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Abstract

Background and Aims: According to the clonal model of tumor evolution, trunk
alterations arise at early stages and are ubiquitous. Through the characterization of
early stages of hepatocarcinogenesis, we aimed to identify trunk alterations in HCC and

study their intra- and inter-tumor distribution in advanced lesions.

Methods: 151 samples representing the multi-step process of hepatocarcinogenesis
were analyzed by targeted-sequencing and SNP array. Genes altered in early lesions
[31 dysplastic nodules (DNs) and 38 small HCCs (sHCC)] were defined as trunk. Their
distribution was explored in: a) different regions of large tumors (43 regions, 21 tumors),
and b) different nodules of the same patient [39 tumors, 17 patients]. Multinodular
lesions were classified as intrahepatic metastases (IMs) or synchronous tumors based

on chromosomal aberrations.

Results: TERT promoter mutations (10.5%) and broad copy-number aberrations in
chromosomes 1 and 8 (3-7%) were identified as trunk gatekeepers in DNs and were
maintained in sHCCs. Trunk drivers identified in sHCCs included TP53 (23%) and
CTNNB1 (11%) mutations, and focal amplifications or deletions in known drivers (6%).
Overall, TERT, TP53 and CTNNB1 mutations were the most frequent trunk event and at
least one was present in 51% of sHCCs. Around 90% of mutations in these genes were
ubiquitous among different regions of large tumors. In multinodular HCCs, 35% of
patients harbored IMs; 85% of mutations in TERT, TP53 and/or CTNNB1 were retained

in primary and metastatic tumors.



Conclusions: Trunk events in early stages (TERT, TP53, CTNNB1 mutations) were
ubiquitous across different regions of the same tumor and between primary and
metastatic nodules in >85% of cases. This concept supports the knowledge that single

biopsies would suffice to capture trunk mutations in HCC.
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Lay summary

Trunk alterations arise at early stages of cancer and are shared among all malignant
cells of the tumor. In order to identify trunk alterations in HCC, we characterized early
stages of hepatocarcinogenesis represented by dysplastic nodules and small lesions.
Mutations in TERT, TP53 and CTNNB1 genes were the only ones found at this early
stage. Analyses in more advanced lesions showed that mutations in these same genes
were shared between different regions of the same tumor and between primary and

metastatic tumors, suggesting their trunk role in this disease®
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Introduction

Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer and
the second leading cause of cancer-related mortality worldwide'. Unlike other
neoplasms, HCC usually arises in a previously damaged organ. Liver cirrhosis caused
by well-known etiologies (i.e. HBV, HCV, alcohol consumption and metabolic syndrome)
is the underlying disease in more than 80% of cases®. The development of HCC from
cirrhosis follows a multistep process with a defined sequence of lesions, starting with
the generation of low-grade and high-grade dysplastic nodules (LGDNs and HGDNSs)
that eventually develop into early HCC and culminate into advanced malignancy?.
Although there is a progressive natural history of the disease, most HCC patients are
still diagnosed at intermediate or advanced stages, when curative approaches are not
feasible. In patients with advanced disease, the only therapeutic options able to improve
survival include the multikinase inhibitors sorafenib in first line®, and regorafenib in
second line*. In this scenario, the discovery of effective targeted therapies remains an
important challenge underscoring the need to better understand the mechanisms driving

tumor progression and dissemination.

It is well-known that tumors evolve by acquiring a series of genomic and epigenomic
alterations over time, following a sequential process of clonal expansion and selection®.
As a result of this process, solid tumors may be comprised of subpopulations of cells
with distinct genomic alterations and divergent biological behaviors. In addition to such

intra-tumor heterogeneity, the existence of multinodular HCCs and the resulting inter-
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tumor heterogeneity adds a new level of complexity that, in the era of personalized
medicine, is likely to impact targeted therapies and biomarker discovery. Although many
biological aspects of intra- and inter-tumor heterogeneity remain obscure, it is overall
accepted that tumors arise from a single cell and trunk alterations are the first pro-
oncogenic molecular events arising during tumor evolution. Therefore, they would be
clonally dominant and present in all tumor cells. Trunk events include both “gatekeeper”
alterations in pre-malignant stages, necessary but no sufficient for tumor onset (i.e APC
mutations in colorectal cancer), as well as “driver” events (i.e Her2/neu amplifications in
breast cancer), able to confer a selective growth advantage to malignant cells®. In
contrast, alterations appearing in more advanced stages occur in only a subpopulation
of tumor cells, for which they are called “branch”, and are subjected to selection
pressures such as hypoxic conditions and anti-tumoral treatment’*®.

