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Abstract

Background and Aims: Non-alcoholic steatohepatitis (NASH)-related hepatocellular
carcinoma (HCC) is increasing globally, but its molecular features are not well defined.
We aimed to identify unique molecular traits characterizing NASH-HCC compared to
other HCC aetiologies.

Methods: We collected 80 NASH-HCC and 125 NASH samples from 5 institutions.
Expression array (=53 NASH-HCC; n=74 NASH) and whole exome sequencing (n=52
NASH-HCC) data were compared to HCCs of other aetiologies (n=184). Three NASH-
HCC mouse models were analysed with RNAseg/expression-array (n=20). Activin A
Receptor Type 2A (ACVR2A) was silenced in HCC cells and proliferation assessed by
colorimetric and colony formation assays.

Results: Mutational profiling of NASH-HCC tumours revealed TERT-promoter (56%),
CTNNB1 (28%), TP53 (18%) and ACVR2A (10%) as the most-frequently mutated
genes. ACVR2A mutation rates were higher in NASH-HCC than in other HCC
aetiologies (10% versus 3%, p<0.05). In vitro, ACVR2A silencing prompted a significant
increase in cell proliferation in HCC cells. We identified a novel mutational signature
(MutSig-NASH-HCC) significantly associated with  NASH-HCC (16% vs 2% in
viral/alcohol-HCC, p=0.03). Tumour mutational burden (TMB) was higher in non-
cirrhotic than in cirrhotic NASH-HCCs (1.45 versus 0.94 mutations/Mb; p<0.0017).
Compared to other aetiologies of HCC, NASH-HCCs were enriched in bile and fatty acid
signalling, oxidative stress and inflammation, and presented a higher fraction of
Wnt/TGF- proliferation subclass tumours (42% versus 26%, p=0.01) and a lower
prevalence of the CTNNB1 subclass. Compared to other aetiologies, NASH-HCC
showed a significantly higher prevalence of an immunosuppressive cancer field. In three

murine models of NASH-HCC, key features of human NASH-HCC were preserved.



152  Conclusions: NASH-HCCs display unique molecular features including higher rates of
153  ACVR2A mutations and the presence of a newly identified mutational signature.
154

155 Lay Summary

156  Hepatocellular carcinoma (HCC) associated with non-alcoholic steatohepatitis (NASH)
157  is increasing globally, but its molecular traits are not well characterized. Our molecular
158 characterization has uncovered higher rates of ACVR2A mutations (10%) —a potential
159  tumour suppressor— and the presence of a novel mutational signature (MutSig-NASH-
160 HCC), as well as a more prominent role of a Wnt/TGF-[ proliferation subclass in tumours
161  (42%) and immunosuppressive traits in the adjacent non-tumoral tissue.

162

163  Highlights

164 e The most-frequently mutated genes in NASH-HCC were TERT, CTNNB1, TP53
165 and ACVR2A.

166 e Mutations in ACVR2A —a potential tumour suppressor gene— were higher in
167 NASH-HCC than in other aetiologies.

168 e A novel mutational signature significantly associated with NASH-HCC was
169 identified.

170 e The Wnt/TGF-B proliferation subclass was more prevalent in NASH-HCC than in
171 HCCs of other aetiologies.

172 e NASH-HCC showed a significantly higher prevalence of an immunosuppressive
173 pro-carcinogenic cancer field.

174
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Introduction

Liver cancer is the 4™ leading cause of cancer mortality worldwide. Hepatocellular
carcinoma (HCC) represents the most common type of liver cancer[1]. Risk factors for
HCC development are well defined, and include cirrhosis, hepatitis B (HBV) and C
(HCV) virus infection, alcohol abuse and non-alcoholic fatty liver disease (NAFLD)[1,2].
NAFLD is the most common cause of chronic liver disease, with a worldwide prevalence
of 25% (ranging from 32% in Middle-East to 14% in Africa, and ~25% in USA and
Europe)[3] and is expected to become the leading cause of HCC in developed
countries[4,5]. NAFLD occurs in the absence of significant alcohol consumption and it
ranges from non-alcoholic fatty liver (NAFL), to non-alcoholic steatohepatitis (NASH),
characterized by hepatic triglyceride accumulation, inflammation and hepatocyte
injury[4]. More recently it has been considered an auto-aggressive disease[6].
Knowledge of HCC’s molecular pathogenesis is expanding[1,7]. Genomic analyses
have revealed key pathways altered in HCC, including Wnt/B-catenin, PI3K/Ras, and
cell-cycle pathways. The most frequent HCC drivers genes (i.e. TERT, CTNNB1, TP53)
and mutational signatures associated with risk factors have been identified[7]. However,
these studies were conducted mainly on HBV-, HCV- and alcohol-related HCC, whereas
tumours with underlying NASH have been underrepresented. Several studies have
analysed the relevance of a wide range of clinical parameters involved in the transition
from NASH to NASH-HCCJ8,9], but few studies have sought to clarify the molecular
drivers of hepatocarcinogenesis in the NASH setting. Such studies have identified a)
genetic variants involved in HCC progression in NASH patients (i.e.
adiponutrin (PNPLA3), TM6SF2)[4], b) oncogenic factors (i.e. inactivation of T-cell
protein tyrosine phosphatase (TCPTP), IL-17A production, overexpression of Squalene
Epoxidase (SQLE)[10-12], and c) epigenetic events repressing the transcription of

