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Oncogenic mutations accumulating in many chromatin-associated proteins have been identified in different tu-
mor types. With a mutation rate from 10 to 57%, ARID1A has been widely considered a tumor suppressor gene.
However, whether this role is mainly due to its transcriptional-related activities or its ability to preserve genome
integrity is still a matter of intense debate. Here, we show that ARID1A is largely dispensable for preserving
enhancer-dependent transcriptional regulation, being ARID1B sufficient and required to compensate for ARID1A
loss. We provide in vivo evidence that ARID1A is mainly required to preserve genomic integrity in adult tissues.
ARID1A loss primarily results in DNA damage accumulation, interferon type | response activation, and chronic
inflammation leading to tumor formation. Our data suggest that in healthy tissues, the increased genomic insta-
bility that follows ARID 1A mutations and the selective pressure imposed by the microenvironment might result in

the emergence of aggressive, possibly immune-resistant, tumors.

INTRODUCTION

In the past 10 years, a considerable amount of data has been gener-
ated by cancer genomic studies showing that genes encoding for
chromatin-modifying enzymes are among the most frequently mu-
tated. The activity of SWItch/Sucrose Non-Fermentable (SWI/SNF)
chromatin remodeling complexes is often affected by loss-of-function
mutations involving several subunits, the most frequently mutated
being ARID1A subunit (I). Mammalian SWI/SNF is a class of
evolutionary-conserved, chromatin-associated, multiprotein com-
plexes playing a crucial role in modulating transcription, DNA rep-
lication, and repair by promoting DNA accessibility. Encoded by 29
genes, SWI/SNF subunits assemble in three different complexes,
the canonical BRG1/BRM associated factor (cBAF), noncanonical
BAF (ncBAF), and polybromo-associated BAF (PBAF) complex.
The three complexes share the mutually exclusive, adenosine tri-
phosphate—dependent, catalytic subunits SMARCA4 and SMARCA2,
through which they catalyze sliding and eviction of nucleosomes.
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Each complex is characterized by the presence of distinct subunits
and distinct genomic targeting. ARID1A/ARID1B and DPF2 exclu-
sively assemble into cBAF and mainly localize at enhancers. ARID2,
PBRM1 and BRD7 can be exclusively found in PBAF and GLTSCR1/
GLTSCR2 and BRD9 in ncBAF and are mainly recruited at promot-
ers (2, 3).

The chromatin remodeling activity of these complexes is of fun-
damental importance to establishing and preserving cell identity.
More than 20% of tumors harbor mutations in genes encoding for
SWI/SNF subunits. ARID1A (also known as BAF250A) is the sub-
unit mostly mutated with rates of 10 to 57%. Loss-of-function muta-
tions in this subunit can be found, among others, in gastric, ovarian,
uterine, bladder, colon, and liver cancer (I, 3). In vivo and in vitro
experiments suggest that ARIDIA loss promotes tumor formation
by affecting enhancer-promoter regulation, accordingly to the spe-
cific genomic distribution of ¢cBAF (4-7). However, crucial struc-
tural roles have also been described in vitro for ARID1A-containing
cBAE such as DNA damage repair, telomeres cohesion, chromo-
some decatenation, and R-loop resolution (8-12). Although altered
enhancer-mediated gene expression being predominantly consid-
ered the oncogenic consequence of Aridla mutations, the available
data are mostly correlative, and in vivo causative evidence is still
missing. The use of organoids or engineered mouse models sug-
gests that ARID1A loss per se is not sufficient to drive intestinal,
pancreatic, and gastric cancer (13-15). Notably, two important ex-
ceptions have been described. In colonic epithelial cells, ARID1A
loss is sufficient to drive invasive carcinomas, although with long
latency, while preventing adenomas formation in Apc™" mice (4).
In hepatocytes, ARID1A loss favors liver regeneration and prevents
tumor initiation (7, 16). The heterogeneity of these data has been
largely ascribed to its role in preserving cell type-specific enhanc-
ers. Here, we describe the early oncogenic events following ARID1A
loss, demonstrating that they are unrelated to enhancer-dependent
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transcriptional regulation and shared by all the tissues examined.
ARIDI1A loss predominantly leads to DNA damage accumulation
and genomic instability, interferon type I response activation, and
chronic inflammation, ultimately favoring tumor formation.

RESULTS

ARID1A loss favors hepatocellular carcinoma formation

To thoroughly analyze the consequences of ARID1A loss in liver ho-
meostasis, we generated tamoxifen-inducible, liver-specific, Aridla
knockout mice by crossing AlbCre-ER"* and Arid1a™ mice. Tamox-
ifen injection efficiently abrogates Aridla expression exclusively in
hepatocytes leaving its expression in all the other cells unaltered
(fig. S1, A and B). While ARIDIA has been considered a tumor
suppressor gene, recently published works suggest that it restricts
liver regenerative capacities and promotes hepatocellular carcinoma
(HCC) formation (7, 16). We, therefore, decided to evaluate whether
liver-specific Aridla-deficient animals were prone to develop tu-
mors. Despite several established liver tumor models have been gen-
erated, few of them lead to the formation of tumors closely resembling
human HCC (17-19). We decided to use a nongenotoxic stimulus
that mimics a transient and stochastic activation of the detoxification
pathway, a physiological biochemical cascade involved in the inacti-
vation of potentially hazardous exogenous and endogenous mole-
cules (20). The master regulator of this pathway, the nuclear receptor
NRI1I3, has been activated using the highly specific agonist 1,4-bis-
[2-(3,5-dichloropyridyloxy)]benzene, administered 1 week and
2 months after tamoxifen injection (Fig. 1A). NR1I3 activation in-
duces a transient hepatomegaly that in knockout animals persists for
a longer time (fig. S1D). This effect was not due to a stronger activa-
tion of the xenobiotic response since the main NR1I3 target genes
involved in this process were similarly activated (fig. S1E). After
5 months, the animals have been sacrificed, liver explanted, and used
for histological analysis. In these mice, multiple macroscopic nod-
ules were identified just by a gross examination in 8 of 10 animals
(Fig. 1, B and C). Histological analysis revealed that dysplastic nod-
ules were characterized by a compact or trabecular pattern of prolif-
erating HNF4a-positive cells, with no sign of intranodular collagen
deposition (Picrosirius red) and a peculiar CK19 positivity, all fea-
tures reminiscent of a particular class of aggressive HCC (Fig. 1B)
(21). Aridla knockout was preserved in both normal and dysplastic
cells (Fig. 1B), except for sporadic patches of Aridla wild-type nor-
mal cells spreading from the periportal area (fig. S1C), suggesting the
activation of the cholangiocytes-driven regenerative programs fre-
quently observed upon chronic liver damage as a consequence of
impaired hepatocyte-driven regeneration (22). Hyperplastic duct-
ules can also be observed, while no intrahepatic cholangiocarcino-
mas have been identified. To identify the transcriptional programs
possibly involved in the phenotype observed, we performed RNA
sequencing (RNA-seq) analysis after 30 days from NR1I3 activation
in Aridla-deficient and Aridla-proficient livers. We identified 876
differentially expressed genes (610 up- and 266 down-regulated)
(Fig. 1D). Gene ontology (GO) term analysis revealed that several
genes involved in negative regulation of mitotic cell cycle phase tran-
sition and chromosome segregation were up-regulated, suggesting
the activation of G,/M checkpoint (Fig. 1E) as also supported by in-
creased p53 levels (fig. SIF). To investigate whether liver-specific
Aridla™" mice were prone to develop liver tumors in the absence
of exogenous stimuli, we monitored knockout mice over a longer