Over the last years, there has been an improvement in understanding the molecular
pathogenesis of HCC. Next-generation sequencing technologies have provided a clear
picture of the main alterations driving this disease?. Nevertheless, little effort has been
directed to discriminate trunk gatekeeper and driver alterations that arise early in HCC
development. To date, mutations in TERT promoter represent the only gatekeeper
alterations described in early stages of hepatocarcinogenesis, being already present in
25% of dysplastic nodules®®. Nonetheless, other trunk gatekeepers and driver events

occurring during early stages of liver carcinogenesis remain currently ill-defined.

In this study we aimed to characterize trunk gatekeepers and drivers by identifying

molecular alterations in early hepatocarcinogenesis and studying their distribution
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through the different stages of the disease. By using targeted-deep-sequencing and
SNP array in dysplastic nodules, we identified TERT promoter mutations (10.5%) and
broad copy-number alterations in chromosomes 1 and 8 (13.8%) as the only trunk
gatekeepers. Mutations in TP53 and CTNNB1 represent trunk driver alterations arising
in small HCC tumors (23% and 11.4%, respectively). Finally, deep-sequencing analysis
of the candidate trunk genes confirmed that TERT, TP53 and CTNNB1 mutations are
ubiquitous events across different regions of the same tumor and between primary and
metastatic lesions in 85-90% of cases. This concept supports the knowledge that single

biopsies would suffice to capture trunk driver mutations in HCC.
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Materials and Methods

Human samples, pathology review and extraction

Upon institutional review board approval, a total of 151 samples were collected from
patients treated with surgical resection or liver transplantation at three hospitals
belonging to the HCC Genomic Consortium: Hospital Clinic, Barcelona (Spain) -leading
institution-, Mount Sinai School of Medicine, NY (USA); and Instituto Nazionale dei
Tumori, Milan (Italy). Samples used in this study represented the stepwise process of
hepatocarcinogenesis and were distributed in 3 different cohorts: 1) preneoplastic and
initial lesions, 2) single large HCC tumors for the study of intra-tumor heterogeneity, and
3) multinodular HCC cases to assess inter-tumor heterogeneity (Fig. 1). The first cohort
comprised early stages of the disease including 31 pre-malignant dysplastic nodules
(DNs) and 38 small HCCs (sHCC). Dysplastic diagnosis was confirmed by two expert
liver pathologists (M.I.F. and S.N.T) following previously published guidelines*%
Accordingly, 31 DNs obtained from cirrhotic transplanted patients were classified as
LGDNs (n=15) and HGDNs (n=16). sHCC lesions were defined as carcinoma-in-situ
lesions and/or single tumors <2cm in diameter, without satellites or vascular invasion
and were further sub-classified as early or progressed by two expert pathologists
(S.N.T. and W.Q.L) according to the histopathological criteria proposed by the
International Consensus Group for Hepatocellular Neoplasia***2. Among the 38 sHCCs,
14 lesions were sub-classified as early sHCCs (eHCC) and 22 as progressed sHCCs

(PHCCs); 2 small tumors could not be sub-classified because H&E slides were not

available (Supplementary Table 1).
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Cohort #2, previously reported™®, comprised 21 resected large HCC tumors (> 4cm in
diameter). For each of the large HCCs, surrounding non-tumoral liver, center and
periphery fresh-frozen samples (separated by a minimum distance of 2 cm) were
collected, for a total of 43 sample regions. Cohort #3 included 39 formalin-fixed paraffin
embedded (FFPE) HCCs from 17 patients presenting multinodularity (2 or 3 non-
satellite foci HCCs) (Supplementary Table 2). FFPE slides of multinodular tumors have
been examined by two expert pathologists (S.N.T. and W.Q.L.) to assess differentiation
grade, architectural pattern and cytological characteristics. In tumors presenting
different patterns for each variable, the pattern displayed in 250% of the examined area
was considered dominant and used for comparisons. Non-tumoral cirrhotic liver was
collected for all cases. Trunk genes were defined as those with alterations present in (a)
early stages of the disease -dysplastic nodules and small tumors from cohort #1, and
(b) ubiquitous in all regions of large tumors (cohort #2) or intra-hepatic metastases

(cohort#3).