genes related to bile and fatty acid metabolism[13]. In this scenario, molecular studies
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based on large cohorts of NASH-related HCCs are required. Moreover, the
characterization of NASH-HCC has become more critical since a recent report suggests
that these patients benefit less from immune checkpoint inhibitors than patients with
viral-HCCJ[14].

Here, we conducted a comprehensive molecular analysis of a large cohort of
histopathologically diagnosed NASH-HCCs and identified: a) significantly higher rates
of mutations in the TGF-B-related activin receptor ACVR2A (10%) compared to
viral/alcohol-HCC (3%); b) a novel mutational signature almost exclusive to NASH-
HCCs (MutSig-NASH-HCC); c) enrichment of bile- and fatty acid signalling, oxidative
stress and inflammation; and d) lack of molecular differences between adjacent

tumoural tissue in HCC associated with NASH livers and cirrhotic NASH livers.

Materials and methods

Study cohorts

We collected 80 NASH-HCCs and 125 NASH formalin fixed paraffin-embedded (FFPE)
samples from 5 different institutions, and 20 publicly available fresh frozen (FF) NASH-
HCC samples[15] (Supplementary Table 1). NASH was diagnosed following a
described histological algorithm[16] (Supplementary Data File). All NASH patients
included in the study were HBV- and HCV-negative. Patients reporting alcohol
consumption =20 g/day for women and =30 g/day for men, as well as patients with a
known liver disease superimposed to NASH were excluded. Table 1 details patients’
clinico-pathological characteristics.

For comparative purposes, the study included a) the transcriptomic profile of the
HEPTROMIC cohort[17] (HBV=48, HCV=103, alcohol=33), b) transcriptomic and

mutational data from the HCC-TCGA cohort (n=345)[18], ¢) whole exome sequencing
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(WES) data from 45 viral/alcohol-HCCs[15], and d) the mutational information of 624

viral/alcohol-HCCs (alcohol=170, HBV=355, HCV=99)[18-20].

WES and Mutational Signatures

WES data from paired tumour and non-tumour samples (52 NASH-HCC and 45 HCCs
of other aetiologies) was used to assess the mutational landscape. A de novo mutational
signature extraction procedure was conducted using the SNV variants identified in 86
samples (43 NASH-HCC and 43 HCCs of other aetiologies)[15]. The presence of
mutational signatures of environmental agents was assessed as previously

reported[22]. Complete details are described in the Supplementary Data File.

Methodological details on whole gene expression profiling, histological evaluation,
immunohistochemical analyses, NASH-HCC murine models, the assessment of the
functional role of ACVR2A and the statistical information are described in the

Supplementary Data File.

Results

Clinicopathological characteristics of NASH-HCC patients

Our study analysed 80 HCC samples from NASH patients (NASH-HCC cohort), and 125
liver samples from NASH patients without HCC (NASH cohort). The NASH-HCC
samples were obtained from patients who underwent resection (n=41/80, 51.3%) or
transplant (n=38/80, 47.5%), while the NASH samples were from patients undergoing
liver biopsy (n=102/125, 81.6%) or liver transplant (n=23/125, 18.4%). In the NASH-
HCC cohort, the prevalence of HCC in men was significantly higher than in women
(81.3% vs 18.8%, p<0.001, Table 1)[23]. In addition, most HCC cases were at early/

intermediate clinical stages (51% BCLC-0A and 40% BCLC-B), with median size of 2.7

10
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cm; 44% HCCs were multinodular and 41.8% presented satellites. Moreover, the
majority were moderately differentiated (G2, 69%) and 41.3% presented microvascular
invasion.