D’Ambrosio et al., Sci. Adv. 10, eadh4435 (2024) 15 March 2024

period of time. After 15 months from tamoxifen injection, mice start
to show signs of distress and must be suppressed for ethical reasons.
Aridla-deficient mice (five of five) showed multiple liver nodules,
suggesting that Aridla-deficient mice are prone to spontaneously de-
velop liver tumors also in the absence of NR1I3 activation (Fig. 1F).
These data indicate that, by affecting G,/M transition, ARID1A loss
is sufficient to sensitize hepatocytes to endogenous and exogenous
insults, favoring liver tumor formation.

ARID1A is largely dispensable for preserving

tissue-specific enhancers

Given the extensive literature indicating that ARIDI1A-containing
cBAF prevents tumor formation by preserving enhancer-dependent
transcriptional regulation and cell identity, we analyzed the epigenetic
and transcriptional alterations imposed by ARIDI1A loss in adult
hepatocytes. ARID1A predominantly localizes at distal regulatory el-
ements (DREs) accordingly with its role in preserving enhancer activ-
ity (fig. S2A) and poorly colocalizes with CTCF-occupied regions
(fig. S2B) as previously described in human cancer cell lines (23). We,
therefore, focused our attention on the consequence of ARID1A loss
primarily in these regions. To monitor proximal and DRE activity, we
mapped H3K27Ac levels, a typical histone mark reported to directly
correlate with transcriptional activity and outperform chromatin ac-
cessibility in predicting and monitoring active regulatory regions
(24). We then divided ARID1A-occupied distal elements into four
quantiles based on the H3K27Ac intensity ratio. Although to a dif-
ferent extent, they are all characterized by high levels of H3K27Ac,
indicating high levels of activity of these regulatory elements. Unex-
pectedly, ARID1A loss does not result in a global inactivation of these
regulatory elements (Fig. 2A), despite an efficient deletion of exon 9
has been achieved (fig. S2C). While on half of them a considerable
H3K27Ac reduction can be observed (—52.3% and —19.7% in the first
and second quantiles, respectively), a modest increase (+6.5%) and a
gain (+48.9%) of acetylation can be observed for the third and fourth
quantiles, respectively (fig. S2D). Similarly, H3K4Mel levels are re-
duced only on regulatory elements belonging to the first quantile
(Fig. 2A and fig. S2D). We also noted that the lower the basal acetyla-
tion levels, the greater the regions were affected by ARID1A loss sug-
gesting a stronger ARID1A dependency over these regions. These
data show that ARID1A-containing cBAF complex is required to pre-
serve only one-fourth of its targeted distal elements. To investigate
whether ARIDIB can compensate for ARID1A loss, we generated
AlbCre-ER™Arid1A" Arid1B"" mice. The analysis of ARID1A-
occupied DREs reveals that concomitant loss of ARID1B significantly
affects H3K27Ac and H3K4Mel (Fig. 2A and fig. S2D), confirming
the redundant activity of ARID1B-containing cBAF complex on most
of these regions. No further reduction of H3K27Ac and H3K4Mel is
observed on regions belonging to the first quantile, suggesting that
ARID1A-containing cBAF complex is required to preserve chromatin
status over these regions. To further corroborate the limited effect of
ARIDI1A loss on chromatin accessibility at DREs, we analyzed the
occupancy of C/EBPa, a nonpioneer transcription factor required
for liver development and homeostasis (25, 26). In the absence of
ARIDIA, reduced C/EBPa occupancy can be observed only on the
first quantile regions, thus supporting a role of ARID1A mainly at these
regions (Fig. 2, B and C). Accordingly, RNA-seq analysis performed
to evaluate the functional impact of ARID1A loss identified a rela-
tively small number of differentially expressed genes, while concomi-
tant loss of both ARID1A and ARID1B markedly alters hepatocyte
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Fig. 1. ARID1A loss sensitizes to HCC formation. (A) Experimental scheme. (B) Gross examination and histological and immunohistochemical analysis of wild-type and
Arid1a™" liver 5 months from NR1L3 agonist injection showing liver tumor formation (arrowheads). (C) Number of animals that developed tumors upon sporadic activa-
tion of NR1L3. (D) Volcano plot showing transcriptional alterations observed by RNA-seq analysis in Arid1a™'~ compared to wild-type animals 30 days from NR1L3 agonist
administration. (E) Bar plot showing overrepresented biological process (GO terms) of up-regulated genes in Arid1a™~ compared to wild-type animals 30 days from NR1L3
agonist administration. (F) Gross examination of wild-type and Arid1a™" liver 15 months from tamoxifen injection showing liver tumor formation (arrowheads). N, non-
tumoral; T, tumor; H&E, hematoxylin and eosin.
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Fig. 2. ARID1A is largely dispensable for preserving enhancer-dependent transcriptional regulation. (A) Heatmap of H3K27Ac and H3K4Me1 levels on ARID1A-
bound distal regions in wild-type, Arid1a™~ and Arid1a/b™" hepatocytes. The four sets of regions (quantiles) were generated on the basis of the H3K27Ac intensity ratio
(Aridla'/' versus wild type; n = 2, see Materials and Methods). (B) Heatmap and (C) density plot showing C/EBPa occupancy on ARID1A-bound distal regions in wild-type,
Arid1a™~ hepatocytes. (D) Volcano plots showing transcriptional alterations observed by RNA-seq analysis in Arid1a™~ compared to wild type at 9 and 30 days from
tamoxifen injection. (E) Volcano plot showing transcriptional alterations observed by RNA-seq analysis in Arid1a/b™" liver compared to wild type at 9 days from tamoxifen
injection. (F) Histological and immunohistochemical analysis of wild-type and Arid1a/b™" liver samples. (G) UpSet plots representing the number of differentially ex-
pressed genes (Arid1a™'~ versus wild type) regulated by the ARID1A-bound enhancers in the four different quantiles. Only intersections > 3 are shown. Boxplots represent
transcriptional changes of each specific set of genes in Arid1a™~ liver compared to wild type.
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transcriptome (Fig. 2, D and E, and fig. S2E). GO analysis revealed
that ARIDIA/B loss abrogates the expression of liver-specific genes,
mainly involved in metabolic functions. Increased transcription of
genes involved in wound healing and matrix deposition (fibrosis) was
observed, suggesting strong activation of regenerative processes and
an extensive remodeling of liver architecture (fig. S3A and table S1).
Notably, no differences have been observed in HNF4a expression,
suggesting that cell identity is preserved in cBAF-defective cells
(fig. S3B). Such extensive transcriptional alterations severely compro-
mise liver functions. After around 20 days, Aridla/b null mice be-
came jaundiced and moribund and must be suppressed for ethical
reasons. Histological analysis of liver samples revealed the presence
of aggressive hepatitis characterized by extensive fibrosis, infiltration
of IBA1-positive macrophages, increased CDKN1A levels, and cell
death (Fig. 2F). Notably, while concomitant ARID1A/B loss is effi-
ciently achieved using these mice, knockout cells are rapidly counter-
selected, and only sporadic Aridla or Arid1b single knockout patches
of cells can be identified after 20 days from Cre activation (fig. S3C).
To further investigate the transcriptional consequences of ARID1A
loss, we integrated RNA-seq and chromatin immunoprecipitation se-
quencing (ChIP-seq) data. The number of differentially expressed
genes showing ARID1A occupancy at promoters in wild-type cells
(direct ARID1A targets) is extremely reduced and equally distributed
between up- and down-regulated genes. Transcriptional alterations
can be observed in around 1.6% of ARIDIA target genes (fig. S4A).
To analyze ARID1A-specific, enhancer-dependent transcriptional
regulation, we applied an activity-by-contact (ABC) model (27) to
predict active enhancers regulating differentially expressed genes. A
total of 144 and 244 DREs have been predicted regulating down- and
up-regulated genes, respectively. The overlap of these regions with
ARID1A-targeted DREs belonging to the different quantiles was lim-
ited (fig. S4B), suggesting that other sets of DREs might compensate
for ARIDI1A loss. Similar results have been obtained by predicting the
genes regulated by all the ARID1A-occupied DREs belonging to the
different quantiles. Few of the differentially expressed genes have been
found to overlap with ARID1A-regulated genes (fig. S4C). Moreover,
the intersection between the differentially expressed genes under the
control of the different enhancers of each quantile revealed a high de-
gree of redundancy, with enhancers belonging to different quantiles
coregulating same set of genes (Fig. 2G). Except for a set of genes
whose expression is preserved exclusively by DREs of the first quan-
tile, no correlations have been observed between transcriptional
changes and the DRE:s in all the other quantiles (Fig. 2G). Together,
these data demonstrate that ARID1A loss has limited direct conse-
quences on enhancer-dependent transcriptional regulation due to a
high degree of redundancy between DREs and the compensatory ef-
fect of ARID1B that fully preserves hepatocyte-specific transcription-
al programs.

