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Titre: Origine et conséquences fonctionnelles des variant structuraux dans la
tumorigénése hépatique.

Résumé :
Le cancer du foie est tres hétérogéne, avec un large spectre d'étiologies, de

caractéristiques histologiques et de voies biologiques dérégulées. Les projets de séquengage a
grande échelle réalisés durant la derniére décennie ont révélé de nombreuses mutations driver et
des changements du nombre de copies. Cependant, le role des variant structuraux (VS) dans la
tumorigénése du foie est encore mal compris.

Au cours de mon projet de doctorat, j'ai développé des approches informatiques
innovantes intégrant des données de séquencage du génome entier et de I'ARN pour identifier de
nouveaux variant structuraux dans les cancers du foie. J'ai mis au jour des fusions récurrentes
impliquant des oncogénes ROS1 et FRK, conduisant a une activation constitutive de la voie
JAK/STAT et au développement d'adénomes hépatocellulaires inflammatoires (AHC). J'ai
également décrit un mécanisme oncogene original impliquant la perte d'éléments régulateurs
post-transcriptionnels, conduisant a une surexpression massive d’/L6 dans un cas clinique d'AHC
inflammatoire associé a l'amylose. Enfin, j'ai identifié les VS driver affectant les éléments
régulateurs dans les carcinomes hépatocellulaires (CHC), y compris les événements d’enhancer
hijacking activant les oncogénes CCNE1 ou TERT.

Afin de mieux comprendre l'origine des VS, j'ai mis en place un cadre d'analyse de
signature prenant en compte la nature et la taille des variation structuraux identifiées dans
chaque tumeur. Cette approche m'a permis de mettre en évidence les sous-groupes de HCC
présentant des signatures de VS particuliéres. En particulier, j'ai découvert un nouveau sous-
groupe de CHC clinique-moléculaire qui est caractérisé par l'activation de CCNA2 ou CCNE1 par
des mécanismes drivers. Ces tumeurs (CCN-HCC) représentent 7% des carcinomes
hépatocellulaire et présentent une signature spécifique de réarrangements (signature RS1) liés
au stress réplicatif, avec des centaines de duplications focales et des « Template Insertion Cycles ».
Les CCN-HCC sont des tumeurs agressives mais peuvent étre ciblées par des inhibiteurs de la
réponse ATR au stress réplicatif.

Dans l'ensemble, ces travaux contribuent 3 affiner la caractérisation moléculaire des
tumeurs hépatiques bénignes et malignes en révélant de nouveaux génes drivers et mécanismes
moléculaires. Ces résultats ont des implications cliniques, car la définition de sous-groupes

homogenes de cancers est essentielle pour développer des thérapies efficaces et adaptées.

Mots clefs :
Adénome hépatocellulaire, Carcinome hépatocellulaire, Séquencage génome complet, Variant
Structuraux, Genes drivers, Signature de réarrangements



Title: Origin and functional consequences of structural variations in liver tumorigenesis.

Abstract:
Liver cancers are extremely heterogeneous, with a wide spectrum of etiologies, histological

characteristics and deregulated biological pathways. Large-scale sequencing projects in the last
decade revealed numerous driver mutations and copy-number changes. However, the role of
structural variations (SVs) in liver tumorigenesis is still poorly understood.

During my PhD project, [ developed innovative computational approaches integrating whole
genome and RNA sequencing data to identify new driver SVs in liver cancers. I unraveled
recurrent fusions involving ROS1 and FRK oncogenes, leading to a constitutive activation of the
JAK/STAT pathway and to the development of inflammatory hepatocellular adenomas (HCA). I
also described an original oncogenic mechanism involving the loss of post-transcriptional
regulatory elements leading to a massive overexpression of IL6 in a clinical case of inflammatory
HCA associated with amyloidosis. Finally, I identified driver SVs affecting regulatory elements in
hepatocellular carcinomas (HCC), including enhancer hijacking events activating CCNE1 or TERT
oncogenes.

To better understand the origin of SVs, I implemented a signature analysis framework
considering the nature and size of SVs identified in each tumor. This approach allowed me to
highlight HCC subgroups with particular SV signatures. In particular, I discovered a new clinico-
molecular HCC subgroup driven by the activation of CCNA2 or CCNE1 by various mechanisms.
These tumors (CCN-HCC) represent 7% of HCC and display a specific pattern of rearrangements
(signature RS1) related to replication stress, with hundreds of focal duplications and templated
insertion cycles. CCN-HCC are aggressive tumors but may be targetable by inhibitors of ATR
response to replication stress.

Altogether, this work helps to refine the molecular characterization of both benign and
malignant liver tumor by revealing new driver genes and molecular mechanisms. Those findings
have clinical implications, as the definition of homogeneous cancer subgroups is essential to

develop efficient tailored therapies.

Keywords:
Hepatocellular Adenoma, Hepatocellular Carcinoma, WGS, Structural Variations, Driver genes,
Rearrangement Signature
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AAV?2 Adeno-associated Virus Type 2

ATR Ataxia Telangiectasia and Rad3-related
BCLC Barcelona Clinic Liver Cancer

bex3HCA Betacatenin exon 3 HCA
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HBV Hepatitis B virus
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HCV Hepatitis C virus

HHCA HNF1A activated HCA
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HPV Human Papilloma Virus

HR Homologous recombination

ICGC International Cancer Genome Consortium
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LICA-FR Liver Cancer - FR
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LINC-JP Liver Cancer - NCC, JP

LIRI-JP Liver Cancer - RIKEN, JP

MCC Merkel Cell Carcinoma

MCPyV Merkel Cell Polyomavirus
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mRNA messenger RNA




NAFLD Non-Alcoholic Fatty Liver Disease
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NGS Next Generation Sequencing
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PCAWG Pan-cancer Analysis of Whole Genomes
PD-1 Programmed cell death-1

PDGFR Platelet-derived growth factor receptor
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gPCR quantitative Polymerase Chain Reaction
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RNA-Seq RNA Sequencing

ROS Reactive Oxygen Species

RS Rearrangement Signature

SAA Serum Amyloid A

SBS Single Base Substitution signature
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SH3 Src Homology 3
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SMC Structural Maintenance of Chromosomes
SNVs Single Nucleotide Variations

SVs Structural Variations

TACE Trans-Arterial ChemoEmbolization
TADs Topologically Associated Domains
TCGA The Cancer Genome Atlas
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TSG Tumor Suppressor Gene
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I INTRODUCTION

1. Cancer is a disease of the genome

Cancer is the second leading cause of death worldwide after cardiovascular
diseases and correspond to a major public health concern, with 9.6 million deaths from
cancer worldwide in 2018 (Ferlay et al, 2019). First description of cancer was written
approximately 2600BC, found in the Edwin Smith Papyrus, where Egyptian physician
Imhotep describes breast cancer as a “bulging mass in the breast” that was resistant to
any known treatment available at that time (Mukherjee, 2010). Medicine development
during modern era led in the 17th and 18t centuries to various observations that directed
strong links between chemical exposures and cancer development. Of note, in 1777,
Percival Pott from London described an enrichment of scrotal cancers in chimney sweeps,
which was caused by soot that was collected in the skin folds of the scrotum (Brown and
Thornton, 1957). However, our understanding of cancer at the cellular and molecular
level was initiated by its first scientific description using modern microscopes (Lin, 1983).
Then, in the early 20t century, David Von Hansemann and Theodor Boveri’s work led
suggested that all cancers arise from a single cell undergoing genetic alterations that lead
to abnormal behavior and uncontrolled cell division (Boveri, 1914). In the 1950’s, Watson
and Crick’s findings on the double helix structure of DNA drastically accelerated genome
comprehension (Watson and Crick, 1953). Three key studies paved the way for modern
cancer genomics, as they described for the first time that cancers originate from somatic
alterations in the human genome:

- In 1973, the Philadelphia chromosome (translocation between chromosomes 9
and 22) in chronic myeloid leukemia was the first identified genomic alteration
related to cancer (Rowley, 1973).

- Ten years later, a single nucleotide base substitution (G>T) in the HRAS gene was
shown to induce neoplastic cell transformation (Reddy et al., 1982).

- Another study showed the requirement of src gene in Rous sarcoma virus to form

neoplasm into chicken cells (Bishop, 1983).
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Cancer cases dramatically increased in recent decades; in 2018 there were 18.1
million cases and 9.6 million deaths reported worldwide (Ferlay et al., 2019), justifying
the global research effort invested every year. The identification of molecular alterations
at the origin of cancer has led to the development of effective targeted treatments in some
specific tumor types. However, molecular studies revealed tremendous inter- and intra-
organ heterogeneity. An exhaustive characterization of cancer subtypes and the
molecular mechanisms driving them is essential for the development of effective

treatments and diagnosis tools.

1.1. Hallmarks of cancer
The year 2000 marked the first sketch of important cellular capabilities fostering
cancer development (Hanahan and Weinberg, 2000). This study highlighted six essential
alterations in cell physiology that collectively dictate malignant growth (Figure 1):

Sustaining proliferative
signaling

Resisting Evading growth
cell death sSuppressors

Inducing Activating invasion
angiogenesis and metastasis

Enabling replicative
immortality

Figure 1: Representation of six functional capabilities acquired by most if not all cancers during their development.
Those biological features can be acquired through various mechanisms (Hanahan and Weinberg, 2000).

self-sufficiency in proliferative signaling;

- insensitivity to growth suppressors (antigrowth) signals;
- evasion of programmed cell death (i.e.: apoptosis);

- limitless replicative potential;

- sustained angiogenesis;

- tissue invasion and metastasis.
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Some capabilities are required from the first steps of tumor growth, including self-
sufficiency in proliferative signaling, insensitivity to growth suppressor signals, evading
apoptosis and a limitless replicative potential. Other, like angiogenesis and metastasis
potential, become necessary as the tumor develops. Additional knowledge gained from
genomic and functional studies led Hanahan and Weinberg to update their landscape of
tumor cell capabilities with two additional hallmarks (Hanahan and Weinberg, 2011).
Firstly, tumor cells have the capability to modify or reprogram cell metabolism to
accelerate neoplastic proliferation. Secondly, cancer cells are able to evade immunological
destruction, in particular from T and B-lymphocytes, macrophages and NK-cells. In this
update, authors also described two additional “enabling characteristics” of cancer cells
that facilitate the acquisition of the hallmarks: genomic instability that accelerates the
acquisition of driver events, and inflammation that contributes multiple hallmarks by
supplying growth factors, pro-angiogenic factors, and extracellular matrix-modifying
enzymes to the tumor microenvironment, sustaining proliferation, angiogenesis,

invasion, and metastasis (Hanahan and Weinberg, 2011).

The alteration of functional capabilities mentioned above results from genomic
alterations that can be inherited from parent genetic material or accumulated along cell
divisions due to intrinsic mutational processes or environmental exposures. However, not
all genomic alterations contribute to malignant transformation or cancer progression.
Genomic alterations that provide a selective growth advantage and contribute to cancer
development are called “driver” mutations; those that do not are termed “passenger”
mutations (Stratton, Campbell and Futreal, 2009). Thus, the accumulation of driver events
leads to more and more aggressive tumor cells. In some cases, disruption of DNA repair
pathways can induce mutator phenotypes, accelerating the acquisition of additional

drivers (Figure 2).
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... Chemotherapy-
Early clonal Benign Early invasive Late invasive
Fertilized egg Gestation Infancy Childhood  Adulthood expansion Hmour cancer Cancer rézilrsrtea:wncte
N N N N
Intrinsic ¢ g

mutation processes Environmental

and lifestyle exposures

o P - Mutator
assenger mutation
phenotype Chemotherapy
Y¢ Driver mutation
Chemotherapy
resistance mutation 1-10 or more
> driver mutations
10s-1,000s of mitoses 10s~100s of mitoses 10s-100,000 or more
depending on the organ depending on the cancer passenger mutations

Figure 2: Model of somatic mutation accumulation in a cell lineage, contributing to cancer progression, through
intrinsic mutational processed and environmental exposures. Those alterations are selected by giving cell a
selective advantage, leading to clonal expansion cancer development. (Stratton, Campbell and Futreal, 2009)

The age distribution of cancer mortality rates let the statisticians Armitage and Doll to
predict that 5 to 8 driver events were necessary for cancer development (Armitage and
Doll, 1954). In agreement with this prediction, the Pan-Cancer Whole Genome (PCAWG)
analysis from the International Cancer Genome Consortium (ICGC) recently
demonstrated that cancer genomes harbor on average 4-5 driver mutations (Campbell et
al., 2020). Finding these drivers is like looking for a needle in a haystack as thousands of
passenger mutation accumulate from the zygote to the final tumor cell. Genes that have
been identified as drivers in at least one cancer type are described as cancer genes and
are categorized as oncogenes or tumor suppressor genes (TSG). Oncogenes are activated
by mechanisms increasing their expression (e.g. chromosome amplifications) or missense
mutations at specific hotspot regions increasing the activity of the protein. Tumor
suppressors are inactivated by chromosome rearrangements (e.g. deletions), inactivating
missense mutations or nonsense/frameshift mutations dispersed across the gene (Kern
etal., 2006; Winter, Brody and Kern, 2006). Thus, cancer is a disease rooted in our genes,
triggered by specific alterations in DNA, changing the biological equilibrium of a single
cell and leading to clonal expansion. Recent evolution in sequencing technology lead to a
discipline known as cancer genomics, aiming at unraveling genomic alterations to better

understand cancer and develop more efficient treatments.
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1.2. Next-generation sequencing of cancer genomes

Pioneer works by Frederik Sanger on the development of the first generation of
automated DNA sequencers (Sanger sequencing) and further technological
improvements allowed the Human Genome Project to produce the first draft of the human
genome in early 21th century (Craig Venter et al., 2001; Lander et al,, 2001). This project
paved the way for modern high throughput sequencing method, termed Next Generation
Sequencing (NGS). Three methods are extensively used in cancer genomics: whole exome,
whole genome and RNA sequencing (Figure 3).

Whole exome sequencing (WES) involves the capture and sequencing of the coding
regions (around 1%) of the genome and is massively used to identify coding cancer driver
mutations. Two main protocols can be used for the capture step:

- Inamplicon-based capture, hybridization probes are designed based on sequences
of annotated exons available in transcriptome libraries, such as Ensembl
(Cunningham et al, 2019), and fixed to a microarray. After extracting and
fragmenting the hybridized DNA, sequencing adapters are attached to the double-
stranded DNA fragment in order to produce short sequences, which correspond to
both ends of the fragment.

- In-solution hybridization capture methods involve fragmenting double-stranded
DNA and ligating adapters to those fragments. Then, target sequences are labeled
using a pool of custom oligonucleotides designed to capture annotated exons, as in
previous method. Those oligonucleotides are labeled with beads, allowing the
separation of sequences of interest.

Finally sequencing step will produce short-read reads covering the exons of the genome.

Exponential decrease of sequencing costs allowed the democratization of whole
genome sequencing (WGS) in cancer genomics. The protocol consists in extracting and
fragmenting DNA of a tissue. Then, adapters are added to each end of the fragments and
the DNA library is sequenced. Contrary to WES, that only allows the analysis of exonic
mutations and copy-number alterations, WGS reveals mutations and structural variations
in non-coding RNA genes and regulatory regions (enhancers, transcription-factor binding

sites, insulators) that can profoundly alter the expression of cancer genes.
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Predominant applications:
- Structural variants

- Point mutations

- Copy numer alterations

Price high: 3,000€ T/NT pair

Predominant applications:
- Point mutations
- Copy numer alterations

Price low: 1,000€ T/NT pair

Predominant applications:
- Gene expression

- Gene fusions

- Splice variant

Price low: 500€ per sample
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Figure 3: Next Generation Sequencing in cancer genomics. A: Scheme representing the material sequenced in WGS, WES and RNAseq. WGS
gives access to the whole genome but is the most expensive technique. WES is a cheaper alternative, but only targets the coding part of the
genome. Finally, RNAseq purpose is to sequence the transcriptome, giving a different information that can be integrated with genomic data
to identify functional alterations. B: The 3 above-mentioned methods, additionally with innovative implementation of epigenetics
sequencing (ChIP-Seq, HI-C, Bisulfite-Seq) must be integrated to identify genomic/epigenetic alterations and their functional consequences
to better characterize cancer deregulations and foster the development of tailored therapies. (Liu et al, 2013).
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The 3rd method, RNA sequencing (RNAseq), gives access to the transcriptome. Two
protocols exist for RNAseq. The first protocol involves isolating RNA using a
deoxyriboluclease (DNase) and sequencing the whole RNA material in a sample. The
second method consists in capturing messenger RNAs with 3’polyadeylated (poly(A)) tail
by mixing RNA with polyT oligomers covalently attached to magnetic beads. Then, RNA
material from both methods can be converted into double-stranded cDNA fragments and
sequenced using classical NGS workflow. This method is complementary with WGS and
WES as it gives access to gene expression changes and abnormal transcripts such as fusion

genes and alternative splicing events.