Next, we compared the clinical characteristics of NASH-HCC non-cirrhotic patients with
those of NASH-HCC cirrhotic patients (Supplementary Table 2). Non-cirrhotic patients
had more hypertension (95% vs 74%, p=0.047) and lower body mass index (BMI) (28
vs 31 kg/m?, p=0.02). As expected, they also had higher albumin levels (4.1 vs 3.5,
p=0.048) and serum platelet counts (206-10° vs 85-102 platelets/ml), and lower bilirubin
(0.6 vs 1.8 mg/dl, p<0.0001) and INR (1.0 vs 1.4, p<0.0001). Tumours of non-cirrhotic
NASH patients displayed lower rates of multinodular HCCs (22% vs 52%, p=0.029), but
more frequent satellite lesions (69% vs 30%, p=0.008; Supplementary Table 2).
Median age was significantly lower in NASH compared to NASH-HCC patients (56 vs
65, p<0.00001) and women were more prevalent (58.1% vs 41.9%, p<0.001). Patients
with NASH-HCC exhibited higher rates of metabolic syndrome features including
hypertension (80.3% vs 52.1%; p<0.001) and diabetes (72.4% vs 50.4%; p=0.003), but
similar prevalence of obesity (55.4% vs 61.4%) and hyperlipidaemia (53.7% vs 57.8%).
As expected, cirrhosis was also more prevalent among NASH-HCC patients than among
NASH patients (70.0% vs 28.8%, p<0.00001). Specific comparisons of clinical variables
between NASH cirrhotic and NASH non-cirrhotic patients are depicted in

Supplementary Table 2.

Genomic alterations in human NASH-HCC
The mutational landscape of NASH-HCC was assessed in 52 paired samples of HCC
tissue and non-tumorous adjacent tissue. For comparative purposes, we analysed 45

additional viral/alcohol-related HCC cases (HCV=12, HBV=16, alcohol=17)[15].

11



277

278

279

280

281

282

283

284

285

286

287

288

289

290

201

292

293

294

295

296

297

298

299

300

301

302

The median sequencing depth of our sequenced NASH-HCCs was 100x and for non-
tumour tissue, 35x. The median number of non-silent mutations was 60 (ranging from 6
to 167), corresponding to 1.2 mutations per megabase (TMB, tumour mutational
burden), consistent with previous reports[15,24,25]. No significant difference was
observed in the number of SNVs between the FFPE and the FF samples (median
number of non-silent mutations per sample: 64.0 vs 56.5; p=0.4). In total, we identified
1,653 mutated genes, among which 82 were defined as putative tumour-driver
genes[26], with a median of 3 mutated driver genes per sample. After integrating focal
copy-number gains and losses there were in aggregate a total of 96 altered genes
(Supplementary Table 3). The most frequent identified alterations occurred in the
TERT promoter (56%), followed by CTNNB1 (28%), TP53 (18%) and ACVR2A (10%)
(Figure 1A). Of note, TERT promoter mutations were accompanied by TERT
overexpression in 28% of the cohort (FC=1.5; p<0.0001, Supplementary Table 4).

When comparing NASH-HCCs with HCCs of other aetiologies, the landscape of
mutations was similar, except for ACVR2A and TP53 mutations. Specifically, NASH-
HCCs exhibited a trend towards significantly higher rates of ACVR2A mutations (10%
vs 4.4% in other HCCs) and lower rates of TP53 mutations (18% vs 31% in other HCCs;
Supplementary Figure 1A). To confirm these observations, we expanded the other
aetiologies HCC cohort through a meta-analysis including 624 samples (HCV=99,
HBV=355, alcohol=170). Our results showed a significantly increased frequency of
ACVR2A mutations (10% vs 3%, p=0.02) and a trend towards lower rates of TP53
mutations (18% vs 32%, p=0.051) in NASH-HCC compared to the viral/alcohol-related
HCC cases (Figure 1B). Notably, this difference was mainly driven by low rates of
ACVR2A mutations in HBV-HCC (1% vs 10%, p=0.0037, Supplementary Figure 1B),
and persisted when comparing the non-cirrhotic NASH-HCC cases with the non-cirrhotic

non-NASH-HCC cases.
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Correlation analyses between tumour-driver mutations and the patients’ clinico-
pathological features revealed that, in NASH-HCC: a) TP53 mutations were associated
with multinodular tumours [33% (7/21) vs 0% (0/13) in single HCCs, p= 0.019], b)
mutations in ARID1A (6%) were related to tumours with vascular invasion [35% (3/8) vs
0% (0/26), p=0.001], and c) PDGFRA mutations were significantly more prevalent in
female patients [22% (2/9) vs 0% (0/41), p=0.02; Supplementary Table 5].