Type l interferon response is activated upon ARID1A loss

To gain more insights into the early events that follow ARID1A loss,
we thoroughly analyzed the transcriptome of proficient and defi-
cient cells. The oncogenic activity of Aridla mutations has been re-
cently ascribed to a subtle up-regulation of cytochrome genes (7,
16). We did not observe substantial differences in the expression of
cytochrome genes between wild-type and knockout cells (fig. S4D),
suggesting that a transcriptional modulation of this set of genes may
not be an early event. Notably, GO term analysis performed using
differentially expressed genes revealed that up-regulated genes were
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enriched for genes involved in the interferon response, while no de-
fined pathway was significantly enriched among down-regulated
genes (Fig. 3A and table S1). In particular, among the activated
genes, several interferon-stimulated genes (ISGs), proinflammatory
chemokines such as Cxcl10, and master transcription factors such
as Irf7 have been observed (table S1). The up-regulation of these
genes was further confirmed using purified hepatocytes from wild-
type and Aridla knockout livers (Fig. 3B). Interferon target gene
activation was not observed in ARID1B-defective cells (fig. S5A)
and is preserved in double-knockout hepatocytes further support-
ing the specificity of this response (fig. S5B). To evaluate whether
transcriptional activation of interferon target genes was a tissue-
specific effect, we analyzed datasets obtained from Aridla-proficient
and Aridla-deficient small intestinal crypts (15), HCT116 (4),
2',3’-dideoxycytidine (DDC)-treated Aridla™"" hepatocytes (28),
and MCF7 (5) cell lines. GO term analysis of up-regulated genes
revealed that, besides specific signatures (fig. S5C), genes in-
volved in the interferon response were shared between all these
different models (Fig. 3C and fig. S5D). These data suggest that
basal common mechanisms became activated in the absence of
Aridla. To investigate the biological relevance of the up-regulated
proinflammatory cytokines, we performed immunohistochemis-
try analysis using specific immune cells markers. Increased re-
cruitment of CD8" T cells and IBA1-positive macrophages as well
as a widespread accumulation of ISG15 in ARID1A-defective livers
was observed after 30 days from tamoxifen administration (Fig. 3D),
suggesting that ARID1A loss promotes liver inflammation. This ob-
servation suggests that ARID1A-mutant tumors might evolve under
the selective pressure of chronically active interferon signaling in a
locally inflamed microenvironment. This implies that ARID1A mu-
tations might be already acquired before tumor onset. Accordingly,
the analysis we performed using chronically injured nontumoral
liver tissues from 44 patients revealed that ARID1A-positive hepa-
tocytes are completely lost in 7 of 44 (15.9%) and severely reduced
in 6 of 44 (13.6%) samples (fig. S6).

