tissue samples or aged up to 76 weeks for sponta-
neous liver tumour samples. Tissue samples were snap frozen
for DNA extraction and/or fixed in neutral buffered formalin
for histological analyses.

Histological analyses

Histochemical staining with haematoxylin and eosin (H&E) or
using the Gomori’'s method was carried out on formalin-fixed
paraffin-embedded tissue sections. Immunohistochemistry
was performed using antibodies against B-catenin (BD Bio-
sciences); phospho-histone H2AX (Merck Millipore); 0%-ethyl-
2-deoxyguanosine (Squarix Biotechnology); and Ki67 (Bethyl
Laboratories). Quantification of nuclear staining for 0%-ethyl-
2-deoxyguanosine and phospho-histone H2AX was done using
ImageScope software (Leica Biosystems). Tumours were classi-
fied according to the International Harmonization of Nomencla-
ture and Diagnostic Criteria for Lesions in Rats and Mice
(INHAND) guidelines.'”

DNA isolation, whole exome sequencing and sequence
alignment
Genomic DNA was isolated from liver tumours and from ear/tail
samples using the AllPrep DNA/RNA mini kit or the DNeasy
blood & tissue kit (Qiagen), according to the manufacturer’s
instructions. Exome capture libraries were prepared following
the instructions of the SureSelectXT mouse all exon target
enrichment system (Agilent Technologies). Exome libraries
were sequenced using a 125 base pair paired-end read protocol
on an Illumina HiSeq 2500.

Sequencing reads were aligned to the C3H_He]_v1l mouse
genome assembly (Ensembl release 90'®) using BWA (versions
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0.6.1 or 0.7.12'9). Aligned bam files were annotated using Picard
tools (version 1.124°°) and sequencing coverage metrics calcu-
lated using samtools (version 1.12'). Aligned reads for human
samples from the LICA-FR and LIAD-FR cohorts were down-
loaded from the European Genome-phenome Archive at
EMBL-EBI (accessions EGAD00001000131, EGAD00001001096
and EGAD00001000737).

Variant identification, prioritisation and validation

Single nucleotide and indel variants were called using Strelka
(version 1.0.14°%) and autosomal copy number variants were
called using CNVkit (version 0.7.22%). Variants were subject to
multiple filtering steps, as described in the Supplementary
information.

High-likelihood cancer driver genes were prioritised from a
list of genes known to harbour bona fide cancer driver muta-
tions.>* Cancer genes with above expected levels of non-
synonymous mutations were identified by fitting the number
of observed mutations at each variant locus to a Poisson distri-
bution, and then combining variant loci at the gene level using a
multinominal model from the R XNomial package (version
1.0.4%°). Non-synonymous SNVs in the identified cancer driver
genes of interest, Hras, Braf, Egfr and Apc, were confirmed using
conventional Sanger sequencing or by visual inspection of
aligned reads.

Phylogenetic and mutational signature analyses

A phylogenetic tree was built in R using the ape package
(version 3.5%°). Pairwise distances between samples were
calculated as the number of genomic loci at which the sample
genotypes differ and trees were constructed using a
neighbour-joining algorithm.?’

For the mutational spectra analysis, SNVs were annotated by
the 96 possible trinucleotide context substitutions. The distri-
butions of 5" and 3’ nucleotides flanking the SNVs were calcu-
lated directly from the reference genome. Comparison
between human and mouse mutational signatures was facili-
tated by normalisation of C3H/He] nucleotide context distribu-
tions using the ratios of known trinucleotide prevalences in
C3H/He] and human genomes. The proportions of COSMIC
mutational signatures’® represented in the mutational profile
from each sample were calculated using the R package decon-
structSigs (version 1.8.0%°).

For further details regarding the materials and methods
used, please refer to the CTAT table and Supplementary
information.

Results
DEN-initiated carcinogenesis in mouse hepatocytes
We generated chemically-initiated liver tumours using a well-
established protocol in which juvenile (14-16 day old) C3H/
HeOu] male mice were administered a single intraperitoneal
injection (20 mg/kg body weight) of DEN.?? Animals were then
aged for up to 40 weeks. The C3H strain was chosen because it is
highly susceptible to the development of both treatment-
induced and spontaneous liver tumours.>! We therefore also
aged a cohort of untreated C3H male mice for up to 76 weeks
to generate spontaneous liver neoplasms for comparison with
the DEN-initiated tumours (Fig. 1A).