We next analysed the impact of cirrhosis on the mutational landscape of NASH-HCC.
Interestingly, the overall burden of mutations was significantly higher in tumours from
non-cirrhotic (n=30) than from cirrhotic (n=22) patients (Figure 1C), with a median
number of mutations of 72.4 vs 46.9; corresponding to 1.45 and 0.94 mutations/Mb
(p<0.0017) in non-cirrhotic vs cirrhotic NASH-HCC cases, respectively. This difference
was maintained when adjusting for tumour size and tumour differentiation degree
(Supplementary Table 6). Interestingly, non-cirrhotic non-NASH-HCC tumours also
displayed a higher median number of mutations than cirrhotic ones (117.5 vs 66.0;
p=0.00004).

Finally, we used the WES data to explore the presence of the germline variant rs738409
C>G p.1148M in the PNPLA3 gene, which is known to be associated with HCC risk in
non-viral patients[27]. We identified a higher prevalence of the homozygous GG
genotype in cirrhotic patients (67% vs 17%, p=0.001, Figure 1C). At the molecular level,
these tumours presented acylglycerol-transacylation and phospholipase-activity
signatures, consistent with previous reports, and the poor prognosis TGF-
signature[28] (Supplementary Figure 1B). On the other hand, tumours from non-GG
homozygous patients were enriched in signatures related to: a) acetyl-CoA metabolism,
consistent with PNPLA3 function; b) PPAR transcription factors, naturally activated by

fatty acids; and c) oxidative phosphorylation and DNA-damage.
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Overall, we identified TERT (56%), CTNNB1 (28%), TP53 (18%) and ACVR2A (10%)
as the most frequently altered genes in NASH-HCC, and the incidence of ACVR2A

mutations was higher in NASH-HCC than in other aetiologies (10% vs 3%).

ACVRZ2A functions as a tumour suppressor in HCC cell lines

In order to explore the role of ACVR2A mutations, we conducted a functional study in
cultured HCC cell lines. First, we validated all detected mutations by Sanger sequencing
and found ACVR2A mutations in five different spots (chr2:148683685, chr2:148676075,
chr2:148684650, chr2:148653921 and chr2:148602752) which corresponded to either
indels (T>TA and GTCTT>G alterations) or SNVs (T>G, G>T and A>G; Figure 1D;
Supplementary Table 7). Secondly, we found the expression of ACVR2A to be
downregulated in 15% of NASH-HCCs (n=8/53; FC<0.5). The decreased expression of
ACVR2A was significantly associated with mutations in this gene. Specifically, in the
TCGA HCC cohort (n=361), ACVR2A-mutated tumours presented significantly reduced
ACVR2A expression when compared to ACVR2A-wild type cases (p=0.026,
Supplementary Figure 2C). No association was seen between ACVR2A mutations and
cirrhosis (Supplementary Figure 2A,B). Based on the above observations, we
hypothesized that ACVR2A could act as a tumour suppressor in HCC, as it does in
colorectal cancer[29]. Hence, we silenced its expression in Hep3B and Huh7 cells using
shRNA (Supplementary Figure 2D) and performed MTT and colony formation assays.
ACVR2A knockdown led to an 8-fold increase in colony formation capacity and a 56%
increase in the viability of Hep3B cells, compared to control cells (p=0.03 and p=0.015,
respectively) as well as a 41% increase in Huh7 cells viability versus controls (p=0.048;
Figure 1E-G and Supplementary Figure 2). Similar results were obtained when

evaluating HCC cell lines that mimic the NASH phenotype (Supplementary Figure 3).
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These data suggest that, in culture, ACVR2A functionally acts as a tumour suppressor

in HCC, a feature requiring validation in vivo.

Mutational signatures underlying the pattern of NASH-HCC mutations

We next aimed to identify the landscape of mutational signatures explaining the SNVs
detected by WES. To this end, we submitted the WES profiles of 43 NASH-HCC and 43
HCCs of other aetiologies to a de novo extraction process of mutational signatures,
which identified three de novo signatures. DenovoSigl and denovoSig3 matched the
previously reported liver cancer specific COSMIC v2 signatures 16 (MutSig16) and 24
(MutSig24), respectively (Supplementary Figure 4A Supplementary Table 8)[15,30].
The third identified signature (denovoSig2), which was characterized by a higher
frequency of C>T and C>A transitions and a prevalence in the whole cohort of 9%
(n=8/86), did not match any previously reported signature, and was referred to as
MutSig-NASH-HCC.