Besides the information provided by each NGS technology, integration of WGS with
RNAseq is a powerful way to reveal driver events affecting the expression of genes or
transcript structure. For example, mutations in gene promoters can both increase or
decrease the expression level of genes, by changing the affinity of cis regulatory elements
(Nault and Zucman-Rossi, 2016). Splice site mutations can alter the splicing process of the

pre mRNA and modify the structure of the mRNA.

Finally, recent development of alternative sequencing approaches expands the
possibilities of cancer genomics. These sequencing technologies allow identifying
epigenetic alterations, corresponding to modifications in the genome structure or
regulation, without direct alteration of the sequence. Recent studies have exploited those
types of data to better understand the causes and consequences of cancer driver
alterations:

- ChipSeq (chromatin immunoprecipitation coupled with sequencing) consists in
sequencing the DNA regions bound by a specific protein. This method allows
identification of transcription factor binding sites, histone modifications and more
(Raha, Hong and Snyder, 2010). This method is largely used to understand
epigenetic deregulations, at the origin of driver gene expression changes that could
cause tumorigenesis (Bender et al., 2013)

- Hi-C (chromatin conformation capture) data provide contact probabilities
between genomic regions at high resolution. This information is fundamental to
understand some alterations activating distant region of the genome by changing

genome 3D conformation (Lieberman-Aiden et al., 2009).
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RepliSeq data give a high resolution view of replication timing along the genome,
using a differential marking of nascent DNA during replication (Hansen et al,
2010). Replication timing is indeed known to influence spatial organization of the
genome, and thus shape the mutational landscapes of cancer genomes (De and

Michor, 2011).

1.3. Unraveling driver events

Computational analysis of NGS data involves two main steps to unravel the driver

events leading to tumorigenesis:

First, the identification of somatic alterations in each tumor by comparing
sequencing data of tumors versus its paired healthy tissue or a pool of non-tumor
data.

Second, the identification of functional events, supported by either a significant
recurrence or a functional proof that the alteration of a gene favors tumor

development.

1.3.1. Identifying somatic alterations

Once the raw sequencing data has been aligned to a human genome reference with

algorithms like BWA mem (Li et al., 2009), various tools are applied to unravel different

types of somatic alterations:

Somatic mutations can be called using algorithms that identify mismatches
between aligned reads and the reference genome and compare the distribution of
variant reads between the tumor and matched normal sample. The main challenge
is to distinguish real variants from sequencing errors. Tumor heterogeneity and
contamination of clinical samples with normal cells makes this task challenging.
MuTect2, developed by the Broad Institute, is one of the most popular algorithm
to identify somatic point mutations and small insertions and deletions (indels)
(Benjamin et al, 2019). It uses two Bayesian classifiers: the first one detects
whether the tumor is non-reference at a given genomic position and, for those sites
that are found as non-reference, the second classifier makes sure the non-tumor

sample does not carry this specific variant. Post-filtering steps are also included to
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remove recurrent artifact mutations like variants found in a panel of non-tumor

samples or occurring in a region with many clustered variants (Figure 4).
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Figure 4: Reads of sequencing generated from tumor and non-tumor sample are differentially aligned to the reference genome. After initial
calling of variant by the Bayesian classifier, post filtering is used to remove first recurrent artefactual results, but also putative somatic
mutations that are compared to a panel of normal samples to remove residual false-positives, caused by rare errors (Cibulskis et al,. 2013).

- Copy-number alterations (CNA) analysis is based on the depth of sequencing. The
genome is split in equal-size regions, and the median coverage in the tumor and
non-tumor sample (WGS or WES) is calculated in each window. The log-ratio of

tumor versus non-tumor depth is calculated for each bin i :

Depthr;
Depthyr,

LRR; = log, <
LRR can then be processed by simple segmentation algorithm, that compare the
LRR points distribution along the chromosomes and extract segments with a
similar LRR distribution. Then amplifications, gains, deletions and homozygous
deletions can be estimated genome wide. Additionally some methods, such as the
Genome Alteration Print (Popova et al., 2009), were developed to exploit both LRR
changes and allelic imbalance at germline polymorphisms (B Allele Frequency,
BAF). In other words, BAF is the normalized proportion of arbitrary established
allele B in a two allele mixture (Figure 5). This information can be very useful in
case of copy-neutral loss of heterozygosity (cn-LOH), where a parental allele is lost

and the other duplicated, that can foster tumorigenesis for example by

deregulating imprinted regions (0’Keefe, McDevitt and Maciejewski, 2010).
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Figure 5: CCND1 amplification identified in an HCC sample by WGS. Top: estimated absolute copy number. Red line

corresponds to the total number of copy at each position, while the blue correspond to the minority allele. Middle, log-ratio

1.4e+08

estimated from tumor and non-tumor sequencing coverage. Bottom: B Allele Frequency (BAF). Blue dots represent the fraction
of major allele while red dots represent the minor allele fraction. This track allows to identify copy neutral LOH, when a
parental allele is removed and replaced by the other parental allele. This can lead to deregulation of parentally imprinted loci.

Finally, Structural Variations (SVs) are more and more described to be involved in
cancer development. Manta (Chen et al., 2016) is a tool developed by Illumina for
SV calling, that operates in two phases: first a graph of all distant junction of the
genome is built where edges represent putative somatic abnormal junction
between 2 distant genomic regions. In this step, the entire reads mapped on the
genome are scanned to fine evidence of i) multi-mapped individual reads, ii) mate-
reads aligned on two distant regions, supporting a long range association or iii)
reads whose mate is not mapped at all (Figure 6A-B). In the second step, Manta
analyses these individual graph edges and groups highly connected edges to
unravel and score SVs of high confidence (Figure 6C). Robust identification of SV
somatic events can be more challenging than detection of SNVs. Indeed, recent
benchmark of somatic variant callers by the ICGC consortium showed that the
sensitivity of identification is way lower for SVs than for SNVs on simulated data
(Alioto et al., 2015). This results in an under-representation of SVs among driver

alterations in cancer (Huddleston and Eichler, 2016; Audano et al., 2019).
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1.3.2. Recurrence and genomic covariates

Using the abovementioned methods, we can obtain the catalogue of somatic
alterations in a series of tumors. The next step is to discriminate driver from passenger
alterations. The most widely used approach is to look for significantly recurrent events,
as drivers should be selected in multiple tumors whereas passengers occur by chance and
should be different across tumors. Several studies, from the lab and others, have used this
approach to define the landscape of driver genes in liver cancers from recurrent
mutations and focal CNAs (Schulze, Imbeaud, Letouzé, et al., 2015; Fujimoto et al., 2016).

Importantly, several genomic covariates impact the mutation rate along the genome
such as chromatin organization, DNA accessibility, local base composition, gene
expression and DNA replication timing (Lawrence et al, 2013; Polak et al, 2014;
Morganella et al., 2016; Glodzik et al., 2017). Key genomics covariates are detailed below:

- Chromatin accessibility. Chromatin is the complex of DNA and proteins
corresponding to chromosomes. Nucleosomes are the protein complexes that
regulate the 3D architecture of chromatin, in order to maintain cell phenotype
(Woodcock and Ghosh, 2010; Gibcus and Dekker, 2013). Nucleosomes are

involved in differential DNA packaging, by maintaining two different chromatin
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states: relaxed (euchromatin) and condensed (heterochromatin). These
differential 3D states have a key role in gene regulation, as open chromatin is
required for active gene expression. Besides regulation, 3D conformation also has
an impact on mutation rate. Indeed, heterochromatin and repressive histone
marks like H3K9me3 are associated with elevated mutation rates, whereas
euchromatin and active marks like H3K27ac have lower mutation rates (Schuster-
Bockler and Lehner, 2012; Polak et al,, 2014, 2015) (Figure 7A). This may be due

to restricted activity of DNA repair enzymes to dense chromatin regions.

Replication. DNA replication processes segments of ~400-800kb in a specific
order during the S phase of the cell cycle. Thus, the genome of a specific cell type
can be divided into early and late replication domains. Late-replicating regions are
known to have higher mutation rates (Lawrence et al, 2013; Sima and Gilbert,
2014) (Figure 7B). This change in mutation rate was shown to be a consequence
of mutations occurring after the inactivation of the DNA mismatch repair (MMR)
mechanism in late replicated regions (Chen et al.,, 2010; Supek and Lehner, 2015).
Moreover, some SVs tends to be enriched in late replicated regions, congaing
Common Fragile Sites (CFS) (Glover, Wilson and Arlt, 2017; Gémez-Gonzalez and
Aguilera, 2019), while some SVs such as duplications are shown to be enriched in

early replicated regions (Li et al., 2020).

Transcription. Mutation rate is inversely correlated with gene expression level
(Lawrence et al., 2013) (Figure 7C). The transcription-coupled nucleotide excision
repair (TC-NER) can efficiently remove mutations occurring on the transcribed
strand. This mechanism reduces the overall mutation burden in expressed genes
and results in a mutational asymmetry between the two DNA strands aptly known
as transcriptional strand bias (Haradhvala et al, 2016). Finally, a strong
enrichment of mutations at transcription factor binding sites was demonstrated in
cell lines, as a consequence of decreased nucleotide excision repair (NER) activity

(Sabarinathan et al., 2016) (Figure 7D).
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Interestingly, recent studies have shown that different mutational processes can have

different interactions with genomic covariates (Morganella et al,, 2016). For example,

mutational processes related to bulky DNA adducts (tobacco, aflatoxin B1) are strongly

repressed in highly expressed genes due to the removal of adducts by TC-NER, whereas a

mutational signature related to alcohol consumption is activated in the same regions

significant increase in mutational rate

(Letouzé et al, 2017).
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(Sabarinathan et al, 2016).

Those genomic covariates can bias the analysis of mutation recurrence by generating

hotspots due to high local mutability rather than functional selection of alterations. Tools

like MutSigSV (Lawrence et al., 2013), developed by the Broad institute, take into account
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the abovementioned parameters and the background distribution of mutations in the
tumor series to identify significantly recurrent mutations while controlling for genomic
covariates. Similarly, a regression approach taking into account various (epi)genomic
features was recently proposed to identify significantly recurrent SVs not explained by
local genomic context in breast cancer genomes (Glodzik et al., 2017). Other methods have
been developed to identify recurrent CNAs, like GISTIC2.0 (Mermel et al., 2011) that takes
into account both the frequency and amplitude of CNAs to define hotspots of gains and

deletions.

1.4. The Pan Cancer Atlas of driver alterations
In the last decade, many sequencing projects were conducted by individual
laboratories or international consortia like TCGA (The Cancer Genome Atlas;
https://www.cancer.gov/tcga) and ICGC (International Cancer Genome Consortium;
https://icgc.org/), producing WES, WGS and/or RNAseq data from thousands of tumors
spanning most cancer types. This scientific effort allowed to establish the landscape of

driver genes involved in each cancer.

1.4.1. Cancer Gene Census
The Cancer Gene Census (CGC) is an ongoing effort to catalogue those genes, which
contain mutations causally implicated in cancer. Regularly updated by the COSMIC
(Sondka et al, 2018) literature curation team, 719 cancer-driving genes are now
described with a variety of alteration mechanisms across all human cancer types. This
pan-cancer list of driver genes is a useful resource to annotate new data with known
drivers. However, it is important to keep in mind that rare alterations remain to be

identified, especially in rare tumor entities.

1.4.2. PCAWG (Pan Cancer Analysis of Whole Genomes)

The most comprehensive pan-cancer genome analysis to date is probably the ICGC-
PCAWG (https://dcc.icgc.org/pcawg) published in Nature in early 2020. The PCAWG
consortium analyzed whole genome sequences from 2,600 primary cancers and their
matching normal tissues across 38 distinct tumor types (Campbell et al.,, 2020), to define
an exhaustive landscape of driver genes and reconstruct the natural history of cancers.

Across the PCAWG tumors, 43,778,859 somatic SNVs, 2,418,247 somatic indels and

288,416 somatic SVs were identified and used to define an integrated set of driver events.
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91% of tumors had at least one identified driver mutation, with an average of 4.6 drivers
per tumor and 2.6 coding driver mutations per tumor, consistent with previous TCGA
publication (Martincorena et al., 2017). 25% of PCAWG tumors harbored at least one
putative non-coding driver mutation, with 1/3 of them affecting TERT promoter (9% of
PCAWG tumors). This underlines the benefit of WGS over WES to define the exhaustive
set of driver events in a tumor genome (Figure 8A). This work also confirmed that many
driver mutations affecting TSG are two-hit inactivation events: on the 954 tumors in the
cohort with driver mutations in TP53, 736 (77%) had both alleles mutated, 96% of which
(707 out of 736) combined a somatic point mutation that affected one allele with somatic

deletion of the other allele (Figure 8C).
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Figure 8: Landscape of PCAWG pan-cancer driver analysis (Campbell et al, 2020). A: The circos plot represents putative driver
mutations identified in the PCAWG project. Each colored sector represents a tumor type. From the periphery to the center of the plot
the concentric rings represent: (1) the total number of driver alterations; (2) the presence of whole-genome (WG) duplication; (3) the
tumor type; (4) the number of driver CNAs (SCNA); (5) the number of driver genomic rearrangements (SGR); (6) driver coding point
mutations; (7) driver non-coding point mutations; and (8) pathogenic germline variants. On the bottom, bar plot (left) represents the
proportion of patients with different types of drivers. The dot plot (right) represents the mean number of each type of driver mutation
across tumor cohort with at least one event (the square dot) and the standard deviation (grey whiskers), based on n = 2,583 patients.
B, Driver genes targeted by different types of mutations in the cohort. Both germline and somatic variants are included. Left, the
heatmap shows the recurrence of alterations across cancer types. The color indicates the proportion of mutated tumors and the
number indicates the absolute count of mutated tumors. Right, the proportion of each type of alteration that affects each gene. C:
Tumor-suppressor genes with biallelic inactivation in 10 or more patients. The values included under the gene labels represent the
proportions of patients who have biallelic mutations in the gene out of all patients with a somatic mutation in that gene.
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PCAWG efforts led to a complete landscape of driver alteration associated to each

cancer type, with more than 90% of PCAWG cases with at least one identified driver.

However, in 181 tumors no driver alteration was identified. This can be due to either low

quality or contaminated samples but also statistical power limitation associated with

cohort size, leading to failures in the bioinformatic algorithms to identify new driver

genes (Campbell et al,, 2020). Notably, structural variations in non-coding regions are

more and more shown to be involved in tumorigenesis and there is evidences that this

type of alteration is under-represented among driver alteration of cancer (Huddleston

and Eichler, 2016; Audano et al., 2019).

2. Functional consequences and molecular origin of SVs

2.1. Functional impact of structural variants

Structural Variations (SV) represent all the rearrangements of chromosome structure

and include 4 fundamental types: deletions, duplications, inversions and translocations

(Figure 9).
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SVs can induce copy-number changes that alter the expression of target genes. Besides,
they induce abnormal junctions between distant regions of the genome. Those junctions
can have functional consequences by i) joining exons of two different genes, producing a
chimeric transcript with a tumorigenic potential (Hutchinson et al., 2013), ii) altering the
gene structure and induce loss of negative regulatory regions (Mudduluru et al, 2011),
iii) placing the gene under the influence of a strong enhancer, called enhancer hijacking
(Northcott et al, 2014), and iv) placing the gene in a region of open chromatin and more
accessible to transcription factors (Weischenfeldt et al., 2017).
2.1.1. Copy-number alterations

CNAs include gains, amplifications (focal regions with a high number of extra
copies), heterozygous and homozygous deletions of chromosome regions. Last decade,
WES was extensively used to identify driver CNAs and revealed deletion hotspots
involving many tumor suppressor genes (CDKNZA, PTEN or RB1...). In contrast, hotspots
of genomic amplification contribute to the overexpression of oncogenes (CCND1/FGF19,
MYC, CCNE1...). A recent pan-cancer study established that 70 genes are recurrently
amplified and 70 genes are recurrently deleted across all their pan-cancer cohort
including almost 5,000 tumors from 11 cancer-types (Zhang et al, 2018). However, WES
does not allow to define the mechanisms at the origin of CNAs, as the abnormal junction
are usually located outside coding regions covered by this approach. Thus, WGS and

RNAseq are necessary to identify other types of driver SVs.