DEN primarily targets the liver, in which it is metabolically
activated by cytochrome P450 enzymes in hepatocytes.>? The
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Fig. 1. DEN-initiated carcinogenesis in mouse hepatocytes. (A) Overview of experimental design. Cohorts of C3H male mice aged 14-16 days were either
administered DEN or left untreated. Liver samples were collected during the first 24 h after DEN exposure for histopathological analysis, or mice were aged to
develop tumours. Dysplastic nodules and HCCs were collected from cohorts of mice 24-26 weeks and 26-40 weeks, respectively, after administration of DEN;
spontaneous tumours were collected from mice aged 37-76 weeks. (B) In situ detection and quantification of DEN-induced DNA damage. Representative
photomicrographs of immunohistochemistry for 0°-ethyl-2-deoxyguanosine and gamma-H2AX in untreated mice and 8 h post-DEN injection. All scale bars =
200 pm. Original magnification x200. Automated image quantification was used to evaluate the dynamics of DNA damage for 0%-ethyl-2-deoxyguanosine
and gamma-H2AX over the course of 24 h (n=5 samples per timepoint; bar indicates mean; Welch two-sample ¢ test: *p <0.05, **p <0.01, ***p <0.001,
****p <0.0001). (C) Histology of murine hepatocellular neoplasms. Representative photomicrographs of serial sections of normal liver tissue and liver tumours
arising in DEN-treated and untreated mice. H&E staining demonstrates tissue morphology; reticulin staining is used to assess architecture (normal: staining
around each cord of hepatocytes; DN: loss of regular architecture; HCC: thickened trabeculae and corresponding reduction in staining); and Ki67 identifies
mitotic cells (normal adult liver is mostly quiescent; DN and HCC show increasing numbers of dividing cells). All scale bars = 200 um. Original magnification

x200. CV, central vein; DEN, diethylnitrosamine; DN, dysplastic nodule; H&E, haematoxylin and eosin; HCC, hepatocellular carcinoma; PV, portal vein.

resulting DEN metabolites can directly damage DNA by alkylat-
ing nucleobases. Of particular interest are the O6 position in
guanine and the 04 position in thymine, which are both vulner-
able to nucleophilic attack resulting in adducts with the poten-
tial to be miscoding.!" We examined the immediate DNA
damage in 15-day old C3H livers over 24 h after exposure to
DEN. Metabolic activation of DEN occurred within 4 h after
administration, as seen by the presence of the promutagenic
06-ethyl deoxyguanosine adduct using immunohistochemistry
(Fig. 1B). As expected, the majority of positively staining cells
were found in centrilobular (zone 3) hepatocytes, consistent
with the known high expression of cytochrome P450 enzymes
and more extensive drug metabolism by hepatocytes in this
region.®> As may be expected, DNA double strand breaks also
accumulated after DEN treatment, as seen by the rapid accumu-
lation and elimination of phosphorylated histone H2AX over the
following 24 h (Fig. 1B).
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All DEN-treated mice developed multiple, macroscopically
identifiable tumours by 25 weeks after administration, concor-
dant with previous studies.>* H&E and reticulin stained tumour
tissue sections from DEN-treated and untreated mice (Fig. 1C)
were classified by a histopathologist using standardised
INHAND diagnostic criteria;!” this revealed that all neoplasms
had a hepatocellular phenotype. Almost all tumours arising in
mice up to 26 weeks after DEN treatment were dysplastic nod-
ules (DNs). Hepatocellular carcinomas were present at later
time points, some of which had a nodule-in-nodule appearance,
supporting the hypothesis of stepwise progression from DN to
HCC.>> We did not detect evidence of elevated immune infil-
trates in the spontaneous and DEN-induced liver tumours; the
leukocyte populations in the DNs and HCCs were low in num-
ber, similar to those found in normal liver tissue, as shown by
immunohistochemical staining for CD45 (Fig. S1). In addition
to the macroscopically dissected tumours, examination of
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residual liver tissue of DEN-treated mice revealed microscopic
basophilic and eosinophilic foci of cellular alteration (data not
shown). These localised proliferations of phenotypically distinct
hepatocytes represent potential neoplastic precursors to DNs,
and in turn HCC."”

The development of spontaneous tumours in untreated C3H
showed greater histological and temporal variability (37-76
weeks). Importantly, DN and HCC tumours arising in these
untreated mice were histologically indistinguishable from those
treated with DEN (Fig. 1C). Furthermore, all these murine
tumours histopathologically mimic their corresponding human
tumours.