For further details regarding deep targeted-sequencing, genome-wide analysis of DNA
copy number alteration, whole-genome gene expression profiling and statistical

analyses, see the Supplementary Materials and Methods section.

12
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Results

Identification of candidate trunk gatekeeper alterations in pre-neoplastic lesions

To identify potential gatekeeping trunk alterations in HCC, we analyzed 31 pre-
malignant DNs —including 15 LGDNs and 16 HGDNs- collected from cirrhotic patients at
the time of transplant (cohort #1, Fig. 1, Supplementary Table 4). First, we
characterized early CNV events in these samples using SNP array data. The study of
gross structural alterations showed that DNs presented a stable genome with an
average percentage of aberrant chromosomal arms of 0.5% (Fig. 2A). No significant
differences between LGDN and HGDN (0.5% each) were observed. Broad gains and
losses were detected in few cases. In particular, large gains (6.9%, 2/29) and losses
(6.9%, 2/29) in chromosome 8 were the most frequent events in dysplastic lesions,
including both LGDNs and HGDNSs (Fig. 2B, Supplementary Fig. 1). Broad gains in 1q
and losses in 22q were also identified (3.4% each). Interestingly, well-known oncogenes
such as MYC and MDM4 or PARP1 were included in all the regions 8q and 1q affected
by chromosomal aberrations (Fig. 2B). No high-level focal alterations in already known

driver genes were identified in dysplastic lesions.

Additionally, DNs were submitted to deep targeted-sequencing to unravel gatekeeper
mutational events. A specific discovery panel was designed to cover 20 well-
characterized and frequently mutated genes in HCC (Supplementary Table 3).
Targeted regions in each sample were sequenced to a median depth of 952x (48-2694),

with ~96% coverage. After applying the filtering criteria described in Materials and

13
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Methods, a total of 2 TERT promoter mutations were identified in 14 DNs (14.3%) (Fig.
2C, Supplementary Table 5). Besides TERT mutations, no other mutations were
identified in the remaining 19 genes included in the panel. Therefore, the
characterization of trunk gatekeepers in DNs confirmed that, among the 20 explored
HCC drivers, the only recurrent mutations present in premalignant lesions occur in
TERT promoter. Nonetheless, broad CNVs in chromosomes 1 and 8 were identified in
13.8% (4/29) of dysplastic tissues containing potential trunk gatekeeper genes, such as

MYC, MDM4 and PARPL1.

Identification of candidate trunk driver alterations in small HCCs

Following the natural history of HCC progression, we next sought to identify trunk
alterations with a potential driving role in small tumoral lesions. To this purpose, we
collected early and progressed small HCCs which can both develop from pre-existing
dysplastic foci or nodule,** (cohort #1, Fig. 1). A total of 38 SHCCs -including 14 eHCCs
and 22 pHCCs (2 non-classified tumors)- were submitted for molecular analysis
(Supplementary Table 4). SNP array data showed a significant increase in the
percentage of aberrant chromosomal arms compared to DNs (8.9% vs 0.5%,
p<0.0001), with no differences between eHCCs and pHCCs (3.4% vs 6.9%, p=0.4) (Fig.
2A). Broad gains in 1q (47.1%, 8/17) and 8q (29.4%, 5/17), as well as broad losses in
8p (35.3%, 6/17) were frequent events in sHCCs (Fig. 2B, Supplementary Fig. 1).
Interestingly, significantly higher frequency of chr 1q gains was observed in sHCCs
compared to DNs [3.4% vs 47.1%, (p=0.03)] (Supplementary Table 6). Since these

broad CNVs were already present in DNs, these data might support their potential

14
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gatekeeper role in hepatocarcinogenesis. Similarly to DNs, all the regions presenting
broad gains in chromosomes 1q and 8q contained well-known oncogenes such as
MYC, PARP1 and/or MDM4 (Fig. 2B). Additional recurrent chromosomal aberrations
were identified in sHCCs and included broad losses in 17p (35.3%, 6/17), 4q (23.5%,
4/17), 16p (23.5%, 4/17) and 16q (23.5%, 4/17) (Fig. 2B, Supplementary Fig. 1).
Although absent in DNs, high-level focal amplifications in 6p21.1 (VEGFA) and 8qg24.21
(MYC), as well as homozygous-deletions in 9p21.3 (CDKN2A), 16p13.3 (AXIN1) and
4935.1 (IRF2), were detected in sHCCs (5.8% each, 1/17), pointing them as potential

trunk drivers (Supplementary Table 7).