2.1.2. Gene fusions

Gene fusions occur when a structural rearrangement brings together the 5 and 3’
ends of two different genes. Philadelphia chromosome, discovered in 1960, induces the
BCR-ABL1 fusion in myeloid leukemia. This fusion leads to a constitutively active tyrosine
kinase domain, inducing downstream activation of PI3K and MAPK pathways (Cilloni and
Saglio, 2012; Hantschel, 2012; Sinclair, Latif and Holyoake, 2013). Since this early
discovery, many oncogenic fusions have been identified. For example, a frequent
translocation between chromosomes 11 and 22 creates the EWSRI-FLI1 fusion,
characteristic of Ewing sarcoma. This fusion combines the 5’ transcriptional activation
domain of EWSR1 with the 3’ ETS DNA-binding domain of FLI1 to yield a potent oncogene
through transcription factor activation (Delattre et al., 1992, 1994). Some fusions are
cancer specific, like the PRKACA-DNAJB1 fusion specific of fibrolamellar carcinomas that

is used to differentiate this specific cancer type from other liver tumors (Honeyman et al.,
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2014; Dinh et al, 2017). On the contrary some fusions are seen in a large variety of
cancers, like the FGFR3-TACC3 in-frame activating kinase fusion found in glioblastomas,
lung adenocacrinomas and gliomas (Singh et al., 2012; Collisson et al., 2014; Lasorella,
Sanson and lavarone, 2017). Some studies used public RNAseq data from thousands of
tumor samples to perform pan-cancer analyses of fusions and develop comprehensive
databases such as ChimerDB (Lee et al,, 2017; Jang et al., 2020). The TCGA consortium
analyzed gene fusions in almost 10,000 tumors from 33 cancer types. They concluded that
fusions frequently involve a kinase domain and drive tumorigenesis in 16.5% of cancer
cases. Importantly, 1% of cancer cases are characterized by a single gene fusion as driver
event fueling tumorigenesis (Gao et al, 2018) (Figure 10). Gene fusions are thus
interesting targets for precision medicine, exemplified by the success of inhibitors
targeting the kinase activity of RET, ROS1 and ALK fusions in lung cancer (Takeuchi et al,,
2012; Kohno et al., 2015).
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2.1.3. Enhancer Hijacking
Structural variations can also alter the regulatory regions and thus the
transcription of cancer genes. Direct alteration of cis-regulatory regions was extensively
studied. In hepatocellular carcinomas (HCC), TERT promoter mutation is required as an
early event to trigger TERT expression and activate the telomere maintenance pathway
(Nault et al., 2013). Apart from TERT promoter, WGS studies revealed few non-coding

driver mutations, but more frequent examples of SVs altering the regulatory regions of
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Figure 10: Frequency of gene fusions in 29 cancer types. The dot plot shows the frequency of recurrent fusions found in each cancer type.
The most recurrent fusion in each cancer type is labeled. Cancer types without recurrent fusions are not shown. (Gao et al, 2018).
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driver genes (Fredriksson et al., 2014; Weinhold et al, 2014; Rheinbay et al., 2020). A
well-known mechanism named “enhancer hijacking” corresponds to the displacement of
a strong enhancer upstream an oncogene. Enhancer hijacking was first described in
medulloblastma (Northcott et al, 2014). In this work, the authors identified a cluster of
SVs leading to the juxtaposition of GFI1B and GFI1 to local or distal DNA elements. Using
ChIPseq, they confirmed the presence of enhancer chromatin marks in this region, with
peaks of H3K27ac and H3K9ac immediately adjacent to the SV breakpoints, leading to the
activation of GFI1B or GFI1 (Figure 11).
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Figure 11: Mechanisms of SV leading to enhancer hijacking observed in GF11/GFI11B-activated medulloblastomas.
Activation of GFI1 and GFI1B are respectively induced by intra (left) and inter-chromosomal (right) rearrangements.
Both oncogenes can cooperate with MYC to promote medulloblastoma pathogenesis. (Northcott et al., 2014)

A related mechanism, called promoter hijacking, was recently descried in the lab in a
subgroup of hepatocellular adenomas. In these tumors, a focal deletion juxtaposes the
promoter and exon 1 of the highly expressed INHBE gene upstream the GLI1 oncogene.
This promoter hijacking induces a massive over-expression of GLI1 and the development

of adenomas activating sonic hedgehog pathway (shHCA)(Nault et al,, 2017).
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2.1.4. Local alteration of the 3D architecture

Eukaryotic genome has a highly organized three-dimensional (3D) structure, with

an important role in gene regulation. Different levels of organization were described,

using methods like HI-C (Lieberman-Aiden et al.,, 2009) (Figure 12):

Nuclear center versus periphery. This first level of organization involves two
distinct nuclear compartments. Expressed genes tend to be located in
euchromatin, in the nuclear center, while repressed genes are located in
heterochromatic regions, at the periphery of the nucleus (Bickmore, 2013).
Chromosomes territories. Chromosomes occupy distinct sub-nuclear territories,
with transcriptionally active loci located at the surface of those structures (Cremer
and Cremer, 2001, 2010) (Figure 12A).

Compartments A and B. Chromosomes segregate into regions corresponding to
long-range interactions, forming two distinct compartments names “A” and “B”.
The A compartments are characterized by active chromatin, enriched in highly
expressed genes, whereas “B” compartment correspond to inactive chromatin,
enriched in repressed genes (Lieberman-Aiden et al, 2009). Thus A and B
compartments are tens to hundreds of kilo-bases regions, characterized by intra-
domain interactions but a lack of inter-domain interaction. These intra-domains
contacts are commonly named Topologically Associated Domains (Nora et al,
2012) (Figure 12A).

Topologically Associated Domains (TADs). In mammals, TADs are strongly
conserved features bordered by protein complexes composed of the CCCTC-
binding factor (CTCF) and the structural maintenance of chromosomes (SMC)
cohesin complex (Dixon et al., 2012). CTCF and cohesion protein complexes also
define intra-TAD chromatin loops. These shorter length structures enable more
subtle regulatory control of enhancer-promoter interactions (Matthews and

Waxman, 2018).
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Genomic alterations disrupting 3D chromatin conformation can trigger tumorigenesis
by altering gene regulation. For example, a pan-cancer study revealed recurrent
overexpression of TERT, IRS4 and IGFZ oncogenes in different cancers due to SVs

disrupting TADs boundaries (Weischenfeldt et al., 2017) (Figure 12B).

A B TAD 2

TAD1 0

Chromatin & 5
fiber

¢
O
+ | 4= Boundary

SCNA breakpoint

. ) NN
search space
Chromosome e [ | | V—I lﬂ

[eni[oyy No SCNAs - Non-cognate Cognate  GeneA GeneB
low gene expression enhancer enhancer

3 SCNA (somatic DNA rearrangement) juxtaposing distal enhancer

Highly over-expressed e
enhancer hijacked gene = =

5 B

Figure 12: A: Representation of chromatin structure, from chromosome territories to Topologically Associated Domains (TADs)
(Szabo et al, 2019). B: Model of enhancer hijacking following TAD boundaries disrupting. Heatmap shade of greys indicate
contact probability between pair of genomic regions. In this scheme, the orange enhancer, associated to TAD1, will activate blue
gene transcription following a TAD disrupting through somatic structural rearrangement. (Weischenfeldt et al. 2017)

Compartments

2.1.5. Alteration of post-transcriptional regulatory regions
After transcription, untranslated regions (UTRs) and polyA tails control the
stability of the transcripts. Alterations of those post-transcriptional regulatory regions
can activate oncogenes or inactivate TSG. For example, recurrent CSF1 fusions have been
described in tenosynovial giant cell tumors (upstream COL6A3 in 33% of cases), with a
junction always downstream exon 5 of CFS1. This fusion leads to an overexpression of the
transcript and the first interpretation was that COL6A3 or other partner genes may bring
active regulatory domains leading to increased transcription (Moller et al, 2008).
However, recent work showed that deletion of CSFI 3’ UTR triggers tumorigenesis even
in absence of gene fusion, suggesting that the loss of regulatory elements in 3’'UTR
explains the increased expression (Ho et al., 2020).
2.1.6. Viral insertions
Viral DNA can integrate into the human genome and induce trigger tumorigenesis
by placing a potent viral enhancer upstream an oncogene a mechanism called “insertional
mutagenesis” (Bishop, 1987). Only 4 viruses are known to be able to induce insertional
mutagenesis:
- Human Papilloma Virus (HPV). HPV is frequently integrated in the host cell

genome and associated with the partial or complete loss of the E1 and E2 viral
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genes, which regulate the activity of viral oncoproteins E6 and E7. However,
hotspots of HPV integrations in the human genome have been described, including
MYC, POU5F1B, FHIT, KLF12, KLF5, LRP1B and LEPREL1 (Gudleviciene et al., 2015;
Hu et al, 2015). As those genes are involved in modulating cell proliferation,
development and carcinogenesis both oncoproteins and insertional mutagenesis
may have a tumorigenic effect

Merkel Cell Polyomavirus (MCPyV). MCPyV DNA is detected in around 80% of
biopsies of Merkel Cell Carcinoma (MCC), a rare and aggressive skin cancer.
Polyomaviruses depend on the host cell to replicate and use two DNA-binding
proteins to trigger replication: the large T antigen physically interacts with and
inhibits tumor suppressors pRB and p53, allowing the cell to progress through the
G1-to-S checkpoint, and small T antigen induces transcription of E2F, necessary for
turning on essential S phase genes. In MCCs, the MCPyV genome random
integrations contain the large T antigen gene, but systematically mutated in
helicase and DNA binding domains, inducing an inhibition of viral replication and
preventing lytic viral replication that could be lethal for cancer cells. However, the
produced chimeric protein is still able to interfere with pRB and drive cell
proliferation, leading to a pro-oncogenic state that may lead to carcinomas (Erstad
and Cusack, 2014).

Hepatitis B Virus (HBV). This virus has a tropism for liver and is a major cause of
hepatocellular carcinomas (HCC). Most frequently the virus acts through indirect
mechanism by the role of its oncoproteins or by inducing liver cirrhosis, an
inflammatory environment prone to HCC development. Conversely, HBV can
directly activate driver genes following HBV insertional mutagenesis. TERT,
CCNE1, KMTZB, SENP5 and ROCK1 are well-known oncogenes whose expression is
recurrently activated by HBV in liver cancer (Sung et al,, 2012).
Adeno-associated Virus Type 2(AAV2). AAV2 was identified in the lab as a new
virus able to generate insertional mutagenesis. In 2015, recurrent AAV2
integrations were described in HCC affecting the well-known oncogenes TERT,
CCNAZ2, CCNE1 and TNFESF10 (Nault et al., 2015). In 2019, another oncogene, GLI1,
was identified to be activated through AAV2 insertions in HCC developed from
benign hepatocellular adenomas (HCA) (La Bella et al, 2020). The insertional
mutagenesis of both HBV and AAV2 in TERT promoter suggests that viral
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insertions are early events in the tumorigenesis process, as TERT promoter
mutations were recurrently found in pre-neoplastic lesions (Nault et al, 2013)

(Figure 2).

2.2. Mechanisms at the origin of structural variants

Whole genome sequencing of thousands of tumors, notably by the ICGC-PCAWG
consortium (Li et al., 2020), revealed considerable variability in the number and types of
structural variations both across and within cancer types (Figure 13). Some tumors
display large numbers of SVs belonging to a same category, defining deletor or duplicator
phenotypes that can be further subdivided by the size of rearrangements (Degasperi et
al., 2020). Other tumors are dominated by clustered or non-clustered inter-chromosomal
translocations. These distinct phenotypes suggest the existence of various mechanisms of
genomic instability operative with different strength across tumors.

In addition to the 4 simple SV categories (deletions, duplications, inversions and
translocations), complex rearrangements involving many abnormal junctions and copy-

number changes acquired through a single event have been identified:

- Breakage-fusion-bridge (BFB) cycle is a complex pattern of rearrangement that
was first described almost a century ago (McClintock, 1939) and later shown to be
associated with the amplification of RUNX1 driving acute lymphoblastic leukemia,
(Papaemmanuil et al., 2014). In a situation of telomere crisis, at the anaphase step
of mitosis, telomeres of sister chromatids can fuse together before being pulled
apart in opposite directions. This will lead to a dicentric chromosome and the
formation of an anaphase bridge, visible in microscopy (Figure 14A bottom).
Eventually the two fused chromatids will break, but not necessarily at the fusion
point, resulting in a daughter cell with an arm loss when the other harbors a fold-
back inversion and gain of genomic material (Murnane, 2012). Since resulting
chimeric chromosomes still lack telomeres, this process can repeat and produce
recognizable patterns fold-back inversion junctions and stair-like copy-number

increase at the extremity of the altered chromosome arm (Figure 14A top).
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Figure 13: A: Violin plots of types of SVs across different cancer types. In each panel, the number of patients is indicated at the top right.
AdenoCA4, adenocarcinoma; BNHL, B-cell non-Hodgkin lymphoma; ChRCC, chromophobe renal cell carcinoma; CLL, chronic [ymphocytic
leukaemia; CNS, central nervous system; GBM, glioblastoma; HCC, hepatocellular carcinoma; leiomyo, leiomyosarcoma; medullo,
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Chromothripsis (from the greek thripsis which means “shattering into pieces”) is
a complex rearrangement first described in 2011 (Stephens et al, 2011).
Chromothripsis induces hundreds of DNA breaks simultaneously on one or a few
chromosomes. The chromosome fragments are then randomly stitched together
or lost, presumably by the non-homologous end-joining (NHE]) repair mechanism
(Stephens et al, 2011). Chromotripsis results in chimeric chromosomes with
numerous copy-number changes (oscillations between normal and deleted states)
and abnormal junctions (Figure 14B top), both of which can induce gene
expression changes. For example, chromothripsis has been shown to induce
recurrent loss of SMAD4, APC, PTEN or CDKNZA. On the contrary, abnormal
junctions can activate oncogenes like CCND1, CDK4 or MDM2 (Cortes-Ciriano et al.,
2014). The most frequent chromothripsis-associated driver gene is TP53, probably
because inactivation of genes maintaining the genome stability favors
chromothripsis occurrence and selection. Two main mechanisms linked to mis-
segregated chromosomes have been proposed to be at the origin of chromothripsis
(Ly and Cleveland, 2017). The first one is a telomere crisis leading to chromosome
or sister chromatids end-to-end fusions, followed by formation of chromatin
bridges (Garsed et al, 2014). The second proposed mechanism is a micronuclei
formation during mitosis (Kato and Sandberg, 1968; Johnson and Rao, 1970).
Molecular processes in micronuclei are known to be error prone, and it was
proposed that isolated genomic materials can be massively broken into pieces and

reassembled.

Chromoplexy (from the greek pleko, meaning to weave) is another complex
rearrangement pattern. It was first described in prostate cancers harboring ETS
gene fusions, then in other solid tumors like non-small cell lung, head and neck and
melanomas cancers (Baca et al, 2013). In contrast to chromothripsis, this
phenomenon is mostly characterized by inter-chromosomal translocations,
involving up to 8 chromosomes, whereas chromothripsis is restricted to 1 or 2
chromosomes. In addition, the altered regions are focal on each chromosome,
whereas chromothripsis alterations can be chromosome wide. Finally, Baca and
collaborators defined chromoplexy as a closed chain of rearrangements,

occasionally combined with focal “deletion bridges” in the vicinity of abnormal
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junction. Except those deletions bridges, there is no loss of genomic regions

characteristic of the 2 levels of copy number seen in chromothripsis. Recent pan-

cancer studies (Agrawal et al, 2014; Cortés-Ciriano et al, 2020) described

recurrent oncogenic events induced by chromoplexy, such as RET, BRAF and

NTRKS3 fusions, or IGF2ZBP3 enhancer hijacking. The genome-wide distribution of

DSBs in chromoplexy is enriched in actively transcribed and open chromatin

regions (Marnef, Cohen and Legube, 2017), suggesting that these catastrophic

events may occur in nuclear transcription hubs where many co-regulated genomic

regions from different chromosomes are spatially aggregated (Baca et al, 2013)

(Figure 14C). Thus, the proposed mechanism is a multiple breakage of DNA in a

restricted transcription hub, followed by the mis-reparation of the different blunt-

end (Figure 14D).
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In addition to these 3 well-documented events, Li et al. recently described new categories
of complex SVs (Li et al., 2020) . Thus, we are only beginning to understand the diversity

of structural rearrangements in cancers.