Diversity of somatic SNVs reveals independent evolution of
DEN-induced neoplasms

Whole exome sequencing was performed on DNA isolated from
50 discrete neoplasms excised from the livers of 33 individual
C3H male mice given a single intraperitoneal administration
of DEN as juveniles. 34 of the DEN-induced neoplasms were of
sufficient size to provide additional tissue for histopathological
examination; of these, 16 were classified as DNs and 18 as HCCs.
The whole exome sequences of the remaining 16 DEN-induced
neoplasms were used only for the phylogenetic analysis (see
later and Fig. 2). In addition, whole exome sequencing was per-
formed on DNA isolated from 25 macroscopically visible liver
neoplasms (22 DNs and 3 HCCs) found in 11 untreated C3H
male mice. The targeted exonic regions were sequenced to an
average depth of 380x, with 95% of coding DNA sequences cov-
ered at >20-fold. Sequencing data were processed to identify
somatic nucleotide substitutions, small insertion and deletion
mutations and copy number alterations larger than 10 mega-
base (Mb).

To test whether multiple tumours within one individual
mouse treated with DEN had evolved independently, we con-
structed a phylogenetic tree to examine how closely related
the mutational patterns were among nine nodules isolated from
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a single liver (Fig. 2). The DNA from one of these nodules was
isolated and three separate libraries were generated to perform
independent exome sequencing. In addition, seven nodules
from seven different animals were also included where DEN-
induced mutational patterns must have arisen autonomously.
As expected, the three exome SNV profiles generated from the
single nodule were almost identical. In contrast, very few of
the 24,721 SNVs that we identified across all 16 samples in this
cohort were shared between neoplasms. Indeed, the SNV pro-
files of separate neoplasms isolated from the same liver were
as divergent as those isolated from separate mice, suggesting
that within this sample set each DEN-induced neoplasm was
initiated, and evolved, as an independent tumour.

Carcinogen-initiated liver tumours have a high SNV burden
Carcinogen-initiated neoplasms had reproducibly high numbers
of somatic SNVs, with an average of 28.4 coverage-independent
SNVs per Mb in histologically classified HCCs (Fig. 3A). DNs har-
boured fewer SNVs on average, albeit still at comparably high
numbers (mean 22.1 per Mb). Despite sharing similar histology,
the neoplasms which arose spontaneously in untreated mice
had much lower SNV burdens, on average 19-fold fewer SNVs
per Mb compared with the carcinogen-induced neoplasms.
The lower numbers of SNVs in spontaneous tumours is compa-
rable with those seen in human HCC.® By contrast, both murine
DEN-induced and spontaneous tumours carried very few
somatic indels and copy number variants (Fig. 3B & C). The
widespread acquisition of SNVs specifically in the exomes of
DEN-induced neoplasms reflects the involvement of a DNA
damaging chemical in their pathogenesis.

The different aetiologies of the murine neoplasms may also
explain their distinct SNV allele frequencies (Fig. 3D). The SNVs
found in DEN-initiated tumours had a much higher variant
allele frequency (VAF) than those found in spontaneous
tumours (0.32 vs. 0.14, on average, p value 1.5 x 107°). Sponta-
neous neoplasms carried many low abundance SNVs, and
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Fig. 2. Independent evolution of DEN-initiated liver tumours is revealed by their unique SNV profiles. (A) Experimental design. Liver neoplasms were
generated by intraperitoneal injection of DEN into 14-16-day old mice, which were then aged for 24-26 weeks. We performed whole exome sequencing of nine
separate nodules isolated from a single mouse liver and of single nodules from livers of seven other mice. To evaluate the noise associated with library
preparation, triplicate sequencing libraries were prepared in three separate batches for a single nodule. (B) Phylogenetic analysis of DEN-initiated tumours. A
phylogenetic tree was constructed using the ape package in R, where branch lengths correspond to the number of unshared SNVs. Long branch lengths indicate
no relatedness among the nodules within a single mouse, whereas three replicate libraries from the single tumour had short branches, indicating few SNV
differences. Branches are labelled using mouse and tumour identification codes. DEN, diethylnitrosamine; SNV, single nucleotide variant.
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indicate median number of indels. (C) The fraction of the genome altered by cancer-associated CNVs in each cohort of mouse and human liver tumour samples.
Mouse tumours had a lower fraction of their genomes present in CNVs larger than 10 Mb compared with human HCCs (LICA). Bars indicate median genomic
fraction with CNVs. (D) Distribution of VAFs in mouse liver tumours. Plots show the density of VAFs in DEN-induced DNs (n = 16) and HCC (n = 18) and in
spontaneous tumours arising in untreated mice (n = 25). Each line represents the distribution of VAFs from a single tumour. Separate plots are shown for SNVs
classified as either protein-altering or as other (intergenic, intronic, or protein-coding synonymous). DEN-initiated tumours typically have higher VAFs (mean
0.32) than spontaneous neoplasms (mean 0.14). CNV, copy number variant; DEN, diethylnitrosamine; DN, dysplastic nodule; HCC, hepatocellular carcinoma;