The subsequent mutational signature-fitting step generated the spectrum of mutational
signatures in both cohorts (Figure 2A). Only signatures obtained with a degree of
confidence above 90% and able to explain over 20% of the mutations in a sample
(exposure > 20%, Supplementary Figure 4B and Supplementary Table 9)[31] were
considered in the correlation analysis with the clinico-pathological data. MutSigl6 was
identified as the most prevalent (19%, n=16/86) and was equally distributed among
NASH-HCCs and non-NASH-HCCs (Figure 2B, and Supplementary Table 10). In
NASH-HCCs, MutSigl6 was associated with TP53 mutations (p=0.03, Supplementary
Table 10). The second most prevalent signature was MutSig-NASH-HCC, detected in
16% of NASH-HCCs, but only in 2% of viral/alcohol-HCCs (p=0.03, Supplementary
Table 10). Moreover, female gender rates were significantly enriched in tumours

positive for MutSig-NASH-HCC (50% vs. 13% in tumours negative for this signature;
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p=0.007). Gene Set Enrichment Analysis (GSEA) revealed metabolic and methylation
signatures as the two features most significantly associated with these tumours
(p<0.0001; FDR = 1; Supplementary Table 11). The third most prevalent signature,
MutSig24, was identified in 8% of the cases (n=7/86) and was found exclusively in
viral/alcohol-related HCCs (0% in NASH-HCC, p=0.006, Supplementary Table 10). It
was significantly enriched in younger patients (p=0.001) and was related to tumours with
vascular invasion (p=0.012), higher AFP levels (p=0.03) and mutated TP53 (p=0.001).
None of the above reported mutational signatures were associated with differences in
survival.

In parallel, we used the WES data to investigate whether exposure to environmental
mutagens[22] could explain certain mutational patterns in NASH-HCC. We identified a
significantly higher prevalence of the 6-Nitrochrysene plus S9 signature in non-cirrhotics
vs cirrhotics [41% (n=11/27) vs 6% (n=1/16); p=0.02] and of the diethyl sulphate (DES)
signature in cirrhotics [63% (n=10/16) vs 15% (n=4/27); p=0.002].

Summarizing, we detected a new mutational signature (MutSig-NASH-HCC) almost

exclusively present in NASH-HCCs (16%) and associated with female gender.

Signalling pathways, and molecular and immune classes in human NASH-HCC

We next sought to identify signalling pathways altered in NASH-HCC. Firstly, we
classified the above identified 96 tumour-driver genes according to their pathways. The
most commonly altered signalling pathways included telomere maintenance (56%),
Wnt/B-catenin (42%) and TP53 (28%), followed by chromatin remodelling (16%), TGF-
B (14%), MAPK (12%), PISK/AKT/MTOR (8%) and oxidative stress (8%, Figure 3A).

In addition, when comparing the gene expression data of NASH and HCC samples from
other aetiologies, NASH-HCCs displayed a significant enrichment of signatures related

to: (1) bile acid and fatty acid metabolism (including cholesterol and sterol biosynthesis),
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(2) oxidative stress and ROS, and (3) inflammation (Figure 3B). Of note, specific
comparison of NASH-HCC to HCV-HCC revealed higher IFN-a signalling in HCV
tumours (Supplementary Table 12).

When classifying NASH-HCCs into HCC molecular classes[23], 42% and 15% of them
belonged to Wnt/TGF-B-proliferation (S1) and progenitor cell-proliferation (S2)
subclasses[23], respectively, and 36%, to non-proliferation subclass (S3)[23] (Figure
3C). Comparison with HCC of other aetiologies (HCV=103, HBV=48 and
alcohol=33)[17] revealed that NASH-HCCs presented significantly higher rates of
Wnt/TGF-3 proliferation (S1) (42% vs 26%, p=0.01) and a lower prevalence of the
CTNNB1 subclass[32] (16% vs 31%, p=0.02; Supplementary Table 13). Further
analysis using prognostic and pathway signatures revealed no significant differences
between both cohorts[1,33]. Hierarchical clustering analysis further supported this
finding (Supplementary Figure 5A).

We next determined the immune profile of the NASH-HCC cohort using reported
immune-specific gene signatures (Supplementary Table 14). One third of the NASH-
HCC cohort (30%, n=16/53) was classified as Immune Class[34], with enrichment of
signatures related to T cells, cytotoxic cells, and macrophages (Figure 4A,
Supplementary Figure 6). Among those, 56% were Immune Active[34]3 (n=9/16),
and 44% were Immune Exhausted[34] (n=7/16) with enrichment for signatures of TGF-
B and Active Stroma. No differences were found in the distribution of cirrhotic patients
or the number of mutations per sample within the different HCC immune subtypes
(Figure 4A). Nonetheless, cirrhotic NASH-HCC cases displayed a significant
enrichment in features of immune exhaustion (i.e. Tregs, TGF-) compared with non-

cirrhotic NASH (Supplementary Figure 7A). In addition, signatures of response to anti-
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PD1 therapies and overexpression of CXCL9 were enriched in non-cirrhotic NASH-HCC
cases (Supplementary Figure 7B-C).