Chromothripsis and chromoplexy are complex events occurring at a single time of cell life
(Stephensetal, 2011; Baca etal.,, 2013). Thus, there is a heterogeneous dynamic in cancer
development that can be discretized in three states (Figure 14D).

- First cancer can slowly develop, by progressively accumulating mutations such as
stochastic “clock-like” mutations described by L. Alexandrov and collaborators,
induced by stochastic error and repair mechanisms (Alexandrov et al., 2015).

- Secondly, rapid accumulation of alteration in a short period can be the result of
particular biological defect, as the extreme phenotypes described by Degasperi
and collaborators, triggered by homologous recombination deficiency (Degasperi
et al., 2020). Accelerated evolution of cancer can also be induced by specific
exposures such as Aflatoxin B1 mycotoxin produced by Aspergillus flavus and
Aspergillus parasiticus which grow in soil or decaying vegetation. Exposure to this
mycotoxin was shown to be associated with specific pattern of mutations in
hepatocellular carcinoma inducing an increase of mutational burden (Letouzé et
al, 2017).

- Finally, singe catastrophic events are probably lethal for the cell and may tend to
require co-occurring oncogenic lesions to become fixed in a tumor by giving a

strong selective advantage (Baca et al., 2013) (Figure 14D).

In summary, different patterns of SVs were described in cancer, reflecting the diverse
mechanisms at their origin, more or less active in different tumors. SVs may be due to i)
stochastic biological errors such as mis-segregation of chromosomes, ii) abnormal cell
state such as telomere crisis leading to inherent errors of NHE], triggered by an abnormal
biological context, or iii) a specific gene defect leading to inhibition of a repair mechanism,
such as BRCA1-mutated breast cancer harboring a HR defect. However, the molecular
cause of most SV phenotypes remains to be unraveled. Defining signatures of SVs related
to specific processes is important for basic research, but also to develop efficient

personalized therapies. For example, breast cancers patients harboringa BRCA1 or BRCAZ
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mutations and the associated signature of duplications are good responders to PARP

inhibitors (Sikov et al., 2015).

2.3. Signatures of processes generating somatic alterations

Cancer cells accumulate somatic alterations through various intrinsic and extrinsic
processes. Those processes leave characteristic imprints on the genome, termed
mutational signatures (Alexandrov, Nik-Zainal, Wedge, Campbell, et al., 2013). Mutational
signatures are more or less active in each tumor depending on intrinsic biological
processes (e.g. DNA repair) or environmental factors, and the contribution of each
process to the tumor mutation burden is called its exposure. Mutational processes can also
evolve between the early and late steps of tumorigenesis. The combination of processes a
cancer cell has been exposed to results in its final mutational portrait (Figure 15). For
example, one of the first mutational patterns related to a cancer risk factor was the
abundance of C>T / G>A substitutions and CC>TT / GG>AA dinucleotide substitutions
associated to UV (Ultra-Violet) exposure. This observation soon led to the first description

of mutational processes signatures (Howard and Tessman, 1964; Witkin, 1969).
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Figure 15: Clock-like processes, DNA repair defects and environmental exposures can leave characteristic imprints,
termed signatures, in cancer genome. Arrows indicate both duration and intensity of mutational process exposure.
In this model, the final mutational portrait is the sum of the 4 mutational processed involved (A, B, C and D) and
their identification is useful to understand tumor biology and develop targeted therapies. (Helleday et al, 2014)
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2.3.1. NMF implementation for mutational signatures

With the advent of NGS, and in particular whole genome sequencing, the
characterization of mutational signatures has greatly improved in the last decade. Ludmil
Alexandrov, at the Wellcome Trust Sanger Institute, developed the first mathematical
method to extract signatures of single nucleotide variations (SNVs) (Alexandrov, Nik-
Zainal, Wedge, Campbell, et al.,, 2013). First, SNVs are classified into 96 categories based
on the type of substitution and the 3’ and 5’ bases around the mutation. Using the
pyrimidine (C or A) of base pair as reference, 6 substitutions can be defined: C:G > A:T;
C:G>GC; C:G>T:A; T:A> A:T; T:A > C:G, and T:A > G:C. The 3’ and 5’ bases around the
mutation define 16 different trinucleotide contexts, resulting in 96 (6x16) SNV categories

that can be used to describe the mutation catalogue of a tumor (Figure 16, left).
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Figure 16 : Scheme illustrating mutational processes operative in a set of G cancer genomes catalogues of mutations. This data can be
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of the genomes. As the inverse process corresponding to reconstruction of the original from signatures and respective exposure lead to
slight variations with the original catalogue. This is the result of genome-specific reconstruction error. (Alexandrov et al,, 2013a).

Alexandrov et al. also introduced a statistical framework to extract, from the mutation
catalogues of a series of tumors, the number of operative mutational processes, their
signatures and their exposure in each tumor (Figure 16, right). This is a classic case of
“cocktail party” problem (Alexandrov, Nik-Zainal, Wedge, Campbell, et al., 2013). Imagine
a cocktail party room with tens of guest groups speaking about various subjects, resulting
in an incomprehensible mixture of sounds. This room is equipped with several record

devices, located at different spots in the room, recording the mixture of conversations,
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whose respective intensities depend on the distance of guest groups from each
microphone. By integrating the different records, their location in the room and the
differential intensity of conversations, it can be possible to decompose each distinct
conversation from the mixture of sounds and locate them in the room. In this analogy,
distinct conversations are mutational signatures, individual records are the catalogue of
mutational signature in one tumor and the intensity of a recorded conversation is the
exposure. By integrating the series of mutations catalogues, it is possible to decipher the
set of mutational signatures at the origin of alterations and their respective exposure in
each cancer. From a mathematical point of view, the mutational catalogue of a cancer
genome is the linear combination of a set of signatures whose exposures can be very
heterogeneous among the different cancers of the cohort. Moreover, in the case of NGS
data, catalogues of alterations are expected to contain noise due to stochastic
sequencing/analysis errors. We can express the mutational catalogues over the tumor
series as a matrix M, with M;; enumerating over mutation categories i and cancer samples
j. The mutation matrix M can be decomposed into 2 matrices of smaller size (Alexandrov,
Nik-Zainal, Wedge, Campbell, et al., 2013):
M;; = YR-1Sik Exj + €4,

where N represents the number of active signatures in the cohort, and € the minimized
residual matrix. The columns of matrix S describe the composition of the signature in
terms of mutation categories, with S;,the frequency of mutation category i in signature k.
The second matrix E is the exposure matrix of each signature k in row, associated to each

sample j in column.
In a more generalized definition, the mutational catalogue is approximately the sum of

mutational signatures multiplied by their respective exposures:

M ~ SE (Eq.1)
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In order to deconvolute signal and extract S and E matrices, the mutational signature
extraction computational workflow is based on the Non-Negative Matrix Factorization
(NMF). This core step corresponds to the Brunet et al. implementation of the
multiplicative update algorithm, shown to extract biologically meaningful components
from complex biological data (Lee and Seung, 1999; Brunet et al, 2004). Formally, the
NMF extracts N signatures, approximately solve the Equation 1, by finding non-negative
matrices S and E that minimize the Frobenius norm:

min ||M — SE||?

$20,E20

This framework paved the way to the association of etiologies and specific mutational
patterns at the origin of tumorigenesis. Ludmil Alexandrov et al. applied this innovative
framework to analyze 4,938,362 mutations from 7,042 cancers, subdivided in 30 cancer
types and extracted more than 20 distinct mutational signatures (Alexandrov, Nik-Zainal,
Wedge, Aparicio, et al, 2013). More recently, pan-cancer analysis of 4,645 cancer
genomes and 19,184 cancer exomes by the PCAWG group revealed an extended set of 49
mutational signatures (Alexandrov et al., 2020). These signatures can be consulted in the
COSMIC c.3 database [https://cancer.sanger.ac.uk/cosmic/signatures]. Single Base
Substitution (SBS) signatures identified so far include (Figure 17):

- Clock-like signatures SBS1 (deamination of methylated cytosines) and SBS5
(unexplained) that accumulate with age in all cell types.

- Signatures related to specific environmental exposures like SBS4 (tobacco), SBS7
(UV light) or SBS24 (aflatoxin B1 exposure)

- Signatures of DNA repair defects like SBS3 (BRCA1/2 mutations inducing
homologous recombination deficiency) or SBS6 (mismatch repair deficiency).

- Finally, some signatures are induced by genotoxic treatments. For example, SBS11
and SBS31/35 are respectively associated with temozolomide and cisplatin
treatment.

The repertoire of mutational signature (Figure 17) is heterogeneous in terms of

etiologies, but also in term of organs, some signatures being ubiquitous (SBS1), or on

the contrary restricted to a few cancer types (SBS24). Finally, the mutational burden

induce by each signature is extremely variable.
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Figure 17: Number of mutations associated to each SBS mutational signature in PCAWG tumors.. Dot size represents the
proportion of samples of each tumor type that harbor the mutational signature. The color of each dot represents the
median mutation burden of the signature in exposed samples. There is a large heterogeneity in signature exposure across
the different tissue types. Moreover, the mutational burden induced by signature is also heterogeneous with some
signature inducing large number of mutations compared to others. (Alexandrov et al., 2020).

2.3.2. Extension of signatures to structural rearrangements

The signature analysis framework, based on NMF algorithm, was first developed
for point mutations but it can be extended to any type of alteration. For example, the
recent work by the PCAWG group identified, in addition to the 49 single-base-substitution
signatures, 11 doublet-base-substitution and 17 small insertions and deletions (indel)
signatures (Alexandrov et al., 2020). The definition of categories needs to be adapted to
each type of alteration, but the core step of signature deconvolution remains unchanged.
This approach has also been applied to structural variations (SVs) to identify tumor
phenotypes characterized by an enrichment of specific types of rearrangements. Nik-
Zainal and collaborators described the first SV signature analysis framework to unravel
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rearrangement signatures in 560 breast cancer genomes. In this framework, SVs were
divided in 32 categories based on 3 criteria:

- The type of alteration, within the 4 fundamental types of SVs: inversions,
duplications, deletions and translocations.

- The size of the event (for inversions, deletions and duplications only), i.e. the
distance between the two breakpoints: 1-10kb; 10kb-100kb; 100kb-1Mb; 1Mb-
10Mb and more than 10Mb.

- Rearrangement clusters. Clustered rearrangements and non-clustered
rearrangements are considered separately.

This classification allowed the authors to extract 6 distinct rearrangement signatures
operative in breast cancers (Nik-Zainal et al., 2016) (Figure 18) including a signature of
focal tandem duplications (<10 kb) related to BRCAI inactivation, a signature of large
tandem duplications (>100 kb), and a signature of focal deletions associated with BRCA2
deficiency.
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Figure 18: Six rearrangement signatures extracted using Non-Negative Matrix Factorization. Probability of rearrangement element on y-
axis. Rearrangement size on x-axis. Del= deletion, tds = tandem duplication, inv = inversion, trans = translocation. (Nik-Zainal et al., 2016a)
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3. Liver cancer

Liver cancer is the second leading cause of cancer-related deaths worldwide. With an
incidence of approximately 850,000 new cases and 810,000 deaths per year (overall ratio
of incidence to mortality of 0.95) this cancer has a very poor prognosis (Llovet et al, 2016;
Bray et al., 2018). Liver neoplasms include benign and malignant lesions. Hepatocellular
adenoma (HCA) is the most studied benign tumor because of its clinical management
associated with tumor bleeding and malignant transformation into hepatocellular
carcinoma (HCC). HCC is a very aggressive malignant tumor representing approximately
90% of all cases of primary liver cancer. Both HCA and HCC are developed from

hepatocytes, the main liver cell type managing metabolic and detoxification processes.

3.1. Hepatocellular adenomas

3.1.1. Epidemiology and risk factors for HCA
HCA are rare benign tumors, with an overall prevalence around one case per
million. Various associated risk factors have been identified:

- Hormonal exposure. Oral contraception (OC) administration and in general
androgen and estrogens are the major risk factor for HCA development. Indeed,
this cancer mostly arises in young women, with a 30-fold increased incidence
associated to the use of oral contraceptives (OC), and a significantly increased risk
after 5 years of treatment (Rooks et al.,, 1977). This results in an higher incidence
of HCA in western countries where the use of oral contraception is more common
compared to Asia or Africa (Matsumoto et al, 2011). Moreover, androgen
administration for therapeutic use (ie: Fanconi anemia) is associated with HCA
development (Touraine et al, 1993). Similarly, anabolic androgenic steroids abuse
for bodybuilding purpose is also a risk factor of HCA (Sadnchez-Osorio et al., 2008).

- Alcohol and obesity. Alcohol consumption and obesity were shown to be risk
factors for HCA development (Bedossa et al, 2007; Guichard et al., 2012). This
results presumably from the direct toxic role of alcohol or the production of
cytokines during both long-term alcohol consumption and chronic liver
inflammation associated with obesity. Interestingly those two risk factor are
restricted to an inflammatory subgroup of HCA (Nault et al., 2017).

- Genetic background. Finally, several rare genetic syndromes are strongly

associated with HCA occurrence. MODY (maturity-onset diabetes of the young)
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type 3 is a type of non-insulin dependent diabetes mellitus with autosomal
dominant inheritance, occurring usually before the age of 25. This pathology is
associated with a germline monoallelic HNF1IA mutation leading to the
development of liver adenomatosis, characterized by more than ten hepatic
adenomas (Bacq et al, 2003; Reznik et al, 2004). In MODY3 patients, HCA
development follows a “2-hit” alteration model of TSG where the germline
alteration is followed by a somatic inactivation of the second wild type allele of
HNF1A (Nault et al, 2017). Another rare genetic disease associated with HCA
development is glycogenosis type 1a. This is a rare recessive metabolic syndrome
occurring in very young patients and characterized by a germline mutation
inactivating G6PC (glucose-6-phosphatase). G6PC inactivation leads to the
accumulation of glycogen and fat in the liver and to a 25 to 75% risk of HCA
development depending on the studies (Labrune et al, 1997; Froissartetal.,2011).
Finally, McCune-Albright syndrome, characterized by “café au lait” skin macula
and fibrous dysplasia of bones, is also strongly associates with HCA development.
This syndrome is caused by a somatic mosaic mutation of GNAS gene, located on
an imprinted locus, that leads to aberrant activation of adelylate cyclase
(Weinstein and Shenker, 1993). Interestingly, GNAS gene is recurrently mutated in
the inflammatory subgroup of HCAs (Nault et al,, 2017).

Risk factors associated to HCA are various, resulting in multiple subgroups of HCA,

characterized by specific molecular alterations and clinical presentation, such as the

inflammatory adenomas above-mentioned.

3.1.2. Molecular diversity of HCA

Before NGS studies, targeted sequencing of candidate loci had revealed 4 HCA
driver genes (HNF1A, CTNNBI1, IL6ST and GNAS) but a large part of tumors remained
without a molecular driver alteration (Calderaro et al., 2013). Next generation sequencing
allowed non supervised multi-omics analysis that helped refine the heterogeneous
landscape of HCA sub-groups. The current classification, based on molecular and
transcriptomic features is constituted of 6 HCA subgroups, associated with specific risks

factors, clinical behavior and tumor histology (Nault et al,, 2017) (Figure19):
- Inflammatory HCA (IHCA) is the most frequent HCA subgroup, accounting for 34
to 44% of all HCAs. IHCA is characterized by constitutive activation of the

35



Results

IL6/JAK/STAT signaling pathway due to activating mutations of various members
of the pathway. [HCA driver genes include IL65T encoding gp130 receptor (77%),
FRK encoding a src kinase (9%), STAT3 encoding a transcription factor of
JAK/STAT pathway (4%), GNAS encoding stimulatory G-protein alpha subunit
(3%) and JAK1 encoding a tyrosine kinase protein of the JAK/STAT pathway (1%).
6% of IHCAs remain without identified molecular alteration (Nault et al, 2017).
Those different alterations lead to the translocation of STAT3 in the nucleus,
triggering the uncontrolled activation of the inflammatory pathway, characterized
by an over-expression of acute phase inflammatory proteins CRP (C-Reactive
Protein) and SAA (Serum Amyloid A).