SNV, single nucleotide variant; VAF, variant allele frequency.

non-synonymous variants appear to be preferentially selected
as a subset of these SNVs had increased VAFs (Fig. 3D). One
likely explanation for this is the expansion of cells with acquired
driver gene mutations (see later). The uniformly high VAFs in
carcinogen-initiated tumours is likely due to the single large
burst of mutagenesis upon DEN exposure in the originating cell
(Fig. 1B); the consequently high VAF might partially mask later
acquisitions of driver mutations, selection and outgrowth of
subclones.

Distinct carcinogen imprint on the exome of DEN-induced
neoplasms
All categories of somatic base substitutions were found in the
exomes of DEN-initiated neoplasms, although C:G to G:C
transversions were rarely detected (Fig. 4A; Table 1). Compared
with the point mutations seen in untreated mice, DEN exposure
resulted in an increase in transition and transversion events at A
and T base pairs across the exome. These base substitutions are
consistent with the persistence and mutagenicity of unrepaired
alkylated thymidine lesions formed by metabolically activated
DEN.!" T:A to A:T transversions and T:A to C:G transitions have
been reported previously as predominant types of mutations
induced by DEN, although these studies were limited to the
sequencing of specific endogenous cancer genes or of surrogate
genes in transgenic mouse mutation assays.'>>°

The 5’ and 3’ nucleobases adjacent to point mutations in
mouse DEN-induced tumours showed a complex pattern of
biases. For example, we found a distinctive signature in DEN-
initiated neoplasms where T:A to A:T transversions occurred
more frequently when the T (or A) was preceded by a C (or A)
and followed by a T (or G). Hierarchical clustering on the 96 pos-
sible trinucleotide substitution contexts showed a consistent
mutational pattern shared among both DNs and HCCs arising
in C3H inbred mice exposed to DEN (Fig. 4B). We also observed
this mutational profile associated with exposure to DEN in liver

844

tumours arising in similarly treated male C57BL/6] mice, a
strain reported to be more resistant to liver tumour induction
(Fig. S2). Moreover, the mutational patterns of tumours arising
spontaneously in untreated C3H male mice clustered separately,
highlighting the distinct mutational pattern of the carcinogen-
initiated neoplasms (Fig. 4B).

Mathematical modelling of mutational processes in human
cancer has defined over 30 mutational signatures, several of
which are associated with exposure to specific environmental
mutagens.>” We used these COSMIC signatures to computation-
ally determine the composition of signatures which most accu-
rately reconstructed the mutational profile of each mouse liver
neoplasm.?® The resulting mutational portraits of the 34 DEN-
initiated neoplasms were notably similar (Fig. 4C). The majority
were largely composed of six reported COSMIC signatures: 8, 12,
21, 22, 24 and 30. Interestingly, signatures 12, 22 and 24 have
been observed in human liver cancers, with signatures 22 and
24 reported to be associated with exposure to an exogenous
mutagen, aristolochic acid or aflatoxin, respectively.®”° The
aetiologies of signatures 8, 12, 21 and 30 are currently
unknown, although it has been speculated that the transcrip-
tional strand bias reported in signatures 8 and 12 may reflect
the involvement of transcription-coupled repair acting on bulky
DNA adducts due to exogenous carcinogens.>’ The six-signature
mutational portrait that is characteristic of DEN-induced neo-
plasms, in both C3H and C57BL/6] strains (Fig. S2), is distinct
from the mutational portraits of the 25 tumours arising sponta-
neously in untreated C3H male mice (Fig. 4C). The latter had a
far more heterogeneous composition of individual mutational
COSMIC signatures. We also carried out a similar analysis for
human HCCs using the exome sequences of 50 randomly
selected samples from the ICGC LICA-FR cancer genome pro-
ject.® The mutational portraits of these human liver cancers also
had heterogeneous compositions of individual COSMIC muta-
tional signatures (Fig. 4C). In sum, the mutational portraits of

Journal of Hepatology 2018 vol. 69 | 840-850
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mutational profile, revealing a clear grouping into DEN-induced vs. spontaneous tumours. (C) Mutational portraits of individual mouse and human liver
tumours reconstructed using COSMIC mutational signatures. Each column shows the composition of signatures in an individual sample. DEN-induced mouse
neoplasms showed reproducible portraits largely composed of six component COSMIC signatures (shown in the left panel). In contrast, mouse spontaneous and
human tumour portraits were more heterogeneous. DEN, diethylnitrosamine; DN, dysplastic nodule; HCC, hepatocellular carcinoma.