ARID1A loss promotes DNA damage accumulation

and cirrhosis

Chronic liver inflammation is a well-known risk factor promoting
fibrosis and cirrhosis, ultimately favoring tumor formation (29). To
evaluate the long-term consequence of ARID1A loss, we analyzed
AlbCre-ER™Arid1A™" 5 months after tamoxifen injection. Gross ex-
amination of ARID1A-defective livers revealed the typical nodular
aspect resulting from increased fibrosis (Fig. 4A). Histological ex-
amination using hematoxylin and eosin and Picrosirius red staining
confirms loss of lobule structure, the presence of thin fibrotic septa,
strong inflammation, and cell death (Fig. 4B). Immunohistochemical
analysis confirmed that cell identity is preserved in the absence of
ARIDI1A even after 5 months since no HNF4a-negative hepatocytes
have been observed (Fig. 4C). Accordingly, with the cirrhotic pheno-
type observed, IBA1* macrophages, CD8" T cells, and B220™ B cells
were strongly increased in defective livers, indicating that ARID1A
loss promotes a chronic inflammatory state that gradually degener-
ates in cirrhosis. Notably, a substantial increase of YH2AX-positive
cells was also observed together with widespread up-regulation of
CDKNI1A (Fig. 4C), both markers commonly observed in chroni-
cally injured liver (22). To evaluate whether they might be a direct
consequence of ARID1A loss, we analyzed liver sections from Aridla
conditional knockout mice 9 days from tamoxifen injection. A
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liver sections using anti ISG15, anti-CD8, and anti-IBA1 and quantification of CD8" T cells and IBA1* macrophages (unpaired t test, two-tailed).
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significant increase of both YH2AX and CDKN1A levels can be ob-
served throughout the parenchyma, together with scattered KI67-
positive proliferating cells (Fig. 5A), suggesting the activation of
compensatory proliferation. Increased DNA damage in Aridla™~
hepatocytes was also confirmed by comet assay (Fig. 5B) and p53BP1
staining (fig. S7A). It has been shown that ARIDIA loss promotes
tumor formation in different tissues (3, 4, 14). These tumors have a
long latency, suggesting that other mutations need to be gradually
acquired to fully transform mutant cells. This let us hypothesize
that common, slow-acting mechanisms, other than transcriptional
alterations, might underlie tumor formation upon ARID1A loss.
To investigate whether DNA damage accumulation was a common
consequence shared by different tissues, we focused our attention on
gastric and small intestinal epithelium by generating Prom1CreER-
T2Arid1A" animals and by analyzing VillinCRE/Arid1A™" mice
(15), respectively. In Prom1CreER"?Arid1A™" mice, Cre expression
can be observed in the stem/progenitor compartment of several dif-
ferent tissues, including gastric epithelium, prostate epithelium, lung,
and kidney, among others (30, 31). Using this model, we extended
our observation to Arid1A™~ gastric epithelial cells, confirming the
increase of CDKN1A and yH2AX levels also in this compartment
(Fig. 5C). We further extended these observations to intestinal epi-
thelium confirming the accumulation of CDKN1A- and yH2AX-
positive cells also in this tissue (Fig. 5D). Considering these data, it is
reasonable to consider DNA damage accumulation a general conse-
quence of ARIDI1A loss.

ARID1A-defective cells show nuclear abnormalities and
micronuclei accumulation

Loss of ARID1A in established cancer cell lines increases DNA dam-
age by altering multiple cellular processes (8-12, 32). This increases
genomic instability, as shown by micronuclei accumulation. To iden-
tify these small DNA-containing cytoplasmic structures in vivo, we
used known micronuclei markers such as DAPI/LAMIN A/C stain-
ing, YH2AX, and H3K27Me3 (33, 34). Arid1a null hepatocytes show
profound nuclear envelope malformations, characterized by the
presence of deep invaginations, nuclear inclusions, and membrane
bending and blebbing (fig. S7, B and C). A significant increase in
micronuclei-containing cells can be easily observed both in vivo and
in vitro (Fig. 6A and fig. S7, B and D). Accordingly, mitotic defects,
such as chromosomal bridges, can be easily scored in ARID1A-
defective livers 30 days after a single dose of NR1L3 agonist (Fig. 6B).
To verify the integrity of micronuclei membrane, we performed serial
block face electron microscopy. Ultrastructural three-dimensional
(3D) analysis confirmed the presence of micronuclei-containing
cells and revealed the presence of membrane lesions in around 15%
of them (Fig. 6C and fig. S7E). Genomic instability can be scored by
analyzing the expression of a specific set of genes constituting the
so-called CIN70 signature (35). To investigate whether increased tu-
mor predisposition observed in Aridla™~ mice can be ascribed to
increased genomic instability, we interrogated the RNA-seq data
(Fig. 1D) by performing gene set enrichment analysis. The CIN70
signature was highly enriched in samples from Aridla™~ mice
(Fig. 6D), further corroborating the role of ARIDIA in preserving
genome integrity. It has been shown that ARID1A loss increases ge-
nomic instability and sensitizes HCT116 to ATR inhibitors (32). Giv-
en the increased DNA damage observed in Prom1 CreER™Arid 1AM
mice (Fig. 5C), we decided to test the efficacy of 10 pM berzosertib
or ceralasertib on patient-derived ARIDIA wild-type and mutant
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Fig. 5. ARID1A loss promotes DNA damage accumulation. (A) Immunohistochemical analysis of wild-type and Arid1a™" liver 9 days from tamoxifen injection using
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shown for the two antibodies (unpaired t test, two-tailed). (D) Immunohistochemical staining of small intestine sections from Arid1A™ (15).
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human gastric organoids. Forty-eight hours of treatment selectively
reduced the viability of ARIDIA mutant organoids, confirming the
results obtained using cancer cell lines (Fig. 6E). These data strongly
suggest that, by increasing DNA damage and genomic instability,
ARIDI1A loss favors the acquisition of additional cooperating muta-
tions leading to tumor formation.