HCAs harboring a CTNNB1 exon 3 or exon 7,8 represent respectively 13% and 7%
of all HCAs. bex3HCA harbor mutations or deletions in CTNNB1 exon 3 that inhibit
B-catenin protein phosphorylation by APC/GSK3B/AXIN complex, preventing
proteasome degradation. This unregulated (-catenin will be translocated to the
nucleus, inducing the strong activation of WNT/[B-catenin target genes, such as
GLUL, ZNRF3 or LGR5 (Rebouissou et al., 2016). The smaller bex7.8HCA subgroup is
defined by CTNNB1 mutations in two hotspots in exon 7 or 8, leading to a weaker
activation of the WNT/[-catenin pathway (Pilati et al., 2014). Interestingly, half of
CTNNB1-mutated HCAs (either bex3HCA and bex78HCA) also display an
inflammatory phenotype through CRP and SAA protein over-expression following
JAK/STAT pathway activation. This leads to two mixed subtypes of HCA: bex3][HCA
and bex7.8JHCA. (Nault et al,, 2017) (Figure 19).

HNF1A inactivated HCAs (HHCA) are the second most frequent subtype of HCA.
This sub-group is defined by a bi-allelic inactivation of HNF1A4, a key transcription
factor involved in hepatocyte differentiation (Bluteau et al, 2002). Its inactivation
leads to glycolysis and aberrant fatty acid production that can induce tumor
steatosis, lipogenesis and mammalian target of rapamycin (mTOR) activation
(Merle et al., 2019).

The last identified subgroup is characterized by the activation of sonic hedgehog
pathway (shHCA) and represents 4% of HCAs. The molecular mechanism at their
origin is a small deletion leading to the INHBE-GLI1 gene fusion. INHBE is highly
expressed in the liver. GLI1 is the key transcription factor of sonic hedgehog

pathway and is normally barely expressed in the liver. The fusion leads to a

36



Results

chimeric transcript, producing an over-expressed functional GLI1 protein. shHCA
are associated with a high risk of bleeding (Nault et al,, 2017).

- Finally, around 7% of HCAs (UHCAs) tumors are still unclassified. These tumors
do not harbor any mutation in known driver genes nor particular transcriptomic

signature (Nault et al, 2017).
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Figure 19: Molecular classification of HCA into 6 subgroups and 2 mixed subgroups. Associated risks factors, clinical and
histological features of tumors are detailed above each subgroup (Nault et al,, 2017).

3.1.3. Clinical features

Hepatocellular adenomas require clinical management to avoid the main
complications that are tumor bleeding (in shHCA) and malignant transformation to

hepatocellular carcinoma (HCC) (Nault et al, 2017). Mutations in CTNNB1 exon 3 are
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known to be associated with a high risk of malignant transformation, making bex3HCA and
bex3IHCA subgroups the most at risk of progression into HCC. By contrast, bex”8HCA and
bex78THCA subgroups are not associated with HCC development, suggesting that a strong
WNT/B-catenin activation is necessary to trigger malignant transformation. (Zucman-
Rossi et al., 2006; Pilati et al,, 2014; Rebouissou et al,, 2016; Nault et al, 2017). TERT
promoter mutations activating telomerase maintenance pathway were shown to be a
recurrent second hit in adenoma to carcinoma transition, following CTNNBI1 exon 3

mutation (Pilati et al.,, 2014).

3.2. Hepatocellular carcinoma

3.2.1. Epidemiology and risks factors for HCC
Hepatocellular carcinoma is the most frequent primary liver cancer (Yang and
Roberts, 2010) and is responsible for more than 500,000 deaths yearly, making it the 3rd
deadliest cancer worldwide (Bray et al, 2018). HCC incidence depends on the
geographical location, with around 80% of cases occurring in southeast Asia and sub-
Saharan Africa (McGlynn et al, 2001). Interestingly, etiology is also highly associated with
geography (Figure 20A).

In Africa and Asia, HCC are most of the time associated with Hepatitis B Virus (HBV)
chronic infection, whereas Hepatitis C Virus (HCV) is the main cause of HCC in some
countries like Japan or Egypt (Wansbrough-Jones et al., 1998; Lok et al., 2009). HBV and
HCV viruses induce acute of chronic hepatitis and ultimately cirrhosis, favoring HCC
development (Baron, 1996). Indeed, chronic liver damage leads to a cycle of cell death,
regeneration and fibrosis during which HCC precursor cells undergo malignant
transformation. Moreover, insertional mutagenesis of HBV but also AAV2 are shown to
drive tumorigenesis by activating oncogenes (Nault et al, 2015; La Bella et al., 2020).
Aflatoxin B1 exposure is another major risk factor for HCC in those countries. Aflatoxin
B1 is produced by Aspergillus flavus, a fungus that infects maize kernels in hot and wet
countries, inducing subsequent accumulation of this toxin, one of the most potent
carcinogens produced in nature (McGregor et al, 1998), in growing food. Moreover,
individuals exposed to both high levels of aflatoxin B1 and chronic hepatitis B virus
infection have an increased risk of liver cancer (Liu and Wu, 2010). Another example of

toxin as risk factor of HCC is aristolochic acid, a toxin produced plants from the genus
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Aristolochia. This compound largely affects Southeast Asia region due to its use in
traditional herbal medicine. Metabolites of aristolochic acid form DNA adducts on adenine
residues leading to a specific mutational signature of T>A substitutions (Nault and
Letouzé, 2019).

In western countries, the main risk factors are completely different. In France, HCC
development is related to alcohol abuse in 50% of the cases (Rosa et al, 2010). In the
United States, obesity is the major risk factor of HCC as accumulation of fat in the liver
induces chronic liver inflammation (Ascha et al, 2010). Some rare diseases such as
hemochromatosis that lead to iron deposit in liver can lead to cirrhosis (Kew, 2014).
Finally, Nonalcoholic steatohepatitis (NASH), corresponding to liver steatosis and strong
necro-inflammation, is the most common cause of chronic liver disease in developed
countries and its incidence is rapidly increasing worldwide. As schematized on figure 20B,
Nonalcoholic fatty liver diseases (NAFLD) are associated to risks factor such as obesity
and diabetes and eventually lead to cirrhosis and NASH, that are both highly predisposing
factor for HCC development (Fujii et al., 2013; Anstee et al.,, 2019) (Figure 20B).
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Figure 20: A: Estimated incidence rate of liver cancer worldwide. Major risk factor associated with specific regions are also represented. Data
from GLOBOCAN 2012. B: Relation between nonalcoholic fatty liver disease (NAFLD) and HCC development initiated by various risks factors
such as obesity or diabetes types I/Il. NAFLD can lead to and further to NASH (steatosis and strong necro-inflammation), fibrosis, cirrhosis and
eventually hepatocellular carcinoma (HCC). The HCC incidence vary from 2.4 to 12.8% depending on the disease state. (Anstee et al., 2019)

HCC develops most of the time on a diseased liver, with underlying cirrhosis in 80-
90% of cases (Figure 21). Liver cirrhosis occurs after years of chronic liver inflammation
induced by abovementioned exposures or diseases. Chronic inflammation induces a

stress leading to excess of extracellular matrix and permanent fibrotic scars in the liver
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(Wynn, 2004). The Metavir score indicates different stages of fibrosis, from FO (normal
liver) to F4 (cirrhosis). This liver background induces architecture changes leading to the
formation of structurally abnormal nodules. Cells in these lesions accumulate somatic
alterations such as mutations associated to high risk of developing HCC and hepatic
function alteration (Ginés et al., 2016; Brunner et al.,, 2019). For example, TERT promoter
mutation is a well-known early-acquired genetic alteration in the transformation of
premalignant nodules in hepatocellular carcinoma on cirrhosis, with more than 60% of

early HCC harboring such alteration. (Nault et al.,, 2013) (Figure 21).
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Figure 21 : HCC develops most of the time on a cirrhosis liver background associated to specific risks factors. The transition from cirrhotic
liver to early HCC is characterized by a recurrent early alteration of TERT promoter, leading to tumor progress. However, HCC can also be
developed from HCA malignant transformation of specific tumorigenic process such as insertional mutagenesis of HBV and AAV2 or
exposure of Aflatoxin B1, known to induce R249S TP53 hotspot mutation. Modified from Zucman-Rossi ] et al. 2015; Nault et al. 2015.

HCC also develops in a healthy liver in around 10-20% of cases (Figure 21). Except HCA
transformation already discussed in the previous chapter, insertional mutagenesis by
HBV or AAV2 viruses, or specific mutagenic exposures can trigger HCC tumorigenesis

without long term damage induced by cirrhosis (Figure 21).
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3.2.2. Major biological pathways altered in HCC
Since the advent of NGS, large cohorts of HCC were analyzed using WES, RNAseq

and WGS (Schulze, Imbeaud, Letouzé, et al, 2015; Fujimoto et al, 2016), allowing to

elucidate the landscape of driver genes and biological pathways recurrently altered in

HCC (Zucman-Rossi et al., 2015) (Figure 22).

Telomere maintenance is the most frequently altered pathway with 90% of HCC
harboring an increased telomerase expression (Farazi et al., 2003; Plentz et al,
2007). TERT gene encodes the catalytic sub-unit of the telomerase complex that is
crucial to maintain telomere length and genome stability. This gene is not
expressed in normal liver but activated in the early stages of hepato-
carcinogenesis. Molecular mechanisms at the origin of TERT activation are i) TERT
promoter mutation in 54 to 60% of cases (Nault et al., 2013), ii) gene amplification
or other structural rearrangements in 5 to 6% of cases (Totoki et al., 2014) and iii)
insertional mutagenesis in TERT promoter by HBV and AAV2 in 10 to 15% of cases
(Nault et al, 2015).

WNT/B-catenin pathway is altered in 17 to 44% of HCCs (depending of
geographical and etiological background) characterized by the transcriptional
activation of CTNNBI target genes, such as GLUL and LGR5 (Boyault et al., 2007).
This pathway activation is frequently associated with TERT promoter, suggesting
a cooperation between the two pathways (Nault et al., 2013; Totoki et al., 2014;
Schulze, Imbeaud, Letouzé et al.,, 2015). This pathway is crucial for liver function,
controlling important mechanisms such as cell differentiation in hepatocytes
(Touboul et al, 2016). The most common driver events in this pathway are
CTNNB1 mutations in exon 3 or in frame deletions in the exon 3. In addition,
mutations in AXIN1, ZNRF3 or APC tumor suppressor genes are found in
respectively 10%, 3% and 1-2% of HCCs, also triggering WNT/B-catenin pathway
activation (Yanai et al., 2000; Basham et al., 2019).

Cell cycle pathway is altered in at least half of HCC, with TP53 mutations in 12 to
48% of cases (Bressac et al., 1991; Hsu et al., 1991; Guichard et al., 2012; Schulze,
Imbeaud, Letouzé et al., 2015; Fujimoto et al.,, 2016). As already described for TSG,
TP53 mutations are spread along all the gene, except for the R249S hotspot
characteristic of aflatoxin B1 exposure (Guichard et al, 2012; Fujimoto et al,

2016). TP53 is the most frequently altered gene in cancer, and is involved in
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multiple biological processes such as G1/S cell cycle transition, DNA repair and
apoptosis (Aubrey et al, 2018). The retinoblastoma pathway, that controls the
G1/S phase transition, is also recurrently altered in HCC, following homozygous
deletions of CDKNZA (2-12%) or RB1 (3-8%) (Guichard et al, 2012; Ahn et al,
2014; Totoki et al, 2014). Finally, CCNE1 gene and CCND1/FGF19 locus, both
involved in cell cycle progression, are recurrently altered by insertional
mutagenesis or amplifications in 5% and 5-14% of cases, respectively (Sawey et
al, 2011; Sung et al, 2012; Kan et al., 2013). Interestingly, TP53 and CTNNB1
mutations are exclusive (Friemel et al., 2019).

Oxidative stress pathway alterations are seen in 5-15% of HCCs and are
recurrent in a context of chronic liver inflammation or long term exposure to toxic
compounds such as alcohol (Llovet et al., 2016). These liver insults lead to the
accumulation of Reactive Oxygen Species (ROS) and subsequent selection of
drivers events activating the detoxification program controlled by NRF2 (Denicola
et al, 2011; Bryan et al., 2013). These driver events include activating mutations
of NFE2LZ (nuclear factor erythroid 2-related factor 2) encoding NRF2, or
inactivating KEAP1 (Kelch-like ECH-associated protein 1) mutations preventing
NRF2 from proteasome degradation (Guichard et al., 2012; Sporn and Liby, 2012;
Cleary et al, 2013).

PI3K/AKT/MTOR and RAS/RAF/mitogen-activated protein kinase pathways
are also frequently altered in HCC. PI3K/AKT/MTOR is involved in metabolism and
cell proliferation (Laplante and Sabatini, 2012) while RAS/RAF/MAPK is involved
in cell proliferation, differentiation and survival (Schubbert, Shannon and Bollag,
2007). PI3K/AKT/MTOR is altered by homozygous deletions or mutations of PTEN
(1-3%), inactivating mutation of TSC1, TSC2 (2-8%) (Totoki et al., 2014) and FGF3,
FGF4, FGF19 amplifications (5%) that could induce FGFR receptor over-expression
(Babina and Turner, 2017). RAS/RAF/MAPK is altered through RPS6KA3
inactivating mutation in 2-9% of cases, leading to a constitutive activation of the
pathway (Zucman-Rossi et al,, 2015).

Epigenetic modifiers are the last identified pathway recurrently altered in HCC
through chromatin remodeling complexes or histone methyl-transferase
alterations (Schulze, Imbeaud, Letouzé et al, 2015) (Figure 13). Recurrent

inactivating mutations affect ARID1IA/B (4-17% of HCC) and ARID2 (3-18%),
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involved in the SWI/SNF chromatin remodeling complexes BAF and PBAF. Histone
methyl transferase complexes alterations include inactivating mutations in KMT2A
(3-4%), KMTZB (3-4%), KMT2C (3-6%) and KMT2D (2-3%), or HBV insertional
mutagenesis in KMT2B (10%) (Sung et al, 2012; Cleary et al, 2013; Schulze,
Imbeaud, Letouzé, Ludmil B. Alexandrov, et al., 2015).

3.2.3. Treatments
The BCLC (Barcelona Clinic Liver Cancer) stage of HCC development is the major
metric to guide the management of patients with HCC. This stage depends on various

physio-pathological parameters, the number and size of tumor nodules (Figure 23).
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Figure 22: Percentage of patients with HCC within the different BCLC stages. Within the first 2 years after liver
resection, around 50% of patients relapse with liver cancer. Modified from (Anstee et al. 2019).

For BCLC-0 and BCLC-A stages, transplantation is the best therapeutic option as it
resolves both tumor and cirrhosis. However, the number of donors is obviously limited.
Resection and percutaneous ablation through Percutaneous Ethanol Injection (PEI) or
Percutaneous radiofrequency ablation (RFA) are alternative curative treatments, but
require a preserved hepatic function of the patient, that is altered by both cancer
developments and cirrhosis. Unfortunately, patients are frequently diagnosed at
advances stages of HCC development, limiting curative treatments. Altogether, only 15%
of all hepatocellular carcinomas are amenable to operative treatment (Bruix and Llovet,
2002; Chedid, 2017).

For patients not eligible to curative treatment, two categories of non-curative
treatments are used according to the BCLC stage. For BCLC-B (intermediate HCC), intra-

arterial chemoembolization preventing blood supplying to the tumor and intra-arterial
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chemotherapy are the two options. Those types of treatment increase patient survival but
can have important side effects (Galuppo et al.,, 2014).