DN HCC Spontaneous LICA
DEN-induced
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Table 1. Mutation spectra in liver tumours from DEN-treated (n = 34) and
untreated (n=25) mice and in human HCC related to alcohol and
metabolic syndrome (LICA) (n = 224).

Mutation type

Occurrence (%)

DEN-treated mice  Untreated mice = Human (LICA)

Transition
C:GtoT:A 17.2 343 42.1
T:A to C:G 29.7 20.9 17.5
Transversion
C:G to A:T 7.9 21.4 21.1
C:G to G:C 0.8 74 6.9
T:A to A:T 373 10.7 73
T:A to G:C 7.1 5.3 5.1

DEN-induced mouse tumours are remarkably homogeneous and
reproducible, particularly in comparison with the diversity
found within a typical cohort of human HCCs.

Activating mutation of Hras is the most common driver of
DEN-induced hepatocarcinogenesis in C3H mice

The neoplasms which arose following carcinogen exposure
carried a high mutational load in their exomes. For example,
each DEN-initiated DN had an average of 583 somatic SNVs in
its protein-coding sequence, compared with 26 SNVs in an
average spontaneous neoplasm. As expected, 72% of these point
mutations are predicted to be non-synonymous, with no
detectable bias in the distribution of missense, nonsense and
splice site mutations (Fig. 5A). Within our cohort of 34
carcinogen-initiated DNs and HCCs, we have detected potential
coding changes in 9,222 genes (data not shown).

We sought evidence for putative driver genes of hepatocar-
cinogenesis in our mouse model by searching for enrichment
of non-synonymous mutations in validated oncogenes and
tumour suppressor genes.”* We identified cancer genes which
carried non-synonymous mutations more frequently than
expected, with additional weight being given to genes which
had recurrent hotspot SNVs (Fig. 5B; Table S1). This approach
revealed that Hras is the predominant, although not obligatory,
oncogenic driver of HCC in juvenile male C3H mice that have
been administered a single dose of DEN. Over half of the
DEN-initiated tumour samples harboured a non-synonymous
mutation in the Hras proto-oncogene, almost exclusively an
activating hotspot mutation in codon 61 (Fig. 6A; Table S2).
The most common missense variant in codon 61 caused a
glutamine to arginine substitution and was an A:T to G:C
transition in the second base, which is consistent with the for-
mation by DEN metabolites of one of the major promutagenic
adducts, O4-ethyl-thymine. The incidence of Hras mutation
increased from 44% in DNs to 67% of HCC samples, suggesting
that cells with oncogenic Hras had a selective advantage during
DEN-initiated hepatocarcinogenesis. The neoplasms which arose
in our untreated male C3H mice also had a high prevalence
of non-synonymous mutations in Hras (48%), although the
mutation spectrum was different. Almost half of the point
mutations were identical G:C to T:A transversions in codon
117 (Fig. 6A; Table S2), causing a lysine to asparagine
substitution which is predicted to activate Ras.>®

Less frequently occurring oncogenic drivers of DEN-initiated
hepatocarcinogenesis in the C3H strain appear to be Braf and
Egfr (Figs. 5B; 6A; Table S2). Almost one-third of tumours carried
an identical activating hotspot mutation in Braf: an A:T to T:A
transversion in codon 584, resulting in a valine to glutamic
acid substitution in the kinase domain. We also identified a
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Fig. 5. DEN-initiated and spontaneous mouse liver tumours carry recur-
rent activating mutations in Hras, but only carcinogen-induced tumours
acquire a diversity of consequential SNVs in many cancer genes. (A)
Proportions of predicted protein-coding and non-coding variants in DEN-
induced and spontaneous liver tumours. Pie charts show the proportions of
each variant type in DEN-induced DN (n=16) and HCC (n=18) and in
spontaneous liver tumours (n = 25). The observed (OBS) distribution of each
substitution type was as expected (EXP), regardless of tumour histology or
aetiology. The total area of the pie charts reflects the median SNV load within
each sample set; spontaneous tumours had extremely low mutational loads.
(B) Predicted consequential mutations in oncogenes and tumour suppressor
genes for individual tumours. Each column in the table is a mouse tumour
sample and each row is a cancer gene showing the occurrence of non-
synonymous substitutions found in individual samples. Only genes mutated
in at least two samples are shown (see Table S1 for the complete list in each
sample of somatic non-synonymous mutations in cancer genes). DEN,
diethylnitrosamine; DN, dysplastic nodule; HCC, hepatocellular carcinoma;
SNV, single nucleotide variant.