Whole-exome sequencing reveals oncogenic mutation
cooperating with ARID1A loss

To identify these mutations, we performed whole-exome sequencing
analysis of four tumor nodules, each derived from a different Aridla-
deficient animal treated with NR1L3 agonist (Fig. 1B). The nodules
have been visually identified, carefully dissected, and used to extract
genomic DNA and perform histological analysis. Only one of five
nodules isolated has been classified as nontumoral and excluded
from the analysis. Copy number variation study identified focally de-
leted or amplified genomic regions (Fig. 7A and fig. S8A). Single-
nucleotide variant (SNV) analysis revealed a number of SNVs per
megabase and a classification highly similar to human HCC (Fig. 7B
and fig. S8B); a high degree of similarity between murine tumors and
human HCCs was also observed by performing a comparative analy-
sis using The Cancer Genome Atlas (TCGA) datasets (Fig. 7C). No-
tably, the mutational signature we identified in ARID1A-defective
murine tumors showed a high degree of similarity with signatures
frequently found in human HCCs (Fig. 7D). We also identified sev-
eral genes recurrently mutated in human HCC (36). In particular,
we observed Tert, Myc, and Yapl amplification, Pten deletion, and
Ctnnbl oncogenic mutation, among others (Fig. 7E). We function-
ally validated Ctnnbl mutation (leading to S33A substitution) by
performing immunohistochemical analysis. Compared to normal
tissues and to a Ctnnbl1 wild-type tumor in which CTNNB1 is mainly
localized at the cell membrane, cells accumulating nuclear CTNNB1
were clearly visible in tumors harboring S33A mutation (Fig. 7F).
Co-occurrence of ARID1A and CTNNBI mutations was also con-
firmed in human HCC by TCGA analysis. Concomitant ARID1A
mutation confers a worse prognosis in CTNNBI-mutated HCC pa-
tients, markedly decreasing the overall survival (Fig. 8A). TCGA
analysis also revealed a 2.6-fold increase in the proportion of HCV-
derived liver tumors in the ARID1A mutant cohort (fig. S8C) possi-
bly suggesting a selective advantage of mutant clones during HCV
infection. To investigate whether Aridla and Ctnnbl mutations syn-
ergize in vivo to promote aggressive HCC, we decided to cross
AlbCre-ER™Arid1A™ mice with Ctnnb1"™*¥¥ mice, a widely used
mouse model allowing the conversion of the endogenous, wild-
type, B-catenin into a constitutively stable, oncogenic form (37).
Liver-specific overactivation of B-catenin severely affects periportal-
specific metabolism, blunting the expression of enzymes involved in
the urea cycle and leading to lethal hyperammonemia (38, 39). To
overcome this problem and to mimic the stochastic acquisition of
Aridla and Ctnnbl mutations, we took advantage of the very low
leakiness of the AlbCre-ER™ mice, an approach we recently used
successfully (40). At 10 months of age, stochastic (spontaneous) acti-
vation of Cre recombinase leads to the formation of multiple liver
tumors in AlbCre-ER™ AridIAY" Ctnnb1™®X3 mice, while all
single-mutant mice appear completely normal and indistinguishable
from wild-type animals (Fig. 8B). The tumors showed a trabecular
pattern characterized by neoplastic, HNF4a-positive, hepatocytes
arranged in two to four thick trabeculae with necrotic areas that can
be easily identified. They are characterized by the absence of fibrotic
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tissue, a strong f-catenin immunoreactivity, the presence of prolifer-
ating cells, and the absence of Aridla expression (fig. SOA). Notably,
20% of these mice showed poorly proliferative micro-and macro-
metastatic lesions in the lungs (Fig. 8C and fig. S9B), as commonly
observed in patients with HCC. To characterize tumor-specific tran-
scriptional programs, we performed RNA-seq from primary tumor
samples. The data obtained have been compared with normal wild-
type tissues (Fig. 8D) and normal Arid1 a~’" tissues (Fig. 8E). In both
cases, around 1500 up-regulated and 1000 down-regulated genes
have been identified. GO term analysis revealed that genes involved
in protein synthesis and cytoskeletal remodeling were enriched be-
tween up-regulated genes in Aridla™~ CtnnbI*F tumors com-
pared with normal wild-type and Aridla™" tissues (Fig. 8F and
table S1). Genes involved in fatty acid metabolism, complement ac-
tivation, and catabolic processes were specifically down-regulated in
tumors compared to wild-type tissues. Of note, the interferon type I
response characterizing ARID1A-defective hepatocytes was blunted
in Aridla™ Ctnnb1*®* tumors (Fig. 8G). Together, these data show
that ARID1A loss favors the gradual acquisition of additional onco-
genic mutations. Among these, B-catenin-activating mutations co-
operate with ARIDI1A loss to promote highly aggressive, metastatic
HCC formation.