For patients with BCLC-C (advanced HCC), 4 multi-kinase inhibitors targeting
PI3K/AKT/MTOR or RAS/RAF/MAPK pathways are approved. Sorafenib was for a long
time the only therapeutic option. This is an inhibitor of VEGFR-1/2/3 (vascular
endothelial growth factors receptors), BRaR/CRaF (serine threonine kinase) and PDGFR-
a/B (platelet-derived growth factor receptors). This treatment was shown to increase the
median survival by 3 months (Llovet et al., 2008). Regorafenib is a multi-kinase inhibitor
more efficient against VEFGR kinases, with a wider activity than sorafenib, also targeting
TIE2, KIT and RET kinases involved in ontogenesis. This treatment showed positive
results in a cohort of patients progressing under sorafenib (Bruix et al.,, 2017). Recently,
new compounds were approved for the treatment of advanced HCC such as lenvatinib
(multi-kinase inhibitor of VEGFR 1-3, FGFR 1-4, PDGFRa and RET), Cabozantinib in
second line, an inhibitor of the tyrosine kinases c-Met and VEGFR2, and the tyrosine
kinase receptors AXL and RET (Abou-Alfa et al, 2018). Moreover, Ramucirumab, a
monoclonal anti-body targeting VEGFR-2 shown promising result in clinical phase III (Zhu

etal, 2019).

Immune checkpoint inhibitors are emerging in HCC because of their considerable
efficacy in other cancers, particularly in patients with melanoma, lung, renal, and bladder
cancer (Smyth et al., 2016). Nivolumab and pembrolizumab, two monoclonal antibodies
against PD-1 (Programmed cell death-1), have just received accelerated approval by the
FDA based on promising results from two Phase 2 studies showing a reduction in tumor
mass in 20% and 17% of patients previously treated with sorafenib, respectively (EI-
Khoueiry et al., 2017; Guo, Zhang and Chen, 2017; Zhu et al., 2018). Thus, immunotherapy
is promising in HCC treatment, and phase III studies are ongoing, including a phase III trial
comparing sorafenib to nivolumab in first line (CheckMate 459; NCT02576509).
However, treatment response is heterogeneous and, in a small proportion of patients,
these treatments can cause severe and possibly permanent auto-immune adverse effect
such as diarrhea, skin reactions, fatigue and hypertension (Weber et al., 2015). Thus, there
is a huge need to identify candidate bio-markers to target patients who are likely to
benefit from immunotherapies. So far only PD-L1 expression has been approved as bio-

marker but does not seems to be associated with nivolumab response in HCC (El-Khoueiry
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etal, 2017). A recent study defined an “immune exclusion phenotype” subgroup of HCC,
characterized by CTNNB1 mutations, lower immune infiltration (based on immune-
specific gene signature) and overexpression of PTKZ, an oncogenic pathway associated

with low T-cell infiltrate in the tumor (Luke et al., 2019).

Despite the recent increase in available therapies, the prognosis of HCC patients is
still very bad, with a median survival of less than 1 year. Furthermore, patient response
to available therapies is heterogeneous, making the discovering of new therapeutic
options crucial. The recent advances in cancer genomics lead to a new era in cancer
research consisting in identifying molecular and transcriptomic subgroups of tumors
harboring similar molecular features, likely to respond well to the same targeted therapy.
Unraveling the diversity of molecular alterations and transcriptomic deregulation is thus
crucial to i) understand the tumor biology and deregulated pathways in order to develop
efficient patient tailored therapy and ii) identify biomarkers of homogeneous molecular
subgroups. For example, MEK inhibitors already used in breast cancer, melanoma and
lung cancer displayed efficacy in HCC patients characterized by RAS pathway activation
(Das etal., 2018).

4. Objectives of the PhD

Liver cancers are extremely heterogeneous, with a wide spectrum of etiologies, tumor
histological characteristics, deregulated biological pathways and molecular alterations.
Our understanding of the mechanisms driving tumor initiation and development
increased a lot in the last decade, both in terms or biological pathways and altered
oncogenes or TSG. However, some tumors remain poorly understood, and even if the
majority of them are well characterized in terms of biological phenotype, the underlying
driver alterations are sometimes missing. The aim of my PhD project was to better
understand the molecular mechanisms at the origin of HCAs and HCCs. More precisely, I
focused on structural variations (SVs) that had not been analyzed extensively in liver
cancers. Indeed, when I arrived in the laboratory, the only known driver SV was the

INHBE-GLI1 fusion, characteristic of the shHCA cancer subgroup. Additionally, SV
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signature analysis helped to better understand biological mechanisms at the origin of

specific genomic rearrangement.

In this project, I developed innovative computational strategies applied to WGS and
RNA-seq data of HCA and HCC tumor collections of the UMRS 1138 INSERM laboratory,
obtained from collaborations with various French hospitals. I also used public data sets
to increase statistical power and/or validate results, including TCGA (334 HCC samples
with multi-omic data) and ICGC series (257 HCC samples with WGS). Finally, I used
epigenetic data generated by the ENCODE and ROADMAP consortia, such as replication
timing, chromatin opening and histone marks to better understand both the origin and

functional consequences of structural rearrangements.

Overall, during my PhD, I contributed to shape the landscape of both HCA and HCC
cancers subgroups:

- First, by integrating WGS and RNAseq data, I characterized 3 new driver
alterations in inflammatory HCA. These include recurrent fusions activating FRK
and ROS1 genes, and an original mechanism leading to IL6 gene overexpression
following the loss of regulatory 3'UTR regions. All these alterations lead to a
constitutive activation of the JAK/STAT pathway characteristic of inflammatory
HCA.

- Secondly, by analyzing SV signatures in HCC, [ discovered a unique rearrangement
signature of tandem duplications and templated insertion cycles, induced by
replication stress. This signature allowed me to define a new HCC subgroup driven

by various oncogenic mechanisms activating CCNAZ or CCNE1.
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II MATERIAL AND METHODS
1. Data used in the project

1.1. Tissue samples

Tumor samples from both hepatocellular carcinoma (HCC) or hepatocellular
adenoma (HCA) samples and their non-tumor counterparts were collected from patients
surgically treated in four French hospitals located in Bordeaux and Paris region.
Institutional review board committees (CCPRB Paris Saint-Louis, 1997, 2004, and 2010,
approval number 01-037; Bordeaux, 2010-A00498-31) approved the studies. Written
informed consent was obtained in accordance with French legislation. All samples were
immediately frozen in liquid nitrogen and stored at -80 °C. HCC were enriched in cases
developed on a non-cirrhotic liver with an over-representation of tumors developed in
non-fibrotic (METAVIR F0-F1) compared to tumors developed in chronic hepatitis (F2-
F3) and in cirrhotic liver (F4). Clinicopathological data were available for all cases
(detailed tables can be found in respective articles). A diversity of risk factors were
represented in the cohorts mentioned in this manuscript, including alcohol, metabolic

syndrome, HBV, HCV infections, hemochromatosis and without particular etiologies.

1.2. Sequencing methods

1.2.1. Target sequencing
Target sequencing was performed on panels of genes including HNF1A (exon 1-
10), IL6ST (exons 6 and 10), CTNNB1 (exons 2, 3,4, 7 and 8), FRK (exon 6), STAT3 (exons
3, 6, 17 and 21), GNAS (exons 7, 8 and 9) and JAKI (all exons). Those genes were
sequenced by either Sanger sequencing or Miseq lllumina PCR-based sequencing. Somatic

mutations were confirmed by sequencing of the tumor and non-tumor counterpart.

1.2.2. Whole Exome Sequencing (WES)

Whole Exome Sequencing data was performed by IntegraGen (Evry, France). Agilent in-
solution enrichment was used with the manufacturer’s biotinylated oligonucleotide
probe library SureSelect Human All-Exon kit V.4 70Mb, or SureSelect Human All-Exon kit
V.5 +UTRs, or Twist Human Core Exome Enrichment System. Genomic DNA was sonicated
and purified to yield fragments of 150-200bp. Adaptor oligo-nucleotides were ligated on
A-tailed fragments and enriched by four to six PCR cycles. Purified libraries (500ng) were
hybridized to the library for 24 hours. The eluted enriched DNA sample was sequenced
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on an [llumina HiSeq 2000 or HiSeq 4000 as paired-end 75bp reads.

1.2.3. RNA-seq

RNA samples were enriched for polyadenylated RNA from 5pg of total RNA, and the
enriched samples were used to generate sequencing libraries with the NEBNext Ultra II
Directional RNA or Illumina TruSeq Stranded mRNA Kkits and associated protocol as
provided by the manufacturer. Libraries were sequenced by IntegraGen (Evry, France) on

an [llumina HiSeq 2000 or 4000 as paired-end 75 or 100 bp reads.

1.2.4. Whole Genome Sequencing (WGS)
Whole Genome Sequencing of samples was realized by the Centre National de Génotypage
(Evry, France) or were sequenced at Integragen (Evry, France). Samples were sequenced

on an [llumina HiSeq X Five as paired-end 75, or 101 base pair (bp) reads.

1.2.5. Table of sequencing data by project
Sample Gene panel
Project WGS WES RNA-seq Other Public Data
type sequencing
Articlel:
Systemic AA HCA / NT NA N=1 NA N=2
amyloidosis
Article2: N=657 N=19 N=22
Inflammatory HCA (533 already NA (4 already (1 already
HCA alterations published) published) | published)
Article3:
Method paper, not using any specific data set
Palimpsest
- TCGA series of HCC
(n=334 RNAseq; n=334 WES; n=48WGS)
Article4: Cyclin N=45 N=156
-ICGC-JP series of HCCs
A2/E1 activated HCC NA (35 already | (96 already N=160
(n=257 WGS/RNAseq)
HCC published) | published)

-PCAWG SVs from 2606 tumors WGS

-Encode and Roadmap annotations

2. Bioinformatics Pipelines

2.1. RNAseq alignement and expression matrix generation:
Full Fastq files were aligned to the reference human genome GRCh38 using TopHat2
V.2.0.14. Read mapping from multiple locations was removed and HTSeq was used to
obtain the number of reads associated with each gene in the Gencode V.27 database,

restricting to protein-coding genes, pseudogenes, antisense and lincRNAs. Bioconductor
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DESeq2 package was used to import raw HTSeq counts for each sample into R statistical
software and apply variance stabilising transformation to the raw count matrix. FPKM
scores (number of fragments per kilobase of exon model and millions of mapped reads)
were calculated by normalizing the count matrix for the library size estimated with
DESeq2 package and the coding length of each gene. In order to handle batch effect, we
used an in-house method. Briefly, area under the ROC curve (AUC) was used to identify
and remove genes with a significant batch effect (AUC >0.95 between one sequencing

project and others).

2.2. RNAseq Gene Set Enrichment Analysis (GSEA):

To perform gene set enrichment analysis (GSEA) analysis, genes expression from
previous pipeline were sorted according to fold-change from Limma analysis (genes with
positive fold-changes first, then negative fold-changes) using an input of 16387 genes
(Hallmarks gene set; MSigDB V.6 database used). This gene list was obtained from
Genecode database; then genes with a variance equal 0 or with a total number of reads

from samples inferior of 50 were removed.

2.3. RNAseq fusion calling
Fusions detected by TopHat2 (--fusion-search; --fusion-min-dist 2000; --fusion-anchor-
length 13; --fusion-ignore-chromosomes chrM) were filtered using the TopHatFusion
pipeline. Fusions validated by BLAST and with at least 10 split-reads or pairs of reads
spanning the fusion event were retained, whereas any fusion identified at least twice in a

cohort of normal liver samples was removed.

2.4. WES / WGS alignment and mutation calling

Sequences were aligned to the hg19 version of the human genome using BWA version
0.7.12. and variant calling was processed using Mutect2 by comparing each tumor sample
with its matched non-tumor counterpart and a panel of normal (PON) file, following the
genome analysis toolkit (GATK) best practices.

Mutations belonging to the ENCODE Data Analysis Consortium blacklisted regions
(http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeMapability /
wgEncodeDacMapabilityConsensusExcludable.bed.gz) were excluded and regions
covered by < 6reads in the tumor or normal sample. We then selected only single
nucleotide variants (SNVs) with a MuTect2 flag among “PASS”, “clustered_events”,

“t_lod_fstar”, “alt_allele_in_normal” or “homologous_mapping_event” and small insertions
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and deletions (indels) with a MuTect2 flag among “PASS”, “cluster-ed_events” or
“str_contraction”. To improve specificity in the calling of mutations with low variant allele
frequency (VAF), we quantified the number of high quality variant reads in the tumor
(mapping quality=20, base quality=20) and the number of variant reads in the non-tumor
sample with no quality threshold using bamreadcount
(https://github.com/genome/bam-readcount). Only variants matching the following
criteria were finally retained: VAF=22% in the tumor with>3 variant reads, VAF<5% in the
non-tumor samples with<2 variant reads, and a VAF ratio=5 between the tumor and non-

tumor sample.

2.5. WES / WGS copy number analysis and SV calling
The copy number profiles were defined using an in-house pipeline. Briefly, the logR ratio
was processed using the coverage of each tumor and its non-tumor counterpart in each
1kb genomic windows; then a segmentation was done in order to identify copy number
alterations.
MANTA software was used to identify somatic structural rearrangements in WGS data. To
keep only the most reliable events, we selected only rearrangements supported by=10

reads and with a variant allele fraction > 5%.

2.6. Signature analysis and statistical tools

Some biological processes linked to cancer development was shown to be at the
origin of particular pattern of alterations, as explain in Introduction section. Those
patterns of alterations associated to cancer are called mutational signatures and the
combination of those processes in a cancer cell result in a complex mutational portrait.
This portrait can be deconvoluted in order to extract the different biological sources of
alteration in each tumor. Non-negative Matrix Factorization (NMF) mathematical method
was shown to be very effective in the deconvolution of complex biological signal. This
method is implemented in the Palimpsest R package

(https://github.com/FunGeST/Palimpsest), corresponding to the 3t Article of this

manuscript. All function related to signature analysis was realized using this package.
Concerning in house developed methods, both R (version from 3.4.4 to 4.0.2) and
Python (versions 2.7 and 3.6) were used in the bioinformatics analysis, including

graphical representation and statistical analysis through hypothesis testing.
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2.7. Table of pipeline used by project

Project

Target sequencing

RNAseq WGS

Results

WES

Articlel: Systemic AA

amyloidosis

Article2: Inflammatory
HCA alterations

Article3: Palimpsest

Article4: Cyclin A2 /E1
activated HCC

NA

-Mutation calling

-Expression of gene panel

-Gene expression | -Structural variant calling

-Gene expression
-Gene fusions -Structural variant calling

-GSEA

-Mutation calling

-Copy number alterations

Method paper, not using any processed data from specific dataset

NA

-Gene expression
-Gene fusions

-GSEA

-Mutation calling

-Viral insertion calling
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-Structural variation calling

-Mutation calling

-Copy number alterations
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III RESULTS

1. Identification of oncogenic SVs in HCA

The first goal of my thesis was to identify new SVs driving hepatocellular adenoma
development. As explained in the introduction, when I started my PhD, the molecular
landscape of HCA was divided in 6 groups (Figure 10) associated with specific molecular
alterations: HHCA with HNF1A inactivation, be*3HCA and bex”8HCA with CTNNBI
activation, shHCA with GLI1 activation and IHCA with IL6ST, FRK, STAT1, GNAS, JAK1
mutations and UHCA without known driver. However, this landscape was still incomplete.
Firstly, because the driver genes of UHCA are still missing. Secondly because a large part
of THCA samples, characterized by SAA and CRP protein over-production, had no
identified molecular driver mechanism. Except for the recently described INHBE-GLI1
fusion characteristic of shHCA, all driver alterations in HCA were point mutations. The
aim of this project was to unravel new alterations such as gene fusions or regulatory
region alterations that could trigger tumorigenesis of HCA.

To that aim, we leveraged the large HCA tumor collection from the lab, including extensive
clinical and molecular features:

- Clinical data and history of patients

- Histological images of tumor tissue

- Gene panel sequencing (from Illumina’s MiSeq technology)

- Gene panel expression (from Fluidigm technology)

This large cohort was explored to select samples belonging to IHCA subgroup (based on
gene expression) without identified point mutations in known driver genes. Selected
samples were sequenced using RNA-seq and/or WGS, and analyzed to identify the missing
drivers. This project lead to two original articles describing new alterations in [HCA

subgroup.