potentially activating hotspot missense mutation at codon 254
of the extracellular domain of Egfr in approximately one-
quarter of DEN-initiated tumours. An activating mutation in
Hras, Braf or Egfr was present in every DEN-initiated neoplasm,
although these mutations were very rarely found together in the
same tumour. This apparent mutual exclusivity is likely because
they can replace each other in terms of their oncogenic poten-
tial. The driver mutation spectra in DEN-induced liver tumours
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Fig. 6. DEN-initiated and spontaneous mouse liver tumours acquire different recurrent mutations in putative driver genes. (A) Prevalence and location of
somatic mutations in Hras, Braf and Egfr in DEN-initiated and spontaneous mouse liver tumours. Activating mutations in Hras were found at different hotspots
in DEN-induced tumours (codon 61) compared with spontaneous tumours arising in untreated C3H mice (codon 117). Hotspot mutations in Braf (codon 584)
and Egfr (codon 254) were recurrent in DEN-induced tumours, in contrast to spontaneous tumours which rarely carried non-synonymous SNVs in Braf or Egfr.
(B) Prevalence and location of somatic mutations in Apc in DEN-induced HCCs compared with DEN-induced DNs. Truncating mutations in Apc were common in
DEN-initiated tumours, exclusively in carcinoma samples. The spontaneous samples did not carry any non-synonymous mutations in Apc (not shown, see
Table S1). (C) Aberrantly elevated nuclear p-catenin protein expression in tumours with a nonsense mutation in Apc. Representative photomicrographs of serial
tissue sections of DEN-induced HCCs. H&E staining demonstrates similar tumour morphology in tumours with wild-type Apc (upper panels) and in tumours
with a nonsense Apc mutation (lower panels). Immunohistochemistry for B-catenin protein demonstrates aberrant strongly positive nuclear staining in Apc
mutant HCC (lower panels). Codon lengths of genes are shown at the right of each gene schematic. All scale bars = 100 pm. Original magnification x100. DEN,

diethylnitrosamine; DN, dysplastic nodule; HCC, hepatocellular carcinoma.

is reported to be influenced by the strain background of the
mouse model.”® Indeed, we have also observed that the same
induction protocol used in the C57BL/6] strain results in
tumours which predominantly carry an activating hotspot
mutation in Braf rather than in Hras (Fig. S3).

Every carcinogen-induced tumour carried non-synonymous
SNVs in several bona fide cancer genes: on average we detected
non-synonymous SNVs in five oncogenes and/or tumour sup-
pressor genes in DEN-initiated tumours (range 1-11)
(Table S1). This considerable diversity of cancer genes that were
mutated at low frequency after exposure to DEN limited our
ability to detect any commonly mutated secondary drivers of
DEN-initiated hepatocarcinogenesis. Nevertheless, we observed
truncating mutations in Apc in 39% of HCC samples; nonsense
mutations in Apc were not detected in the cohort of DNs
(Figs. 5B; 6B; Table S2). The cancers bearing Apc-truncating
mutations all showed aberrantly elevated levels of nuclear
B-catenin (Fig. 6C), suggesting that loss of Apc function and
disruption of the canonical Wnt/B-catenin pathway can play a
role in the progression to carcinoma in this model.

By comparison, spontaneous tumours from untreated mice
contained few detectable point mutations in cancer genes
(Fig. 5B; Table S1). As previously discussed, approximately half
were potentially driven by missense mutations activating the
Ras signal transduction pathway. However, we could not
unequivocally propose a driver gene for the remaining samples.
The failure to detect other subtle mutations in potential driver
genes may reflect a polyclonal composition of the spontaneous
tumours and/or the involvement of other types of genetic or
epigenetic alterations during tumorigenesis.