DISCUSSION

ARIDIA loss-of-function mutations have been identified in a sig-
nificant number of tumors making it the most commonly mutated
subunit within the SWI/SNF complex (1). The role of ARID1A has
been predominantly investigated using already established cancer
cell lines and only recently by using in vivo mouse models. While
in vitro models provided a substantial amount of data, they failed to
provide reliable evidence regarding the role of ARID1A mutations in
tumor onset. Despite clinical data strongly indicating a tumor sup-
pressor role of ARID1A, in vivo mouse models and 3D organoids
provided very heterogeneous results suggesting a high context and
tissue-dependent role. Loss of ARID1A promotes liver regeneration
(16) but alters small intestine architecture (15). It prevents gastric
and intestinal organoid formation (15, 41) and promotes spontane-
ous formation of invasive colon cancer but prevents oncogene-
driven tumor initiation in the liver and colon (4, 7). ARID1A
deletion per se is not sufficient to drive gastric cancer formation but
cooperates to promote tumor progression in an overactive-Notch
gastric adenoma model (6). Similar results have also been obtained
in the pancreas, where the loss of ARID1A is able to promote the
formation of neoplastic lesions but require concomitant KRAS mu-
tations to evolve in ductal adenocarcinoma (13, 14). Such highly
heterogeneous results have been ascribed to the ability of ARID1A-
containing BAF complex to regulate transcription by promoting ac-
cessibility at enhancers, whose activity is highly context and tissue
specific. SWI/SNF chromatin remodeling complexes exert funda-
mental roles in different cell processes regulating transcription,
DNA repair, and cell cycle, among others (3). Such a pleiotropic
activity and the possibility of acting redundantly impose multi-
ple layers of complexity. Transcription-related and nonrelated
activities of ARD1A-containing ¢cBAF complex have been char-
acterized in the past 10 years. While ARID1A loss has been
shown to alter DNA accessibility at enhancers, it also severely
compromises the ability of the cells to preserve genome integrity
(9-12). While causative in vivo evidence of a tumor-promoting role
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of deregulated ARID1A-targeted enhancers is still insufficient, the
role of ARID1A in preserving genome integrity in vivo has been
largely underinvestigated. Therefore, the relative contribution of
these two main activities in preserving cell homeostasis remains elu-
sive and is still a matter of intense debate. We found that ARID1A is
largely dispensable to preserve hepatocyte-specific chromatin land-
scape in vivo, mainly due to the redundant activity of the ARID1B-
containing cBAF complex. Loss of cBAF activity, resulting from the
concomitant loss of both ARID1A/B, completely blunted enhancer
activity severely affecting liver-specific gene transcription leading to
acute liver failure, similar to what has been observed by abrogating
the expression of FOXA pioneer transcription factors (42). Consid-
ering also the limited transcriptional alterations observed in knock-
out cells, we disfavored the hypothesis that the reduced activity of
a limited fraction of ARID1A target enhancers could fully account
for the protumorigenic effect observed upon its loss. Oncogenic
ARID1A mutations have been identified in nontumoral tissues (43—
46). This corroborates the idea that ARID1A mutations play a major
role in tumor onset. The presence of these clones is usually associ-
ated with chronic inflammation, suggesting that ARID1A mutations
confer selective advantages under these conditions. Despite their
oncogenic potential, they expand without necessarily giving rise to
tumors, implying that additional mutations are required to fully
transform these cells. We observed that ARID1A loss can already be
found in nontumoral tissues from patients with chronic inflamma-
tory liver disease. By using complementary approaches, we also
showed that the early transcriptional events following ARID1A loss
are mainly related to the activation of a cell-autonomous interferon
type I response. We confirmed these data by analyzing published
datasets generated from isogenic ARID1A-defective cells in vivo
and in vitro (4, 5, 15, 28), demonstrating that interferon response
activation is the only transcriptional consequence shared by all the
different cell/tissue types analyzed. The activation of this transcrip-
tional program might also justify the identification of ARIDIA in
several genetic screenings aimed at identifying genes involved in pro-
moting microbial infection or resistance to T cell-mediated cancer
cell death (47, 48). Interferon response activation is typically trig-
gered by the activation of pattern recognition receptors (PRRs) a
class of sensors able to recognize two main classes of molecules,
pathogen-associated molecular patterns and damage-associated mo-
lecular patterns. Activation of PRRs is commonly observed upon ex-
tensive DNA damage or increased genomic instability, representing
one of the underlying mechanisms of antitumor therapies (49). We
found that hepatocytes, gastric epithelial cells, and intestinal epithe-
lial cells accumulate DNA damage and up-regulate CDKN1A upon
ARID1A loss in line with the transcriptional response we observed.
Several works performed in cultured cells provided evidence of a
pleiotropic role of ARID1A-containing cBAF complexes in preserv-
ing genomic integrity (8-12). Accordingly, together with increased
yH2AX-positive cells, we also observed a significant increase of
defective mitotic figures and micronucleated hepatocytes, sug-
gesting that its ability to preserve genome integrity could be es-
sential to preserve cell homeostasis in vivo. The formation of
micronuclei is a typical sign of increased genomic instability that
further sensitize cells to the accumulation of potentially oncogen-
ic mutations upon exogenous or endogenous stimuli. We show that
liver-specific Aridla-knockout mice are prone to developing liver
tumors highly resembling human HCCs. Whether these tumors are
derived from micronucleated cells or from other ARID1A-defective
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cells remains to be addressed; however, these data clearly demon-
strate the oncosuppressive role of the ARID1A-containing cBAF
complex. By performing whole-exome sequencing and by generating
a specific genetically modified mouse model, we also characterize the
synergistic effect of Aridla and Ctnnbl mutations. Constitutively,
stable B-catenin and ARID1A loss synergize to form aggressive, met-
astatic HCCs in mice, in line with a strong reduction in the overall
survival of patients with HCC where the two mutations co-occur.
These data strongly suggest that ARIDIA loss sets the stage for the
development of aggressive, possibly metastatic, disease. While we do
not formally exclude an oncogenic role of deregulated enhancers, our
data strongly indicate that the tumor-promoting activities of Aridla
mutations are mainly related to its role in preserving genome integ-
rity, at least in the tissues we analyzed. These data are also consistent
with p53 loss being able to rescue growth defects of ARIDIA-
deficient organoids (41) and the subtle accumulation of preneoplas-
tic defects observed in gastric mucosa and pancreatic tissues (6, 13,
14). Our data suggest that Aridla mutations play a dual role in pro-
moting tumor formation, by directly affecting genomic integrity and
by indirectly favoring local inflammation. Considering our data, it is
reasonable to speculate that, well before tumor onset, the expansion
of ARIDIA mutant clones might be restrained by the activity of the
immune system and/or by a reduced fitness compared with neigh-
boring normal cells. Cancer driver mutations in nontumoral tissues
are often associated with inflammatory disorders (50, 51). The selec-
tive pressure imposed by the environment might gradually favor the
acquisition of mutations able to bypass immunosurveillance and
provide growth advantages, especially in the context of chronic in-
flammation. Despite the molecular mechanism remains to be char-
acterized, it is noteworthy that in Aridla™"~ Ctnnb1*** liver tumors,
the interferon type I transcriptional program activated in Aridla™~
nontumoral tissues was completely blunted. The functional contri-
bution of the interferon response to the selection of ARIDIA mutant
clones is far from being understood and deserves further investiga-
tion especially considering the role played in cancer cell dissemina-
tion and immune therapy response (52-54). From a therapeutic
point of view, our data strongly support the use of ATR inhibitors for
the treatment of ARIDIA mutant tumors and the possibility of tar-
geting other SWI/SNF subunits (e.g., ARID1B) to promote tumor
regression (11, 32, 55). They also suggest that ARIDIA mutations
might have a prognostic value in the context of liver tumors.

MATERIALS AND METHODS

Mice

Animals have been housed under specific pathogen—free conditions
at 22°C with free access to food and water and adequate environ-
mental enrichment. Animals have been checked daily. To induce
Cre-dependent recombination, 10- to 12-week-old male animals
have been treated with a single intraperitoneal injection tamoxifen
(80 mg/kg; Caiman, 13258) dissolved in corn oil (Merck Life Sci.,
C8267). AlbuminCreER™ mice (56) (provided by P. Chambon) or
Prom1CreER™ (The Jackson Laboratory, stock no. 017743) have
been crossed with Arid1A™" (The Jackson Laboratory, stock no.
027717) and Arid1B"* (The Jackson Laboratory, stock no. 032061).
Ctnnb1%%/*? have been provided by M. Taketo (37). Mice have been
identified using ear punch combination and the tissue derived used
for polymerase chain reaction (PCR) genotyping. 1,4-Bis-[2-(3,5-
dichloropyridyloxy)]benzene (Caiman,14140) has been dissolved in
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corn oil and administered intraperitoneally at 3 mg/kg. At least three
mice per biological replicate have been used. Intestinal samples from
Arid1d™ and VillinCREArid1A™" have been previously described
(15). Experiments involving animals were approved by the Universi-
ty of Trento and the European Institute of Oncology ethical commit-
tee, performed in accordance with the Italian Laws (D. Igs. 26/2014),
which enforces Dir. 2010/63/EU (Directive 2010/63/EU of the Euro-
pean Parliament and of the Council of 22 September 2010 on the
protection of animals used for scientific purposes), and authorized
by the Italian Minister of Health.