Following the characterization of NASH-HCC in terms of molecular and immune classes,
we sought to analyse the differences between NASH-HCCs developed on cirrhotic livers
versus non-cirrhotic livers. While non-cirrhotic NASH-HCCs (n=37) were more enriched
in pro-proliferative pathways, including the S2 subclass, E2F targets and DNA-damage
(FDR<0.005; Figure 4B, Supplementary Table 15), NASH-HCCs in cirrhotic livers
(n=16) were more associated with signatures of inflammation, epithelial-to-
mesenchymal transition (EMT), angiogenesis, activated stroma and the HCC Immune

Class (FDR<0.005; Figure 4C, Supplementary Table 15).

NASH-related cancer field characterization

We next analysed the transcriptomes of 74 livers from NASH patients without HCC (59
non-cirrhotic and 15 cirrhotic) and found that cirrhotic NASH livers presented marked
molecular differences compared to non-cirrhotic NASH livers. In this regard, non-
cirrhotic NASH livers presented enrichment of: fatty and bile acid features (including
MTOR[36,37]); ROS-related gene sets (i.e. peroxisome, DNA-repair and mitochondria);
3) insulin signalling (Figure 5A, Supplementary Figures 8A,B). Consistently, they
displayed a lower immune cancer field (ICF)[38] prevalence compared to cirrhotic NASH
(32% vs 93%, p<0.0001), where the immunosuppressive subtype (IS-ICF) was the most
prevalent form (67%; Supplementary Figure 9 and Supplementary Table 16).

Next, we compared NASH livers with NASH-HCC adjacent tissues and found that
cirrhotic NASH livers presented molecular similarities with NASH-HCC adjacent tissues
(regardless of the cirrhotic status). Non-cirrhotic NASH-HCC and cirrhotic NASH-HCC
adjacent tissues were both characterized by upregulation of inflammatory signatures

(IFN, IL17-A, IL6, chemokine signalling or JAK/STAT; p<0.05), traits previously linked
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to NASH pathogenesis[4] (Figure 5A, Supplementary Figures 7 and 8). Also, they
displayed activation of hepatocarcinogenic pathways including Notch, TGF-$, TP53, and
FGF (p<0.05; Supplementary Figure 8). In terms of immunity, they were both
significantly enriched in immune signatures including the HCC Immune Class. They also
displayed immune exhaustion features (TGF-B) but no differences in terms of ICF[38]
(Figure 5B, Supplementary Figures 8 and 9).

When comparing cirrhotic NASH livers with cirrhotic livers of HCV-infected patients from
a previous study[39] revealed a higher prevalence of immunosuppressive cancer field
in NASH livers (9/15,60% vs 21/216 10% in HCV, p<0.0001) (Supplementary Table
16). Finally, we did not identify gatekeeper mutations in the TERT promoter in any of the
NASH liver tissue samples.

Altogether, these results suggest that NASH cirrhotic livers (without presence of HCC)
present key molecular features that are common with the cancer field traits of adjacent

tissue of NASH-HCC patients.

NASH murine models recapitulate features of human NASH-HCC

Several experimental models mimicking metabolic and/or histologic features of NASH
have allowed the identification of different molecular mechanisms involved in NASH
development and progression to HCC. Here, we compared three well-established
NASH-murine models [Western Diet plus Sugar Water (WD+SW), Choline Deficient
High Fat Diet (CD-HFD) and Western Diet plus Carbon Tetrachloride (WD+CCls)] with
human NASH-HCC and viral/alcohol-HCC at the transcriptomic and genetic level (for
additional details on the pre-clinical models see the Supplementary Data File).
Submap analysis revealed that the WD+SW murine HCCs most closely resembled

human non-cirrhotic NASH-HCCs (FDR = 0.07, Figure 6A). On the other hand, the
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WD+CCls model appeared equally associated with cirrhotic and non-cirrhotic human
NASH-HCCs (FDR=0.45 and FDR=0.35, respectively). With respect to the non-tumour
tissue adjacent to murine HCC, the CD-HFD model was the only one associated with
human non-cirrhotic NASH-HCC adjacent tissue, while the other models (WD+SW and
WD+CCl4) were associated with both, cirrhotic and non-cirrhotic human NASH-HCC
adjacent tissue (Figure 6A).

Further analysis revealed that the WD+SW and CD-HFD models significantly
recapitulated features observed in the human samples (Figure 6B). In terms of HCC
molecular classes, HCCs in WD+SW and CH-HFD mice reproduced the heterogeneity

of molecular and immune classes observed in human NASH-HCC (Figure 6C).