We used a pathway analysis approach to assess how well the
DEN mouse model recapitulates human HCC, as defined by
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cancer-associated gene mutations. Tumour samples were anno-
tated with a list of Reactome pathways that contained a
mutated cancer-associated gene(s). Based on these mutated
pathways murine liver tumours, both DEN-induced and those
arising in untreated C3H mice, clearly clustered separately from
human HCCs (Fig. S4).

Discussion

Chemically-induced mouse models of liver cancer are important
tools widely used to study the molecular pathogenesis of
human HCC.>* Over the last decade, large scale sequencing anal-
yses of patient tumour samples have produced detailed profiles
of the genetic aberrations found in human liver cancer gen-
omes.*™ It is important now to have similar descriptions of
the genomic landscapes of the experimental mouse models
used to inform the human disease.>**° Here we have described
the mutational landscape of one of the most frequently used
models of HCC, in which liver cancer is induced by a single
injection of the genotoxin DEN into juvenile male mice.

Our strategy comparing spontaneously occurring liver
tumours with those initiated by exposure to DEN allowed the
direct comparison of the histopathology and genomic impact
of carcinogen exposure. By controlling the initiating carcino-
genic event the liver lesions in DEN-treated mice developed
from early DNs to carcinoma within a short, relatively consis-
tent timeframe. The liver lesions arising in untreated mice arose
at a much lower incidence and with a longer, more variable
latency. Based on their histological appearance, liver tumours
resulting from exposure to DEN were indistinguishable from
those that arose spontaneously in untreated mice. This result
parallels that found in human liver tumours, where heteroge-
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neous molecular phenotypes can underlie HCC samples that are
histologically similar. Indeed, these murine dysplastic lesions
and carcinomas mimicked the histological features of their
corresponding human tumours. In sharp contrast, however, this
similarity was not seen in mutational landscapes: the exomes of
DEN-induced neoplasms clearly reflected the DNA damage
caused by chemical carcinogenesis.

DEN-induced tumours carried a notably high burden of
somatic mutations, which allowed us to demonstrate that mul-
tiple tumours can evolve independently within an individual
liver. We did not identify evidence of metastatic clones within
a liver, although this may reflect the small sample size. The
mutational frequencies were much higher than those seen in
most human solid tumours, including HCC. Perhaps not surpris-
ingly, human lung and skin cancers that result from environ-
mental exposure to potent mutagens are among the few
human tumour types with mutational burdens similar to those
we report here.”* Almost all of the DNA changes in the DEN-
induced tumours were single base substitutions, consistent
with the genotoxic action of DEN.!! Indeed, we confirmed that
one of the major pro-mutagenic adducts caused by short-lived
DEN metabolites was generated rapidly in centrilobular hepato-
cytes. It is likely that most of the genetic damage in tumours
arising in livers exposed to DEN occurs when the originating
hepatocytes are exposed to the carcinogen. In contrast to the
elevated SNV levels, we did not find any evidence that DEN-
induced cancer genomes have gross widespread alterations in
chromosomal structure; we detected very few insertions, dele-
tions or copy number variants in the exomes of DEN-induced
tumours. This combination of a high exome-wide SNV burden
with a paucity of copy number alterations has been observed
in human cancers,*! as well as other carcinogen-induced mouse
models of cancer.*®

Exposure to DEN left a common mutational imprint in the
tumour exomes of treated mice. Indeed, the same small subset
of reported signatures of mutational processes was readily
identified computationally in every DEN-induced tumour.
Notwithstanding this common imprint, each individual exome,
including those of neoplasms arising within the same liver,
carried a unique combination of somatic base substitutions.
The majority of these SNVs are likely to be passenger mutations.
However, we could identify four recurrently mutated genes that
are putative oncogenic drivers of HCC in DEN-treated C3H male
mice: Hras, Braf, Egfr and Apc.

The main genetic trait of DEN-initiated tumours is acquisi-
tion of mutations which deregulate signalling cascades involved
in cell proliferation and survival. Over 80% of DEN-initiated
tumour samples carried an activating hotspot driver mutation
in either Hras or Braf. The remaining ~20% of samples carried
a potentially activating hotspot mutation in Egfr, one of the
upstream receptor tyrosine kinases that can regulate the Ras
signalling pathway. This suggests that constitutive activation
of the Ras/Raf/MEK/ERK signal transduction pathway is a hall-
mark feature in this mouse model of liver cancer.