The identification of candidate trunk driver mutations was performed by evaluating the
20 genes included in the previously described discovery panel (Supplementary Table
3) in 35 sHCCs (14 eHCCs, 19 pHCCs and 2 small tumors non-classified). The average
number of mutations per sample was significantly higher in small tumors than DNs (0.7
vs 0.1, p=0.004), confirming that genomic complexity progressively increases from pre-
neoplastic lesions to small tumors. As expected, TERT promoter mutations (35.5%)
were the most frequent events in small tumors confirming their trunk-gatekeeper role
(Fig. 2C, Supplementary Table 5). In addition, we identified TP53 (23%) and CTNNB1
(11.4%) as the most commonly mutated genes in sHCCs. Taking into account an
average 60% of tumoral cells in the sequenced regions'®, and the presence of the
mutation in a single allele of tumoral cells, we would expect at least 30% VAF for trunk
mutations. Accordingly, the average VAF for the identified mutations was 52.2%,

(70.4% for TERT, 47% for TP53 and 30.7% for CTNNB1). Overall, 51.6% of our cohort

15
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(16 out of the 31 sHCCs with TERT promoter data available) presented at least one
potential trunk driver mutation (Fig. 2C, Supplementary Table 7). In small HCC, we
confirmed that the presence of TP53 mutations was significantly associated with the
molecular subclasses G1-2-3 (p=0.04), whereas CTNNB1 mutations were enriched in

G5-6 subclasses (p=0.04), as previously described™®.

However, no significant
association was observed between the previously reported HCC molecular classes G1-
G6, and the histological type (eHCC vs pHCC)™?*°. Co-occurrence of loss-of-

heterozygosity (LOH) and mutations in TP53 gene was not detected in any case.

In summary, the molecular events identified in DNs -broad CNVs in chromosomes 1
and 8 and mutations in TERT promoter region- were also observed at higher rates in
SHCCs, confirming its gatekeeper role. Molecular events arising exclusively in sHCCs
included focal CNVs (amplifications in VEGFA and MYC; deletions in CDKN2A, AXIN1
and IRF2) and mutations in TERT, TP53 and CTNNB1, pointing them as trunk drivers in
hepatocarcinogenesis. Overall, mutations in TERT, TP53 and CTNNB1 were the most

frequent potential trunk alterations in early stages of the disease.

Mutations in the identified trunk genes are ubiquitously distributed in different
regions of large tumors

After identifying the most recurrent alterations that arise in the first stages of tumor
development, we next sought to study their intra-tumoral distribution in HCC to confirm
their trunk role. We first designed a deep-sequencing validation panel to further study

the most frequent events (TERT, TP53 and CTNNB1 mutations) identified in cohort #1

16
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(Supplementary Table 3). To study the spatial intra-tumoral heterogeneity of these
potential trunk events, we sequenced 2-3 regions of 21 large single HCC tumors (>4cm
in average from cohort #2). A total of 43 tumoral regions were submitted to deep-
sequencing with the validation panel [median depth: 695x (192-1656)]. After applying
the pre-defined filtering criteria, 63 total mutations were identified in the 5 analyzed
genes (Fig. 3A, Supplementary Table 8). In this cohort, TERT (80.9%, 17/21) was the
most frequently mutated gene, followed by TP53 (47.6%, 10/21) and CTNNB1 (19%,
4/21). AXIN1 and ARID1A genes were mutated in only 1 patient each (4.8%). When
assessing the spatial distribution of the identified mutations, we found that 89% (56/63)
of the mutations were common to the tumor center and periphery (Fig. 3A,
Supplementary Table 8). In particular, TERT promoter mutations were shared between
center and periphery of the tumor in 88% of the 17 patients (15/17) harboring the event
(Fig. 3B). Similarly, TP53 and CTNNB1 were found to be ubiquitous in 70% (7/10) and
75% (3/4) of patients, respectively. Mutations in AXIN1 and ARID1A were also shared
between regions in their respective patients. On the other hand, 7 mutations were found
in only one of the tumoral regions.