Article 1 describes a rare clinical case associating inflammatory HCA with amyloid A (AA)
systemic amyloidosis, a complication of chronic inflammatory diseases induced by
deposits of insoluble SAA deposits. The patient, a 49-years-old woman, was admitted to
emergency for diarrhea, rectal bleeding and lower limbs edema. Her clinical history was
also characterized by an unexplained chronic inflammation for at least 10 years. Medical

analysis revealed inflammation, renal failure, and SAA amyloid deposits were found in
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kidneys, intestines and rectum. Liver biopsy led to HCA diagnosis that was further
explored using both RNA-seq and WGS. WGS data revealed an inversion in chromosome
7 leading to the loss of IL6 gene 3’UTR that contains post-transcriptional regulatory
sequences involved in the degradation of this unstable transcript. RNAseq data indicated
a massive over-expression of the /L6 transcript. This mechanism of IHCA development is
very different from those already known, where STAT3 is activated through activation of
a major actor of signal transduction of the IL6 axis, such as IL6ST, JAK1, GNAS, FRK or
STAT3 itself. In addition to IHCA development, the autocrine interleukine-6 secretion by
the tumor triggers SAA production not only in the IHCA nodule but also in the surrounding
liver tissue. Interestingly, amyloidosis symptoms improved following HCA resection.
Thus, this single genomic alteration allowed us to make a link between IHCA and AA-
amyloidosis, recurrently associated in literature regarding the very low prevalence of

both diseases.

Article 2 describes the identification of new driver gene fusions leading to JAK/STAT
pathway activation in previously unexplained [HCAs. The first recurrent fusions involve
FRK, already known to be mutated in 8% of IHCA (Nault et al., 2017). FRK fusions
downstream different partner genes were identified in 5 patients (2% of the IHCA cohort),
leading to chimeric transcripts only including exons 3 to 8 of FRK. The resulting proteins
have lost the SH2Z and SH3 auto-inhibitor elements of FRK, leading to constitutive
activation of the tyrosine protein kinase domain. In addition, we identified recurrent gene
fusions involving ROS1 in 10 patients (3% of the IHCA cohort). The chimeric transcripts
only retain exons 33 to 43, 34 to 43 or 35 to 43 of ROS1. In these samples, the upstream
partner gene induces a massive overexpression of the truncated ROSI1 that contains
kinase domain. FRK and ROS1 fusions constitute new driver events activating the

JAK/STAT pathway and leading to the development of IHCA.
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Article 1: Systemic AA Amyloidosis Caused by Inflammatory Hepatocellular

Systemic AA Amyloidosis Caused by Inflammatory
Hepatocellular Adenoma

TO THE EDITOR: Amyloid A (AA) systemic amy-
loidosis is a complication of chronic inflamma-
tory diseases that is caused by the deposition of
insoluble aggregates of cleaved N-terminal frag-
ments of serum amyloid A (SAA) protein in tis-
sues and organs throughout the body.! Under
physiologic conditions, SAA protein is produced
by hepatocytes during the acute inflammatory
phase in response to various cytokines such as
interleukin-6. SAA is also overexpressed by neo-
plastic hepatocytes in inflammatory hepatocel-
lular adenomas, a specific molecular subtype of
benign liver tumors.??

Here, we describe a 49-year-old female patient
who presented with diarrhea, rectal bleeding, and
leg edema and received a diagnosis of systemic
AA amyloidosis. Clinical characteristics of the
patient are provided in Table S1 in the Supple-
mentary Appendix, available with the full text of
this letter at NEJM.org. An inflammatory hepato-
cellular adenoma was identified and resected,
resulting in the improvement of amyloidosis-
related symptoms, with progressive normaliza-
tion of the serum C-reactive protein (Fig. 1A) and
SAA levels. Unfortunately, the patient’s kidney
function did not improve, and she died 18 months
after surgery from fulminant septic shock.

Whole-genome sequencing of the inflamma-
tory hepatocellular adenoma revealed a complex
structural rearrangement on chromosome 7 with
an inversion leading to the truncation of the IL6
3" untranslated region (3'UTR), which comprises
key sequences involved in the degradation of this
unstable transcript (Fig. 1, and Tables S2 and S3

N ENGLJ MED 379,12

Figure 1 (facing page). Biologic, Imaging, Pathological,
and Molecular Findings in Our Patient.

As shown in Panel A, liver resection was followed by a
clinically significant decrease in serum levels of C-reactive
protein (CRP) (top), and magnetic resonance imaging
showed a heterogeneous, 5-cm liver mass at the tip of
segment VI on T,-weighted sequences (bottom, arrow).
As shown in Panel B, microscopic examination of the re-
sected specimen revealed a well-differentiated tumor with
massive amyloid deposits (arrows) (subpanel a, Congo
red staining, low magnification) and typical yellow-green
birefringence under polarized light (subpanel b, low mag-
nification). Immunohistochemical tests showed positive
staining for serum amyloid A (SAA) protein in neoplastic
hepatocytes (black arrows) and amyloid deposits (red
arrows) in the tumor (T) sample (subpanel c, high mag-
nification); SAA expression was also observed in the ad-
jacent nontumorous (NT) parenchyma (subpanel d, high
magpnification). CRP was expressed in the tumor (T) (sub-
panel e, low magnification) (neoplastic hepatocytes, black
arrows) and the adjacent NT liver tissue (subpanel f, high
magpnification) (non-neoplastic hepatocytes, black arrows).
As shown in Panel C, whole-genome sequencing of the tu-
mor sample obtained from the patient revealed a cluster
of somatic structural rearrangements at the IL6 locus on
chromosome 7. The blue line in the outer circle indicates
copy number, and structural rearrangements are indicated
in the inner circle. Red indicates deletion, blue inversion,
gray interchromosomal translocation, and black classic
chromatin staining of the cytobands. As shown in Panel D,
although overexpression of IL6 was specific to the tumor
sample, the genes SAAI and CRP were also massively over-
expressed in the adjacent liver tissue, as compared with
normal liver tissue. FPKM denotes fragments per kilobase
of exon per 1 million reads in the RNA sequencing experi-
ment. As shown in Panel E, chromosomal inversion with
one breakpoint located in the 3" untranslated region (UTR)
of the gene IL6 and the other breakpoint in an intergenic
region at 7pl4.1 led to the massive overexpression of an
interleukin-6 transcript lacking regulatory 3’UTR elements
in the patient’s tumor (top, structural rearrangement identi-
fied by means of whole-genome sequencing; bottom, gene
expression and transcript structure identified by means
of RNA sequencing). AU denotes adenylate—uridylate.

NEJM.ORG
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CORRESPONDENCE

in the Supplementary Appendix). RNA sequenc-
ing consistently showed a massive overexpres-
sion of an interleukin-6 transcript lacking all 3’
regulatory elements; this overexpression was
limited to the tumor area. However, in contrast
to classic inflammatory hepatocellular adenoma,
we observed overexpression of SAA in both the

tumor and nontumorous liver. Amyloid deposits
were also identified in the adenoma and the
adjacent parenchyma (Fig. 1). These results sup-
port an autonomous production of interleukin-6
by the inflammatory hepatocellular adenoma
with activation of a paracrine Janus kinase-signal
transducers and activators of transcription 3

Resection of liver tumor
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(JAK-STAT3) pathway in the liver (Fig. S1 in the
Supplementary Appendix).

In the literature, we identified eight additional
patients with both AA amyloidosis and hepato-
cellular adenomas. In at least six of these pa-
tients, amyloid-related symptoms also improved
after surgical resection of the liver tumor (Table
S4 in the Supplementary Appendix). We reviewed
the liver histologic findings of two patients from
the literature and identified features that were
similar to those of our patient; inflammatory
hepatocellular adenoma with SAA expression by
the tumor and the adjacent parenchyma was in-
deed identified in both cases from the literature
(Fig. S2 in the Supplementary Appendix).** Bi-
refringent, SAA-positive amyloid deposits were
also identified in the adenomas and adjacent liver
tissue.

In conclusion, rare cases of inflammatory
hepatocellular adenoma can induce massive SAA
production by the tumor and nontumorous liver,
leading to systemic AA amyloidosis. Molecular
analyses identified a somatic rearrangement of the
IL6 3'UTR leading to an autocrine interleukin-6
secretion by the tumor. We speculate that this
subset of AA amyloidosis may be treatable by
surgical resection of the liver tumor.
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Additional clinical, biological and molecular data
Additional clinical and biological data

The 49-year-old female patient was admitted to the emergency department at CHU de Liege (Belgium)
fordiarrhea, rectal bleeding and lower limbs edema. She had been suffering from chronicinflammation
for at least 10 years, a condition that remained unexplained despite multiple explorations performed
in another hospital. Her medical history revealed pregnancy-associated thyrotoxicosis treated with
propylthiouracil, she was chronically treated with bisoprolol and had no particular familial history.

Physical examination showed a body mass index of 32, a blood pressure of 175/110 mm Hg, a heart
rate of 120 bpm and a body temperature of 36.7 °C. Severe pitting edema was present at the lower
limbs level. Blood and urine analyses revealed major inflammation, renal failure, and nephrotic
syndrome with normal procalcitonin (Table S1). Colonoscopy showed diffuse erythema and petechiae.
Abdominal Computerized Tomography scan demonstrated a 5 cm hypodense lesion of segment VI of
the liver, that was further confirmed by magnetic resonance imaging. Kidney biopsy showed nodular
mesangial thickening with strong positivity for SAA protein in the mesangium, interstitium and vessel
walls. Typical SAA amyloid deposits were also present on rectal and colic biopsies. A biopsy of the liver
nodule concluded to a diagnosis of HCA, and the tumor was further surgically resected. Pathological
examination of the liver tumor revealed hallmark features of IHCA: neoplastic hepatocytes without
cytological atypia and arranged in thin trabeculae, inflammatory infiltrates, dystrophic vessels,
sinusoidal dilatation. IHCA are benign monoclonal proliferations of hepatocytes and are characterized
in 80% of the cases by an activating somatic mutation of one of the genes of the IL6 axis (IL6ST, GNAS,
FRK, JAK1 or STAT3) that lead to constitutive STAT3 signaling pathway activation. These genetic
alterations are responsible for the production by neoplastic cells of acute phase proteins such as SAA
and C-reactive protein (CRP), regardless of the presence of ligands such as IL6.

Partial hepatectomy allowed rapid improvement of general condition and diarrhea. Serum CRP and
SAA progressively normalized. Unfortunately, kidney function did not improve and the patient had to
remain under dialysis. Eighteen months after her initial admission, she developed a methicillin-
resistant Staphylococcus aureus bacteremia (presumably originating from the dialysis catheter) and
died from a fulminant septic shock. Besides observations related to the shock, necropsy revealed
multiple SAA deposits in the liver, spleen, kidneys, adrenal glands, thyroid and ovaries.

Molecular data

Whole-genome sequencing of tumor showed a relatively low mutation burden, with 3,132 somatic
mutations (1.1 mutations/Mb) including 22 protein-coding mutations (Table S2), 5 copy-number
alterations, and 31 structural rearrangements (Table S3). The tumor did not harbor any mutation in
known IHCA driver genes involved in the IL6 signaling pathway (IL6ST, JAK1, STAT3, FRK, GNAS), but
we identified a complex cluster of structural rearrangements on chromosome 7, including an inversion
leading to the truncation of IL6 3'UTR sequence. IL6 mRNA is unstable and degraded with a half-life of
30 minutes.* Key regions for the post-transcriptional degradation of IL6 are located in its 3'UTR region
and include 6 AU-rich elements and a conserved region predicted to form a stem-loop structure
recognized by the RNase Zc3h12a.? The inversion breakpoint was located in the 5’ of all these features
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and we confirmed by RNA-sequencing the massive overexpression (184-fold) of an IL6 transcript
lacking all 3’ regulatory elements. Interestingly, the acute inflammatory response genes including SAA
and CRP were overexpressed in the tumor and non-tumor liver whereas IL6 overexpression was
restrained to the tumor area (Figure 1). Expression of SAA and CRP by non-neoplastic hepatocytes are
usually not observed in classical IHCA except in the context of tumor hemorrhage and/or chronic
inflammatory syndromes of other origin.? Altogether, these findings support a paracrine JAK/STAT
pathway activation in the liver caused by an autonomous production of IL6 produced by the IHCA
(Figure S1).

Discussion

In the present study, we showed a recurrent association between two rare diseases, inflammatory
hepatocellular adenoma (prevalence lower than 1/100,000 female) and AA-amyloidosis (incidence
around 1/1,000,000 person/y in Europe). This association together with improved amyloidosis related
symptoms after tumor resection supports a causal relationship between the two diseases (Figure S1).
The role of IHCA in AA-amyloidosis was further elucidated by the identification of a unique somatic
chromosome rearrangement at the IL-6 3'UTR leading to an autocrine IL-6 secretion by the tumor. In
the liver, IL-6 acts as a ligand to activate STAT3 signaling in normal hepatocytes and the synthesis of
the inflammatory acute phase proteins.* In the index patient we identified an IL-6 production by the
adenoma hepatocytes that induced paracrine effects on the surrounding non-neoplastic hepatocytes
in the entire liver. We further showed the massive production of SAA by the tumor and the non-tumor
liver tissues in the 2 additional cases of IHCA associated with amyloidosis analyzed by
immunohistochemistry. This mechanism is different from the classical IHCAs in which STAT3 is
activated in the absence of IL6 expression by a somatic mutation activating one of the major actors of
signal transduction: IL6ST, JAK1, GNAS1, FRK or STAT3 itself.

In the patients with IHCA and amyloidosis, the total amount of SAA proteins produced by the whole
liver is probably higher than SAA produced by a classical IHCA. The amount and duration of chronic
SAA production by the tumor and non-tumor liver tissues are probably major sources of amyloidosis
deposits in the body. This hypothesis is strongly supported by the clinical stabilization or resolution of
the amyloidosis symptoms observed in the majority of the patients after IHCA resection. However, in
our index patient, the kidneys were already severely injured at the time of surgery and renal function
did not improve, underscoring the importance of an early diagnosis and a complete resection of the
tumor.

In conclusion, rare cases of IHCA characterized by an autonomous IL-6 expression are able to induce
massive SAA production by the liver, leading to systemic AA amyloidosis. This subset of AA-amyloidosis
may be treatable by the resection of the liver tumor. Antibodies blocking IL-6, which have been
approved in other conditions characterized by IL6 overproduction such as Castleman disease, may also
be of interest in unresectable IHCA associated with amyloidosis.®
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Supplementary material and methods
Patients

The index patient has signed an inform consent for molecular and genetic research investigations.
Frozen liver tumor and non-tumor tissues were analyzed at the Inserm U1162 laboratory (Paris,
France), as part of a research project approved by Paris Saint-Louis and Inserm Institutional Review
Board committees (Paris Saint-Louis, 2004; INSERM IRB 2010).

Histological and immunohistochemical analyses

Slides stained with Hematein-Eosin-Saffron and Congo Red were reviewed by two expert pathologists
(JC and ESZ), using an Olympus BX51 microscope. Amyloid deposits were identified using Congo Red
staining and examination under polarized light.

For immunohistochemistry, 4 um thick sections were cut from paraffin embedded blocks. Slides were
processed on an automated autostainer (Leica Bondmax). After deparaffinisation and rehydratation,
sections were placed into a boiling target retrieval solution (Leica Epitope Retrieval Solution 1 for CRP
and Leica Epitope Retrieval Solution 2 for SAA). Endogenous peroxidase was blocked with Peroxide
Block (Leica). Sections were further incubated with primary anti-bodies against CRP (Abcam, Clone
Y284, AB32412, dilution 1/4000) or SAA (Dako, Clone MC1, M0759, dilution 1/2000).

After incubation with a polymer system (Leica Polymer Refine Detection), and staining with 3,3’
diaminobenzidine (Dako) as chromogen, slides were counterstained with Mayer's haematoxylin,
dehydrated and coverslipped.

Sequencing and bioinformatic analyses

Whole genome sequencing

Whole-genome-sequencing was performed by the Centre National de Recherche en Génomique
Humaine (Evry, France) on an lllumina HiSegX5 platform as paired-end 150 bp reads. RNA-sequencing
was performed by Integragen (Evry, France) on an lllumina HiSeq2000 as paired-end 100bp reads. WGS
and RNAseq were analyzed as previously described.® More details on sequencing and bioinformatics
analyses are provided in the Supplementary Appendix. Raw WGS and RNA-seq data have been
deposited in the EGA (European genome-phenome archive, http://www.ebi.ac.uk/ ega/) database,
accessions numbers are pending).