Activation of the Hras proto-oncogene is frequently reported
in both spontaneous and chemically-induced liver tumours in
mice.'? However, the incidence and spectrum of Hras mutations
is strongly influenced both by the mouse strain used, as well as
by the type and dose of chemical and experimental induction
protocol employed. Indeed, even between spontaneous and
treatment-induced tumours in C3H mice, we observed a differ-
ence in the location of the hotspot activating mutation in Hras
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(codon 117 vs. codon 61, respectively). The mutational activa-
tion of Braf is also reported to be influenced by the mouse strain
and appears to be related to the strain’s susceptibility to hepa-
tocarcinogenesis.'> As expected, we observed a lower frequency
of mutations in Braf in the DEN-initiated liver tumours in the
highly susceptible C3H mouse strain compared to those arising
in the more resistant C57BL/6] strain. Changing the strain in the
DEN model can therefore be used to increase the probability of a
specific driver mutation in the resulting tumour, although the
same signalling pathway will likely be affected. This study and
others have shown that dysregulation of the Ras/Raf/MEK/ERK
pathway is a common route to hepatocarcinogenesis in mice,
especially in genotoxic models.!>"!

Apc is a putative, although not obligatory, gatekeeper of
malignant transformation in the DEN liver cancer model; we
detected a significant recurrence of Apc-truncating mutations
exclusively in carcinoma samples and absent in the DNs arising
in DEN-treated C3H mice. Activating B-catenin (Ctnnb1) muta-
tions have previously been implicated in progression to carci-
noma, but in a two-stage model where DEN is given as the
initiator followed by treatment with phenobarbital as a tumour
promoter.'* In contrast with other reports using mice treated
with DEN alone (that is, in the absence of a promoter),** we
did observe (i) disruption of the canonical Wnt/B-catenin path-
way, and (ii) that this disruption was caused primarily by loss-
of-function mutations in Apc and consequent aberrant nuclear
expression of B-catenin.

Aside from these four driver genes, there were no other bona
fide cancer genes that were recurrently mutated with significance
in the set of DEN-initiated tumour samples from this study.
Instead, we saw a diversity of low-incidence, non-synonymous
point mutations in numerous oncogenes and tumour suppres-
sors, consistent with the known mechanism of mutagenesis by
DEN. Specifically, the introduction of a large mutagenic SNV bur-
den stochastically across the genome resulted in heterogeneity at
the level of driver gene mutations in the resulting individual
tumours. However, it is also possible that common driver genes
could have been dysregulated by alternative genetic or epigenetic
processes during tumorigenesis.

There are currently several mouse models of liver cancer,
each of which recapitulates specific genetic, molecular, and/or
histological features of the human disease.**> This study high-
lights several characteristics of the widely used DEN model
which can be taken into consideration when selecting an exper-
imental model of HCC, in particular one for use in preclinical
research. Tumour initiation in the livers of DEN-treated mice
occurs in the context of acute DNA damage; this does not reca-
pitulate the common clinical presentation of human HCC which
typically arises from chronic inflammatory liver disease causing
fibrosis and cirrhosis.? As a consequence of exposure to the DNA
damaging agent DEN there is a widespread introduction of sin-
gle base variants into the hepatocyte genomes. The resulting
liver tumours carry this distinct, reproducible mutational
imprint left by DEN and have a burden of mutations that is
much higher than that observed in human HCC samples.
Furthermore, activating mutations in Hras, Braf or Egfr, which
recurrently occur at a high frequency in the DEN-induced liver
tumours, are rarely observed in cases of human HCC. The most
common cellular processes and pathways implicated in the
pathogenesis of human HCC are telomere maintenance, WNT/
B-catenin signalling and p53 cell cycle control.>~> However,
although mutations in RAS family members are rare, a subset
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of HCC cases have been reported to have aberrantly activated
RAS-MAPK signalling which correlates with a poor prognosis.**
The DEN-initiated mouse model may replicate the RAS/MAPK
signalling dysregulation implicated in this subset of human
HCC. One of the common features of human HCC is perturbation
of WNT/B-catenin signalling and we also observe disruption of
this pathway in the progression to carcinoma in the DEN mouse
model. However, the underlying mutations are different
between species; activating CTNNB1 mutations are frequently
observed in human HCC samples, while loss-of function muta-
tions in Apc were found in mouse DEN carcinomas.

Our study demonstrates how the application of exome
sequencing on carefully designed cohorts can reveal novel
insights into widely used mouse models of liver cancer. Such
oncogenomic descriptions will deepen our understanding of
the advantages and limitations of preclinical in vivo models
and thereby inform the selection of the most appropriate mod-
els to study human liver cancer.
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