Overall, 90% (17/19) of patients harbored at least 1 ubiquitous mutation (Fig. 3A). Only
in 2 patients (9.5%) we did not identify mutations in the candidate trunk genes.
Altogether, these results show that the most frequent early alterations identified —
mutations in TERT, TP53 and CTNNBL1 - are shared across different regions of large

tumors in ~90% of cases, reinforcing their potential role as trunk alterations in HCC.

17
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Copy number profile confidently differentiates intra-hepatic metastases and
synchronous tumors

To further delineate the inter-tumoral heterogeneity of the identified candidate trunk
events, we aimed to study their distribution in different tumors of the same patient. To
this purpose, we collected 39 multinodular tumors from 17 patients (2-3 non-satellite foci
HCCs) (cohort #3) (Supplementary Table 2). Since presence of multinodularity can
reflect the growth of independent synchronous tumors or intrahepatic metastases (IMs),
we first classified the 39 multinodular cases accordingly. Tumor-clonality was defined by
measuring the similarity of genome-wide CNV profiles between nodules as described in
Materials and Methods. CNV profiles predicted that 33.3% (13/39) of analyzed nodules
were IMs (clonal tumors) and 66.7% (26/39) were synchronous (non-clonal) (Fig. 4A-B,
Supplementary Table 9). According to the number of nodules and the clonality
prediction, 3 different profiles of patients were captured: 1) patients harboring 2 or 3 IMs
(23.5%, 4/17), 2) patients harboring 2 or 3 synchronous tumors (64.7%, 11/17) and 3)
patients harboring 2 IMs and 1 independent tumor (11.8%, 2/17) (Fig. 4A).

CNV-based classification was further validated with whole genome expression data. To
this end, hierarchical clustering was performed to measure genetic distance between
single nodules. The analysis revealed that IMs showed proximity to its paired tumor and
clustered around the same node in 100% of cases, as opposed to the 17% (4/23) of the
non-clonal tumors (Fig. 4C). Interestingly, GSEA comparing the two groups showed
significant enrichment of functions related to cell cycle, proliferation and metastasis in
the IMs group (p<0.05, FDR<0.10) (Supplementary Table 10). In addition, among the

350 genes up-regulated in IMs versus synchronous tumors, we found KIF15, MAGEA1
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and MAGECS3, genes previously reported to be highly expressed in metastatic HCC and
melanoma (Fold change =2.4, p<0.001, FDR<0.10, Supplementary Table 10)"&,
Interestingly, higher percentage of aberrant chromosomal arms was observed in the
group of IMs compared to synchronous tumors (22.9% vs 8.9%, p=0.003). Pathological
review of different histomorphological characteristics of multinodular cases did not show
any correlation between morphological patterns and molecular classification. In fact, in
~80% of all possible pairs (22/27), at least 2 out of 3 histomorphological characteristics
were maintained, regardless of the tumor clonality, suggesting that although
pathological review could be helpful, molecular analysis is required to differentiate IMs
from versus synchronous tumors (Supplementary Table 11).

Broad gains in 1q, previously identified as trunk in DNs and sHCCs, were the most
frequent CNV identified in IMs (76.9%, 10/13) (Supplementary Fig. 2) and, as such,
were shared between IMs pairs in 90% of the cases (9/10). Similarly, 8p losses and 8q
gains were ubiquitous in 75% (4/5) and 100% (4/4) of IM cases, respectively. No focal
CNVs in known HCC driver genes were found in IMs. Finally, in terms of clinico-
pathological parameters, presence of IM tumors was significantly associated with
presence of satellites (p=0.022) and recurrence (4/6 vs 0/9, p=0.004, Supplementary
Table 12). In contrast, all patients with synchronous tumors were HBV-infected HCC
patients (0/6 vs 6/10, p=0.03, Supplementary Table 12).