Histology, immunohistochemistry, and immunofluorescence
For histological analysis, tissues have been explanted and immedi-
ately fixed overnight in 4% formaldehyde at 4°C. They have been
dehydrated and paraffin-embedded. Five-micrometer-thick sections
have been generated using standard rotary microtome (Leica) and
stained using hematoxylin and eosin or Picrosirius red. For immu-
nohistochemistry, we used proteinase K-mediated antigen unmask-
ing or heat-induced antigen unmasking using tris-EDTA (pH 8).
Mouse-on-mouse blocking reagent (Abcam, ab269452) or 5% nor-
mal goat serum has been used before incubation with primary anti-
bodies. The list of primary and secondary antibodies used has been
provided (table S2). Images have been collected using light micros-
copy (Nikon). Immunofluorescence images were analyzed with a
custom Fiji Macro through a nuclei segmentation and a dot analysis.
Mean gray value (the sum of the gray values of all the pixels divided
by the number of the pixels) is used to graph the results obtained.

Serial block face scanning electron microscopy

Tissues were dissected and fixed using 2.5% glutaraldehyde [Electron
Microscopy Sciences (EMS)] and 2% paraformaldehyde (EMS) in
sodium cacodylate buffer 0.15 M (pH7.4) (EMS). Liver pieces (1 mm°)
have been postfixed for an additional 24 hours at 4°C. The samples
were prepared as previously described (57). The blocks were imaged
and cut by a Thermo Fisher Scientific-FEI Teneo Volumescope scan-
ning electron microscopy (SEM), operating at an accelerating voltage
of 2kV, abeam current of 50 pA, upon low-vacuum conditions (30 Pa),
and with a cutting step of 100 nm. Serial SEM images were acquired
by collecting the backscattered electron signal by a dedicated detector,
with a magnification of X3.500, a dwell time of 10 ps per pixel, and an
image resolution of 6144 X 4096 pixels, corresponding to a final
voxel size of 18.7 nm X 18.7 nm X 100 nm. For 3D reconstruction,
rendering, and analysis, serial SEM images were manually segmented
using AMIRA software package (FEI Company).

Cell culture

ARID1A-proficient and ARID1A-deficient (Q456*/Q456*) HCT116
cell lines (HD 104-049, parental cell line CCL-247) were purchased
from Horizon Discovery Ltd. and maintained according to the manu-
facturer’s instructions. Human gastric cancer organoids have been
previously described (58). They have been treated 48 hours with 10 pM
berzosertib (RayBiotech Inc.) or Ceralasertib (ApexBio Tech.). Cell
viability has been measured by the trypan blue exclusion assay.

RNA extraction and qPCR analysis

To obtain single primary hepatocytes, we performed in situ collage-
nase digestion by perfusing liver immediately after mouse suppres-
sion. Purified single hepatocytes have been separated by low-speed
centrifugation and percoll gradient sedimentation. Total RNA has
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been extracted using TRIzol (Life Tech., 15596018) coupled with an
RNAeasy extraction kit (Qiagen, 74106). One microgram of extract-
ed RNA has been retrotranscribed using random hexamers and the
ImProm-II Reverse Transcription System (Promega, A3800). cDNA
has been used for quantitative PCR (qPCR) analysis using GoTaq
qPCR master mix (Promega, A6002) and specific primer pairs
(table S2).

Comet assay

A Comet Assay kit (Abcam, ab238544) was used to quantify DNA
damage. Purified hepatocytes were resuspended with ice-cold
phosphate-buffered saline at 1 x 10° cells/ml, combined with
Comet Agarose at 1:10 ratio, and transferred on the top of Comet
Agarose Base Layer onto comet slides. After solidification, comet
slides were immersed in the lysis buffer for 45 min at 4°C in the
dark. Next, buffer was replaced with cold alkaline solution for 30 min
at 4°C in the dark. Slides were transferred in an electrophoresis
chamber with freshly prepared alkaline electrophoresis solution,
and 19 V was applied. After 15 min, slides were cleaned twice with
cold water and fixed with 70% ethanol for 5 min. Following air
drying, cells were stained with Vista Green DNA Dye, and images
were collected at X10 magnification. At least 50 Comets for condi-
tions were analyzed by Comet Score 2.0 software (TriTek Corp.,
Sumerduck, VA). Data were reported as tail moment combining
tail length and %DNA in the tail.

ChlIP-seq, RNA-seq, and whole-exome

sequencing experiments

ChIP-seq analysis has been performed as previously described (59)
with the exception that chromatin extracted from Drosophila melano-
gaster S2 cells (5% of the total) has been spiked in for a more accurate
quantification of histone modifications. Briefly, purified hepatocytes
were immediately fixed in 1% formaldehyde for 10 min. Cells were
washed and resuspended in SDS buffer [50 mM tris (pH 8.1), 0.5%
SDS, 100 mM NaCl, 5 mM EDTA, and protease inhibitors]. The pellet
was resuspended in immunoprecipitation buffer [100 mM tris (pH 8.6),
0.3% SDS, 1.7% Triton X-100, and 5 mM EDTA] and sonicated to an
average length of 500 to 1000 bp. Sonicated chromatin was incubated
with a 10-pg primary antibody (see table S2) overnight, and the
immunocomplexes recovered using protein A-conjugated Sepharose
beads (Life Tech., 101090). After extensive washes, chromatin was
de-crosslinked overnight in 0.1 M NaHCO3 and 1% SDS. DNA was
purified using a PCR purification kit (Qiagen, 28004) and used for
library preparation as previously described (60). For RNA-seq, total
RNA was extracted from whole liver tissue and isolated tumors as
already described, and libraries were prepared using the TruSeq RNA
Sample Preparation Kit (Illumina, 20020595) following the manufac-
turer’s instructions. At least three mice have been used for each ChIP-
seq or RNA-seq analysis. For whole-exome sequencing analysis,
tumors have been dissected from freshly collected organs and pulver-
ized in liquid nitrogen, and DNA has been extracted and used to gen-
erate library using SureSelect XT-Low Input (Agilent, G9703-90050)
and SureSelectXT Mouse All Exon library for postcapture processing
(Agilent, #5190-4641). Libraries have been sequenced using Illumina
NovaSeq 6000.