Discussion

Seminal studies have described the molecular pathogenesis of HCC primarily in HBV-,
HCV- and alcohol-related tumours[1,7]. However, HCCs of NASH aetiology have been
underrepresented in all these studies. Thus, a better understanding of the molecular
features characterizing this type of HCCs and their comparison with NASH-HCC pre-
clinical models and non-NASH human HCC is a major unmet need. Moreover, since a
recent report suggests that NASH-HCC patients benefit less from immune checkpoint
inhibitors than those with viral-related HCC, the extensive characterization of HCC
patients with this aetiology has even become more critical in order to optimize therapies
to boost checkpoint blockade[14].

Here we report the mutational landscape of NASH-HCC, with TERT promoter (56%),
CTNNB1 (28%), TP53 (18%) and ACVR2A (10%), as the most frequently mutated
genes, and identified higher rates of ACVR2A mutations among NASH-HCCs compared
to viral/alcohol-HCCs (10% vs 3%). ACVR2A is a cytokine receptor involved in cell

differentiation and proliferation, reported as mutated in microsatellite-unstable colorectal
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cancers and whose downregulation is associated with poor outcomes[40]. Previous
functional studies in solid tumours pointed towards a tumour suppressor function[41,42],
but the functional role of ACVR2A mutations had not been addressed in HCC. Our in
vitro results indicate that ACVR2A functions as a tumour suppressor. This warrants
validation in HCC animal models.

On the other hand, we hypothesized that NASH-related microenvironment could act as
a liver genotoxic and trigger the generation of specific nucleotide substitutions. Since
mutagenic processes linked to genotoxic exposures can be explained by mutational
signatures, these were analysed in our cohort. We identified a pattern of mutations in a
subgroup of samples that could be explained by a non-previously described mutational
signature. The signature MutSig-NASH-HCC was present almost exclusively in NASH-
HCCs (16% vs 2% in viral/alcohol-HCCs). Furthermore, it was associated with tumours
developed in females, which aligns with the fact that C>T transitions have been reported
to occur more frequently in female HCC patients[44].

At the transcriptome level, NASH-HCCs were enriched in the Wnt/TGF-$ class and
displayed a significantly lower prevalence of the CTNNB1 molecular subclass[32]
compared with viral/alcohol-HCCs. These findings indirectly correlate with a recent
study showing that HCCs in patients with metabolic syndrome were associated with
absence of CTNNB1 mutations[45]. From the signalling pathway perspective, we
observed that NASH-HCCs were enriched in signatures related to bile and fatty acid
metabolism, oxidative stress or inflammation, all features previously reported in human
NASH and in NASH pre-clinical models3. Furthermore, NASH-HCCs were enriched in
gene sets related to mTOR (involved in lipid biosynthesis[36]) and mitochondria
(involved in lipid biosynthesis through the citrate cycle). Finally, higher mitochondrial

activities have been reported to produce higher concentrations of ROS, and subsequent
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DNA damage, two features identified also in our study and reported as an initial
carcinogenic step.

In our study, the PNPLA3 pathogenic variant in homozygosis was more prevalent
among cirrhotic NASH-HCC patients (67% vs 17%), and its overall prevalence was
consistent with the previously reported incidence in Western NAFLD-related HCC
patients (29%)[46]. HCCs displaying the homozygous PNPLA3 [1148M variant were
more strongly associated with signatures of defective DNA repair, reduced TP53
signalling and oxidative stress, which might contribute to the development of liver
carcinogenesis in patients with this polymorphism, as suggested in previous
reports[4,47,48].

Finally, the comparison of our NASH-HCC cohort with three different NASH-HCC murine
models revealed that they comprehensively recapitulate human NASH-HCC molecular
and immune traits and therefore are suitable to conduct pre-clinical studies.

In summary, our study provides novel insights that help clarify the pathogenesis of
NASH-HCC and indicates that tumours arising in NASH are significantly associated with
the Wnt/TGF-B subclass, present a higher prevalence of the potential tumour
suppressor ACVR2A, and are associated with a new mutational signature that may point

to unique genotoxic drivers.
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552 AFP Alpha-fetoprotein
553 BMI Body Mass Index