Overall, clonality prediction based on CNV profiles confidently classified multinodular
HCCs in IMs (33%) and synchronous tumors (67%). Genetic proximity was observed in
all IMs. Previously identified trunk CNVs in chrl and 8 were shared among all nodules

in ~90% of IMs.
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Mutations in the identified trunk genes are ubiquitously distributed in primary
tumors and intrahepatic metastases

Once multinodular cases were assigned to metastatic or non-metastatic groups, we
next assessed the distribution of candidate trunk alterations in these samples. To this
purpose, 22 multinodular tumors (11 IMs and 11 synchronous tumors) from 9 patients of
cohort #3 were submitted to targeted-deep-sequencing using the validation panel
(Supplementary Table 3). With a median sequencing depth of 852x (162-22270), 120
non-synonymous somatic SNV [range 1-38, 5.45 average per sample] were identified.
Out of 120, 22 mutations were further selected for validation (Supplementary Table
13). The mutational analysis revealed that 81.8% (9/11) of the IMs presented ubiquitous
mutations in the primary and metastatic tumor, while only 1/11 (9%) of synchronous
tumors shared mutational events (Fig. 5A, Supplementary Table 13). For example, as
represented in Fig. 5A and Supplementary Table 13, all lesions of patient #459
showed mutations in TP53, but only the 2 IMs shared the same mutated position
(p-Y220H), while the independent tumor presented a different altered locus (p.R249S).
Overall, in IMs a total of 13 mutations were identified in the 5 evaluated genes, and 85%
of them (11/13) were shared between primary and intrahepatic metastasis (Fig. 5A,
Supplementary Table 13). TERT and TP53 genes were mutated in 53.8% (17/13) and
15.4% (2/13) of IMs, respectively. In all cases, these mutations were shared between
paired IM tumors (Fig. 5B). CTNNB1 was found mutated in 4 IMs and ubiquitous in 2 of
these cases (50%). No mutations were found in AXIN1 and ARID1B. In the

synchronous tumor group, patients #457 and #460 harbored mutations in TP53 and

20



CTNNBL1, respectively. Interestingly, the mutated position was different in the nodules of
the same patient (Supplementary Table 12). No presence of TP53-LOH was detected
in tumors with TP53 mutations.

Overall, 85% of the mutations identified in TERT, TP53 and CTNNB1 genes were
ubiquitous in primary and intra-hepatic metastases, confirming their trunk role in HCC
development. On the other hand, only 9% of synchronous tumors shared trunk events,

indicating that they arise independently.
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Discussion

Our study represents a comprehensive characterization of trunk events in HCC. The
analysis of a large cohort of samples recapitulating the stepwise process of
hepatocarcinogenesis has identified molecular gatekeeping events in preneoplastic
stages of liver cancer, including broad CNVs in chromosomes 1q, 8p and 8q (3-7%) as
well as oncogenic mutations in TERT promoter (10.5%). Additionally, focal CNVs and
mutations in TP53 and CTNNB1 (11-23%) were found to arise in small HCC lesions.
Overall, TERT, TP53 and CTNNB1 mutations were the most recurrent candidate trunks
and, accordingly, mutations in these genes were ubiquitously distributed between
different regions of the same tumor and between intra-hepatic metastases in 90% of

cases (Fig. 6).

Over the past decade, the landscape of molecular alterations in HCC has been
thoroughly explored. However, relatively little is known about the molecular events
driving the early stages of the disease. The study of the temporal order of molecular
alterations is of high interest in those tumor types that present multistage development.
Indeed, the characterization of the different tumor stages represents an invaluable
resource to further understand the disease. In the current study, taking advantage of the
multistep process of hepatocarcinogenesis, we have systematically applied targeted-
sequencing and SNP array to premalignant and small HCC lesions to identify trunk
gatekeeper and trunk driver alterations. A similar approach has led to the identification