RNA-seq data analysis
Bulk paired-end RNA-seq has been performed to profile the tran-
scriptome of the different models. First, the pair-end raw reads were
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trimmed using fastp v0.20.0 (61) with parameters “-t 1 -A -Q -L”
Afterward, the trimmed reads were aligned with STAR v2.7.3 (62)
against the mouse genome (mm10 - GRCm38.p6). Duplicated reads
were removed with SAMBLASTER (63). At this point, we quantified
the gene expression using featureCounts v1.6.4 (64) with parame-
ters “-s 0 -t exon -p -g gene_name.” The annotation file (gtf) for the
counting was downloaded from Gencode (Release M21 - GRCm38.
p6). Once obtained the gene expression tables, differential expres-
sion analysis was performed with the R package DESeq2 v1.32 (65).
Moreover, shrinkage of fold changes for lowly expressed genes was
achieved with the apeglm package (66), and P values were false dis-
covery rate—corrected and weighted on the basis of the base mean
through the IHW package (67).

The thresholds for significance were set to 0.05 for adjusted P
values and 1.5 for the fold change. Last, gene set enrichment analysis
was carried out with the R package cluster Profiler (68).

Chip-seq data analysis

For the ChIP-Rx-seq data analysis, we first trimmed the pair-end
reads with fastp v0.20.0 (61), setting as parameters “-t 1 -A -Q -L,
Next, the trimmed reads were aligned with bowtie (69) against the
mouse genome (mm10- GRCm38.p6) and against the D. melanogaster
genome (dmé - Release 6 plus ISO1 MT). The parameters used for
bowtie are “--chunkmbs 1024 -m 1 --best -S --no-unal -q -I 10 -X
1000 From the two generated bam files, we removed the ambiguous
reads, i.e., those aligning on both the genomes. The bam files from
the replicates (N = 2) were merged with SAMtools. At this point,
peak calling was performed with MACS2 v2.2.7.1 in narrow mode
(70), setting the parameters to “--keep-dup all -m 3 30 --format
BAMPE --pvalue 1e-05” The called peaks were further filtered with
a P value threshold of 1 x 107'* and annotated using the package
ChlIPseeker v1.28.3 (71), with a range to define a promoter peak of
+—2.5 kb. Peaks found on blacklisted regions (mm10-blacklist.v2)
and over noncanonical chromosomes were excluded. To generate the
BigWig files, bamCoverage from deepTools v3.5.1 (72) was used
with parameters “--binSize 50 --extendReads” To calculate scaling
factors, Trimmed Mean of M values (TMM) normalization (73) was
applied on the count matrix of called peaks (shared between condi-
tions). Next, the bamCoverage parameter “--scaleFactor” was set
equal to 10%(TMM_NormPFactor X LibSize) for the BigWig files cre-
ation. Heatmaps were generated with “computeMatrix reference-
point -a 5000 -b 5000 -binSize 20” and plotHeatmap with custom
settings (“ --sortUsing max”). Last, regions’ intensity values for the
boxplots were retrieved from the BigWigs through the deepTools
function multiBigWigSummary in BED file mode. To split the en-
hancers in quantiles, we computed the log, ratio of H3K27Ac levels
between Aridla™’~ and Aridla*’* samples. The Mann-Whitney U
nonparametric test was used for the boxplot comparisons. Effect
sizes were also calculated (wilcox_effsize from rstatix).

Enhancer-target gene prediction

We sought to predict and annotate the enhancers’ target genes. To
do so, we took advantage of mouse liver deoxyribonuclease se-
quencing (DNase-seq) data from the ENCODE consortium (code
ENCSRO00CNI). Specifically, we downloaded the bam files for all
the replicates and called the peaks using MACS2 with default pa-
rameters. Sample ENCFF455NQG was excluded due to its extreme-
ly low read depth. Next, we applied the ABC model v0.2.2 from the
Broad Institute (27), providing as input the DNase-seq peak files,
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the H3K27Ac WT bam file (this work), and the gene expression ma-
trix (this work). For the calculation of the ABC score, we set the
parameter “--score_column powerlaw.Score” Given the enhancer-
target gene output table, we filtered out enhancers with low activity
score (<2.5) and those within +—2.5 kb from the transcription start
site of an annotated gene (TxDb.Mmusculus.UCSC.mm10.known-
Gene v3.10.0). Last, the UpSet plot was generated with the R pack-
age ComplexHeatmap v2.14.0 (74).

TCGA analyses

For the survival analysis, we downloaded the data from cBioPortal
(https://cbioportal.org) (69, 70). Specifically, we selected the Liver
Hepatocellular Carcinoma dataset (TCGA, Firehose Legacy) and
divided the samples into those with mutations in both ARID1A and
CTNNBI and those without. The R package “survival” was used for
the analysis. We introduced two covariates in the Cox proportional
hazard regression model, namely, age and sex. cBioPortal was also
used for the gene’s mutually exclusivity analysis of ARID1A at the
pan-cancer level (TCGA, Firehose Legacy).

Whole-exome sequencing data analysis

Whole-exome sequencing data were profiled for somatic point mu-
tations and copy number status. First, the raw reads were trimmed
with Trimmomatic v0.32 (75). Second, bwa v0.7.12 was used for
read alignment (76). Third, SAM files were merged with Picard
v2.17.4 (Broad Institute) and converted to sorted BAM files with
SAMtools (77). Fourth, duplicated reads were removed with the
Picard function MarkDuplicates, followed by realignment of indels
and base quality score recalibration with GATK tools v3.1 (78). Mu-
Tect v1.1.7 (79) was used to detect SNVs, which were annotated
with SnpEff 5.0 (80). DNA copy number analysis was performed
with the R package CopywriteR (81) version 2.10.0 and CNVKit
(82) 0.9.10 with the default parameters.

Mutational pattern analysis

To study the prevalence of annotated signatures in our whole-exome
sequencing mouse data, we used the R package MutationalPattern
(83). As reference signatures, we selected the single base substitution
signatures from COSMIC (v3.2, March 2021). The mouse mutation-
al profiles were compared to the Liver Hepatocellular Carcinoma
dataset (TCGA, Firehose Legacy) by using the cosine similarity.

Supplementary Materials
This PDF file includes:

Figs.S1to S9

Legends for tables S1 and S2

Other Supplementary Material for this manuscript includes the following:
Tables S1.and S2
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