554 CD-HFD Choline Deficient High Fat Diet

555 CNA Copy Number Alteration

556 EMT Epithelial to Mesenchymal Transition
557 FC Fold Change

558 FDR False Discovery Rate

559 FF Fresh Frozen

560 FFPE Formalin Fixed Paraffin-Embedded
561 FGF Fibroblast Growth Factor

562 GSEA Gene Set Enrichment Analysis
563 HBV Hepatitis B virus infection

564 HCC Hepatocellular carcinoma

565 HCV Hepatitis C virus infection

566 ICF Immune cancer field

567 IFN Interferon

568 IGF Insulin Growth Factor

569 IGV Integrative Genomics Viewer
570 INR International Normalised Ratio
571  IS-ICF Immunosuppressive ICF

572 Mb Megabase

573  MutSig Mutational signature

574  NAFL Non-alcoholic fatty liver

575 NAFLD Non-alcoholic fatty liver disease
576 NASH Non-alcoholic steatohepatitis

23



577

578

579

580

581

582

583

584

585

586

587

NF-kB
NK cells
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Pro-inflammatory ICF

Reactive Oxygen Species

single sample Gene Set Enrichment Analysis
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Tumour Mutational Burden
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Figure Legends

Fig. 1. Genomic landscape of NASH-HCC and in vitro evidences supporting a
tumour suppressor role of ACVR2A in HCC. (A) Mutations and focal copy-number
alterations in driver genes altered in 24% of the NASH-HCC cohort. (B) Mutational
frequency of the most commonly altered genes in the NASH-HCC cohort (n=50) and in
the viral/alcohol-HCC cohort (n=624)[15,18,19]. Statistical test: Fisher. (C) Genomic and
clinico-pathological features of NASH-HCC according to cirrhosis. Statistical test: Fisher
and Mann-Whitney. (D) ACVR2A mutations identified in the NASH-HCC cohort. (E, F)
Cell viability rate (E) and colony formation quantification (F) of Hep3B cells stably
transfected with ACVR2A- or control-shRNA. Error bars represent mean £+ SEM of =2 3
experiments performed in triplicate. Statistical test: t-test. (G) Representative image of

the colony formation assay.

Fig. 2. Mutational signatures in NASH-HCC and in viral/alcohol-HCC. (A)
Unsupervised hierarchical clustering of the mutational signatures obtained for 43 NASH-
HCCs and 43 viral/alcohol-HCCs. Red asterisks mark samples where MutSig-NASH-
HCC presented an exposure >20% when setting the confidence at 90%. (B) Heatmap
with clinico-pathological data, mutational status of CTNNB1 and TP53, and mutational
signatures (confidence >90%, exposure >20%). Statistical test: Fisher and Mann-

Whitney.

Fig. 3. Signalling pathways altered in NASH-HCC. (A) Driver genomic alterations
identified by WES grouped according to signalling pathways. (B) Heatmap displaying
differentially enriched pathways in NASH-HCCs (n=53) compared to viral/alcohol-HCCs

(n=184). Statistical test: t-test. (C) Molecular classes and activated signalling pathways
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in the NASH-HCC cohort. Samples were classified into proliferative (S1/S2) and non-
proliferative tumours (S3). Statistical test: t-test and Fisher. Displayed p values were
obtained comparing proliferation and non-proliferation HCCs. Gene signatures were

obtained from MSigDB or other sources (see Supplementary Data File).

Fig. 4. Characterization of the NASH-HCCs according to HCC immune classes and
signalling pathways differentiating cirrhotic from non-cirrhotic NASH-HCC. (A)
Heatmap displaying NASH-HCC tumours classified according to the HCC immune
classes[34,35]. Gene signatures used are referenced in the Supplementary Data File.
Statistical test: t-test. (B, C) Pre-ranked GSEA enrichment plots of representative
signalling pathways or molecular classes enriched in non-cirrhotic (B, n=16) and

cirrhotic NASH tumours (C, n=37).

Fig. 5. Characterization of the NASH cancer field. (A) Heatmap characterizing the
cancer field in NASH livers and NASH-HCC adjacent tissues. Plotted are ssGSEA
scores for NASH-related gene sets. T-test p values report differences between cirrhotic
and non-cirrhotic samples. Healthy liver (H). Cirrhotic liver (Ci). NASH liver from patients
with no HCC (NASH). Non-tumorous tissue adjacent to NASH-HCC (NASH-HCC
adjacent). (B) Heatmap displaying ssGSEA scores of immune signatures capturing
different immune cell populations. Gene signatures referenced in the Supplementary

Data File. Statistical test: t-test.

Fig. 6. NASH-HCC murine models recapitulate key molecular and immune features
of human NASH-HCC. (A) Submap analysis displaying the molecular similarity
between human and murine NASH-HCC and adjacent tissue samples. Numbers on

heatmap indicate FDR values for transcriptome similarity. (B) Heatmap displaying

33



781  enrichment of fatty and bile acid metabolism, oxidative stress and inflammation-related
782  gene signatures in NASH-HCC vs non-NASH HCC. Statistical test: t-test. (C) NASH-
783 HCC murine and human samples classified according to the HCC molecular and

784 immune classes.
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