of trunk alterations in lung adenocarcinoma®®. To our knowledge, this is the first time
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that the combination of temporal dissection of mutations and the study of spatial intra-
and inter-tumoral heterogeneity is used to characterize trunk alterations in liver cancer.
The characterization of the chromosomal aberrations confirmed that DNs present a very
stable genome compared to early HCC lesions with broad gains found only in 1q and 8q
and losses 8p (Fig. 6). Few previous publications have reported broad CNVs in liver
DNs?®#'. However, this is the first study using high-resolution SNP array in ~30
samples. Although these alterations cannot be considered trunk per se, we hypothesize
that they could harbor potential gatekeeper genomic hits, such as MYC (8q), PARP1
(1q) and/or MDM4 (1q). In this regard, the role of MYC in HCC malignant conversion
has been previously described 4?3, Interestingly, a recent sequencing study in multiple
HCC lesions also reported gains in chr 1q and 8q and deletions in 8qg as common trunk
events further supporting our observations®*. All together, these data suggest that
chromosomal instability might represent an early hallmark in hepatocarcinogenesis.

In terms of mutations, TERT promoter was confirmed to be the only frequent
gatekeeper mutation in DNs (10.5%) and the most frequent in SHCCs (35.5%), a finding
consistent with previous studies®'%%2®. Overall, these findings confirm the gatekeeper
role of TERT in hepatocarcinogenesis. Additionally, TP53 and CTNNB1 mutations were
frequent events in sHCCs (23% and 11.4%, respectively) with high VAFs (average
52%) (Fig. 6). Although these mutations have been previously reported in HCC, the
disease stage at which these alterations first appear remain poorly understood and they
were even suggested to be late genomic events®. Interestingly, our data suggest that
TP53 and CTNNB1 are trunk driver genes occurring in early malignant lesions.

Similarly, focal amplifications in VEGFA and MYC and homozygous-deletions in
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CDKN2A, AXIN1 and IRF2 are already present in initial tumors (~6%), suggesting a
trunk driver role. However, this observation should be further validated in more

advanced HCCs.

Although extensive intra-tumor heterogeneity has been previously reported in
HCC?*?2"% the most recurrent identified trunk alterations -TERT, TP53, CTNNB1
mutations- were shared between different regions of the same tumor and between intra-
hepatic metastases in around 90% of cases (ranging 50%-100%) (Fig. 6). Similarly,
broad CNVs in chromosomes 1 and 8 were ubiquitous events in 75%-100% in
multinodular tumors. These results support the theory of branched evolutionary tumor
growth by which early events are shared among all malignant cells within the same
tumor and between clonal lesions. Due to their ubiquitous distribution, trunk alterations
would be potentially captured with single biopsies, simplifying the problem of intra- and
inter-tumor heterogeneity®, and might represent ideal therapeutic targets as shown in
other cancer types’®. To date, FDA approved drugs for biomarker-selected populations
specifically target trunk alterations. Clear examples include EGFR and ALK
rearrangements in lung cancer ?°, BRAF in melanoma *°3'; ERBB2 in breast cancer®’.
Interestingly, these cases were sampled with single biopsies, no multisampling

approaches.

When analyzing the intra and inter-tumoral distribution of selected genes at more
advanced stages a small fraction of these events were not confirmed as trunk (15-10%

on average). This could be due to technical difficulties or could imply that in few cases
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these driver events occur at later stages of the disease and thus, might represent
branch drivers. Indeed, among all the studies assessing the presence of trunk
alterations in different tumor types, the identification of “obligatory” early events is not
frequent. The one example can be found in clear cell renal cell carcinoma, in which
mutations in the von Hippel-Lindau (VHL) gene, together with the loss of chromosome
3p, are always trunk®*. Nevertheless, further studies with more sophisticated
techniques, such as single-cell-sequencing, are required to thoroughly understand the
intra-tumoral distribution of TERT, TP53 and CTNNB1 alterations. Since our targeted-
sequencing panel was designed to interrogate driver genes mutated in >1% of patients

2526 \we can conclude that

according to previously published genome-wide studies
TERT, TP53 and CTNNB1 mutations are the most frequent trunk alterations in HCC.
Nevertheless, we cannot rule out that other genes could be trunk drivers in a small
proportion of patients. In addition, we cannot exclude that other molecular events, such

34,35

as miRNAs and aberrant methylation in driver genes®*°, could be responsible of initial

tumor onset and growth.

Our study offers a complete understanding of the genetic alterations that initiate and
drive the progression of HCC. In particular, we identified gatekeeping (broad CNVs in
chromosomes 1q, 8p and 8q, mutations in TERT promoter) and driver trunk alterations
including focal CNVs (in VEGFA, MYC, CDKN2A, AXIN1 and IRF2) and TP53 and
CTNNB1 mutations. Overall, TERT, TP53 and CTNNB1 mutations were the most
recurrent trunk alterations identified and, accordingly, showed limited intra- and inter-

tumoral heterogeneity in >80% of cases. Therefore, these early mutations could be
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1 captured with single biopsies and could represent ideal therapeutic targets in the near

2 future.
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FIGURE LEGENDS

Fig. 1. Study design. Three cohorts of samples representing the multistep process of
hepatocarcinogenesis- were collected for the study. Cohort #1 was used to identify
trunk alterations, including gatekeepers and oncogenic drivers. The spatial distribution
of trunk alterations was then assessed in different regions (center and periphery) of the
same tumor (Cohort #2) and in primary tumors and intrahepatic metastases of
multinodular HCCs (Cohort #3). Total number of samples per cohort and main clinical

features of samples in each cohort are indicated.

Fig. 2. Identification of trunk alterations in early stages of hepatocarcinogenesis.
A) Dot plot representation of the distribution of chromosome instability relative to tumor
stage. Chromosomal instability was defined by measuring the percentage of aberrant
chromosomal arms (PAA) in each patient. Middle bar indicates mean, and error bars
indicate SEM. B) Frequency of broad CNVs in dysplastic nodules (LGDN and HGDN,
left graph) and sHCCs (eHCCs and pHCCs, right graph). The bottom axis indicates the
frequency of broad gains (red bars) and losses (blue bars). Candidate gatekeepers and
drivers contained in regions are indicated.-C) Heatmap summarizing the trunk mutations
identified by deep-sequencing in DNs (blue) and trunk drivers in SHCCs (red). ns: non-
significant; **: <0.01; **: <0.001. LGDN: low-grade dysplastic nodules; HGDN: high-
grade dysplastic nodules; eHCC: early HCC; pHCC: progressed HCC; NA: small tumors

unclassified.
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Fig. 3. Intra-tumor distribution of mutations in trunk candidates. A) Mutations
identified by deep-sequencing in cohort #2 (large HCC, >4 cm) are shown in the
heatmap. Each column indicates the region (center or periphery) sequenced per tumor;
tumor regions are grouped per patient. Colors indicate the status of the mutations:
green indicates ubiquitous mutations shared between regions whereas red indicates
private mutations. B) Schematic representation of the distribution of the 5 trunk genes
characterized in cohort #2. Thick bars indicate the distribution of the sum of events for

all genes.

Fig. 4. CNV profiles confidently classify multinodular tumors in IMs and
synchronous tumors. 39 tumors from 17 HCC patients presenting with 2 or 3 non-
satellite foci HCCs were profiled for genome-wide CNV and gene expression
landscapes. A) Similarity of CNV profiles was used to classify tumors as intrahepatic
metastasis (IM) or synchronous tumors. The different clonality statuses identified in the
multinodular patients are indicated. B) Representative case of IMs (upper panel) and
synchronous tumors (lower panel) are shown. LRR and mBAF signals comparison is
here represented. C) Gene expression-based hierarchical clustering was used to
calculate genetic proximity for each tumor. Red areas indicate co-clustering of tumors
belonging to the same patient. CNV-based classification as IMs and synchronous

tumors (Sync) is indicated at the bottom.

Fig. 5. Distribution of mutations in trunk candidates in multinodular HCCs. A)

Mutations identified by deep-sequencing in cohort #3 are shown in the heatmap. Each

33



10

column indicates the tumor nodule sequenced per patient; tumor nodules are grouped
per patient. Intrahepatic-metastases (IMs) or synchronous tumors (ST) are indicated.
Colors indicate the status of the mutations: green boxes indicate ubiquitous mutations
shared between tumors whereas red boxes indicate private mutations. B)
Representation of the distribution of the characterized trunk genes included in cohort #3
(intrahepatic metastases, left panel; synchronous tumors, right panel). Thick bars

indicate the distribution of the sum of events for all genes.

Fig. 6. Graphic overview of the identified trunk alterations and their onset along

the hepatocarcinogenesis process.
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