We extracted DNA using a salting-out procedure. Genomic DNA was loaded on a 0.8% agarose gel for
quality control; only DNA >10 kb in size was selected.” DNA quantification was performed using
Hoechst 33258 from Sigma Chemical. Whole genome sequencing (WGS) was performed by the Centre
National de Recherche en GEnomique Humaine (Institut de biologie Frangois Jacob, CEA). WGS libraries
were prepared using the lllumina TruSeq DNA PCR-Free Library Preparation Kit according to the
manufacturer's instructions, and the tumor and matched normal liver were sequenced on an lllumina
HiSegX5 platform as paired-end 150 bp reads. Sequences were aligned to the hgl19 version of the
human genome using BWA version 0.7.128 We wused Picard tools version 1.108
(http://broadinstitute.github.io/picard/) to remove PCR duplicates and GATK version v3.5 for local
indel realignment and base quality recalibration, as recommended in GATK best practices.>*° We
obtained an average depth of 90-fold for the tumor and 60-fold for the normal sample. We used
MuTect2 to call somatic mutations (single nucleotide variants and small insertions and deletions) the
tumor sample with its matched non-tumor counterpart and a panel of normal samples from the lab .
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We selected only mutations with a “PASS” MuTect2 filter and we excluded mutations belonging to the
ENCODE Data  Analysis  Consortium blacklisted regions  (http://hgdownload.cse.u
csc.edu/goldenPath/hg19/encodeDCC/wgEncodeMapability/wgEncode DacMapabilityConsensusExclu
dable.bed.gz).

We used cgpBattenberg algorithm for copy-number analysis and MANTA software to identify somatic
structural variations from the tumor and normal bam files.?>*2 To keep only the most reliable events,
we selected only structural variants (SVs) supported by 215 reads (for all SV types), representing 210%
of reads (for inversions and interchromosomal translocations). Raw sequences have been deposited in
the EGA (European genome-phenome archive - http://www.ebi.ac.uk/ega/) database
(EGAS00001003025) and variant calls are available on the International Cancer Genome Consortium
(ICGC) data portal (http://dcc.icgc.org/).

RNA-sequencing

Index tumor (#2615T) sample and control normal and IHCA mutated for IL6ST were analyzed by RNA-
sequencing. Libraries were prepared by Integragen (Evry, France) using Illumina TruSeq Stranded
mRNA kit according to the manufacturer’s instructions, and sequenced as paired-end 100bp reads on
an lllumina HiSeq2000. Fastq files were aligned to the reference human genome hg19/GRCh37 with
TopHat2 (-p 24 -r 150 -g 2 --library-type fr-firststrand).** After removing reads mapping to multiple
locations, we used HTSeq to obtain the number of reads associated to each gene in the GENCODE
v24lift37 database (restricted to protein-coding genes, antisense and lincRNAs).> We used the
Bioconductor DESeq package to import raw HTSeq counts for each sample into R statistical software
and extract the count matrix.1® After normalizing for library size, we normalized the count matrix by
the coding length of genes to compute FPKM scores (number of fragments per kilobase of exon model
and millions of mapped reads). We used Integrative Genomics Viewer (IGV) to visualize the IL6
transcripts and generate Sashimi plots.}” Raw sequences have been deposited in the EGA (European
genome-phenome archive - http://www.ebi.ac.uk/ega/) database (accessions numebrs are pending).
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Table S1. Blood and urine biological analyses of the patient.

Patient values at diagnosis

Results

Normal values

Hemoglobin
Mean corpuscular volume
Platelet count
Leukocytes (total)
Neutrophils
Lymphocytes
Fibrinogen
CRP
SAA
Procalcitonin
Urea
Creatinine
Alkaline phophatase
GGT
ASAT
ALAT
LDH
Protein (total)
Albumin
Protein (urine)
Alpha-1-microglobulin (urine)
IL-2
IL-6
IL-7
IL-10
IL-17A
sCD154

IFN gamma

10 g/dL
69.8 fL
533,000/mm?
12,900/ mm?
10,060/ mm3
1,650/ mm?
8.02 g/L
145.3 mg/L
153.0 mg/L
0.43 mg/L
0.97 g/L
41.7 mg/L
493 U/L
265 U/L
29 U/L
41 U/L
190 U/L
62g/L
26 g/L
7,481 mg/L
298.0 mg/L
8.96 pg/mL
186.64 pg/mL
1.74 pg/mL
33.65 pg/mL
5.46 pg/mL
16.39 pg/mL
0 pg/mL
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11.7-15.0
83.7-100.8
150,000-353,000
4,600-10,100
2,200-6,100
1,100-3,700
2.30-4.30
0.0-6.0
0.0-6.4
0.00-0.50
0.15-0.53
5.5-10.2
34-117
05-50
14-40
06-40
<250
66-83
38-49
0-150
<12
0.79-21.7
0.62-8.0
0.40-3.2
0.0-4.3
0.0-15.1
10.9-286.4
0.0-2.7
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Table S2: Coding somatic mutations identified in the tumor of the index patient (#2615T)

Chromosome  Position Rejerence Vanany  fiuge Va_r/:ant_ Genome Change cDNA Change Protein Change
base base Symbol Classification

chrl 180022207 G T CEP350 Missense_Mutation g.chr1:180022207G>T c.4895G>T p.S16321
chrl 236979804 A T MTR Missense_Mutation g.chr1:236979804A>T c.725A>T p.E242V
chr10 134659633 C A TTC40 Missense_Mutation  g.chr10:134659633C>A €.6366G>T p.Q2122H
chril 113103452 T (@ NCAM1 Missense_Mutation  g.chr11:113103452T>C €.1054T>C p.S352P
chri4 77605915 A T ZDHHC22 Missense_Mutation g.chr14:77605915A>T c.167T>A p.F56Y
chr17 5462679 T G NLRP1  Missense_Mutation g.chr17:5462679T>G c.1337A>C p.K446T
chr17 38572320 A G TOP2A Splice_Site g.chrl17:38572320A>G €.269T>C p.V90A
chr19 55954202 A T SHISA7  Missense_Mutation g.chr19:55954202A>T c.29T>A p.L10Q
chr20 37174999 A G RALGAPB Missense_Mutation g.chr20:37174999A>G c.2816A>G p.-H939R
chr3 123167254  C CG  ADCYS  Frame Shift_Ins g.chrs.zzzasi?zszcs(:_12316 C'BQE?Q'"S p.-46fs
chra 90872904 T A MMRN1 Splice_Site g.chr4:90872904T>A

chr4 94690579 G T GRID2  Missense_Mutation g.chr4:94690579G>T €.2579G>T p.G860V
chré 3123976 C A BPHL Missense_Mutation g.chr6:3123976C>A c.142C>A p.L48I
chré 30673359 T G MDC1 Missense_Mutation g.chr6:30673359T>G c.3601A>C p.T1201P
chré 32007362 G C CYP21A2 Missense_Mutation g.chr6:32007362G>C €.589G>C p.E197Q
chré 56472969 A T DST Missense_Mutation g.chr6:56472969A>T c.5824T>A p.L1942I
chr7 29918696 G T WIPF3  Nonsense_ Mutation g.chr7:29918696G>T €.295G>T p.G99*
chr7 73254374 AT A WBSCR27  Frame_Shift_Del g.chr7:73254374delAT c.465delAT p.Q155fs
chr8 26722021 C T ADRA1A Missense_Mutation g.chr8:26722021C>T c.466G>A p.V156l
chr8 38205493 A (= WHSC1L1 Missense_Mutation g.chr8:38205493A>C c.197T>G p.L66R
chrX 99596960 G A PCDH19 Missense_Mutation g.chrX:99596960G>A €.2789C>T p.A930V
chrX 142716743 C T SLITRK4  Missense_Mutation g.chrX:142716743C>T c.2182G>A p.E728K
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Table S3. Somatic structural rearrangements identified in the tumor of the index patient (#2615)

Results

Breakpoint 1 ~ Breakpoint 1  Breakpoint 1  Breakpoint 1 Breakpoint 2 Breakpoint2  Breakpoint 2 Breakpoint 2
Rearrangement Type o <M
Chromosome Position Category Gene Chromosome Position Category Gene
Interchromos.omal kit 243119768 Intergenlc NA chry 13977276 lntergenlc NA
Translocation Region Region
Inversion chril 44572105 m;zr;zg.c NA chril 116683145 RNA AP006216.5
lnterchromos‘omal chri2 116911744 Intergenlc NA chris 39532046 Intergemc NA
Translocation Region Region
Inversion chrls 100338220 RNA DNM1P46 chr1s 102306887 RNA DNM1P47
Deletion chr1s 26879870 Intron GABRB3 chr1s 48647047 '"éee':izz'c NA
Interchromesomal chr16 88439347 intergenic NA chr17 43059782 lincRNA  CTD-2534121.9
Translocation Region
Interch | | i
ErCamesams chr17 70083524 RNA AC005152.2 chrX 8451963 piergems NA
Translocation Region
Interchromos:omal chr2 18817184 Interg_emc NA chr20 22308518 Interg_enlc NA
Translocation Region Region
Deletion chr3 69767360  'Mtereenic NA chr3 69768630  'Mtergenic NA
Region Region
IEErERFT s aNA chr3 69767777 ME=IE e NA chr7 36903921 Intron ELMO1
Translocation Region
lnterchromos.omal chr3 69768559 Intergemc NA chr7 41484105 lntergenlc NA
Translocation Region Region
Inversion chra 109747252 Intron COL25A1 chr4 110927627 Intron EGF
Interehoaresomal chra 109747817 Intron COL25A1 chri4 69289448 Intergenic NA
Translocation Region
Inversion chrd 109749159 Intron COL25A1 chra 109749299 Intron COL25A1
Deletion chra 109749231 Intron COL25A1 chr4 110921447 Intron EGF
Deletion chra 109749327 Intron COL25A1 chr4 110960547 '";Z;giz:'c NA
Interchrormesomal chra 110921542 Intron EGF chri4 69289392 Intergenic NA
Translocation Region
Inversion chr4 110982418 Intron ELOVL6 chr4 111017388 Intron ELOVL6
Interenegmasomal chra 110984500 Intron ELOVL6 chr7 21930994 Intron DNAH11
Translocation
kerchiimicsomal chra 111018301 Intron ELOVLG chr7 22662350 RNA AC002480.5
Translocation
Deletion chra 11126035  'Mergenic NA chra 111226721  'Mtergenic NA
Region Region
IREErCHEgMas Al chra 185597507 Intron PRIMPOL chr22 36449794  'Mtergenic NA
Translocation Region
Deletion chr4 91931666 Intron CCSER1 chr4 91933525 Intron CCSER1
IGrerEneS s Al chré 154638263 Intron IPCEF1 chr10 53209375 Intron PRKG1
Translocation
; i ;
Deletion chré 32458343 Intergenic NA chré 32504751 AterEenie NA
Region Region
IBFErERT s aA chr7 128151688 Mergenic NA chr17 60535882 S'Flank TLK2
Translocation Region
9
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Deletion
Deletion

Deletion

Tandem Duplication

Inversion

Tandem Duplication

Inversion

Inversion

Inversion
Deletion

Deletion

chr7
chr7

chr7
chr7

chr7

chr7

chr7
chr7

chr7

chr7

chrx

16599884

16626595

21019896
22666192

22771257

22979435

36901703
36903099

37031598

39389384

6355883

Intron
Intergenic
Region
lincRNA
RNA

3'UTR

Intergenic
Region
Intron

Intron
Intron

Intron

Intergenic
Region

AC006481.1
AC002480.5

FAM126A

67

LRRC72

NA

IL6

ELMO1
ELMO1

ELMO1

POUG6F2

NA

chr7
chr7

chr7
chr7

chr7

chr7

chr7
chr7

chr7

chr7

chrX

16600278

16627762

39390092
36894098

41479923

37030083

38573324
38573032

41480304

41484626

6396739

Results

Intron
Intergenic
Region
Intron
3'UTR
Intergenic
Region
Intron

Intron

Intron
Intergenic
Region
Intergenic
Region
Intergenic
Region

10

LRRC72

NA

POUG6F2
ELMO1

NA

ELMO1

AMPH
AMPH

NA

NA

NA



Table S4. Clinical and biological features of patients with AA amyloidosis and hepatocellular

adenoma. 18-2°

Clinical features of the

Results

Patient ID patient Symptoms at diagnosis Clinical follow-up Tumor characteristics/ Pathology Reference
. iz 5 Regression of digestive : )
49 year-old female, Renal insufficiency, proteinuria, Scm IHCA, Amyloid deposits and
Index case RS Y iy symptoms and decrease of the T
thyrotoxicosis, biological inflammatory syndrome, S 2 SAA expression in both the tumor Index
#2615 = o R peripheral inflammatory 2 2
hypertension renal and digestive amyloidosis N and non-tumor liver tissues
syndrome after resection
56 year .old male, .Rena.l msyfﬁuency, proteinuria, Renal function stabilization and 11cm IHCA, Amyloid deposits and )
hypertension, hyper- biological inflammatory syndrome, decrease of the A Fievet et al.,
1 A 3 T 3 X SAA expression in both the tumor
cholesterolemia, hepatic, renal and digestive peripheral inflammatory ) . Gut 1990
S ; and non-tumor liver tissues
alcohol abuse amyloidosis syndrome after resection
Bestard

34 year-old female, oral
2 contraception,
hyperlipidemia

Nephrotic syndrome; hepatic, renal
and rectal amyloidosis

Acute renal failure, favorable
evolution after kidney
transplantation and resection

IHCA, Amyloid deposits and SAA
expression in both the tumor and
non-tumor liver tissues

Matamoros et
al., Nefrologia

2008
37 year old female, oral ~ Nephrotic syndrome, intra-tumor Regression of nephirotic 8cm HCA, amyloid deposits in the Cosme et al.
3 : : - syndrome and HCA after oral ? : A
contraception, Spain bleeding . . non-tumor liver and the kidney Liver, 1995
contraception withdrawal
Regression of nephrotic S 3
Renal, heart and digestive syndrome and faborable SAA_neg_atlve FHaich SAA Shibasaki et al.,
4 32 year old male, Japan N 3 expression in the non tumor liver,
amyloidosis outcome after surgical A L 1997
X amyloid deposits in the tumor
resection
15cm HCA with histological features
consistent with IHCA, lack of SAA
39 year old female, oral . Regression of nephrotic expression by Thysell etal. J
5 contraception, Sweden Nephrotic syndrome syndrome immunofluorescence, amyloid Hepatol, 1986
deposits in the tumor and non-
tumor liver tissues, and kidney
28 year old female, oral Proteinuria and biological .Regressmn affeptirgucand HCA, amyloid deposits in the HCA, Melin et al.,
6 . . inflammatory syndrome after o .
contraception, France inflammatory syndrome > % non-tumor liver and the kidney. Nephron, 1993
surgical resection
Non-resectable HCA at 32 years. Delgado et al. J
7 AgER Il TraAnsformat!on |-n HCC assomat.ed Desthfemiice HCA tr?ns‘forme(:i in HCC, z-fmylond LA State Med
with amyloidosis and nephrotic deposits in the liver and kidney.
Soc, 1999
syndrome at 49 years
40yyear old male, Multiple adenomas (no biopsy or 1 r
3 Glycogen storage S AR . tion), AmyloldosisInthe I Dick et al., Clin
disease type 1b, evere renal dysfunction resection), Amyloidosis in the liver, Kidney J, 2012

hypertension

kidney and spleen
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Figure S1. Schematic representation of the biological mechanisms leading to systemic AA

amyloidosis in the index patient.

IHCA with IL6 rearrangement

Kidney amyloidosis
Intestine amyloidosis

. Amyloid

N deposits
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Figure S2. Histological findings of two additional cases of IHCA associated with amyloidosis.

Microscopic examination of case n°2 (Bestard Matamoros et al., Nefrologia, 2008) showed a well-
differentiated tumor with amyloid deposits (Panel A, red arrows, Hematein-Eosin-Saffron, X400).
Immunohistochemical experiments demonstrated SAA expression in both neoplastic and non
neoplastic hepatocytes, along with stained amyloid deposits (Panel B: tumor, Panel C: adjacent
parenchyma, black arrows: hepatocytes, red arrows: amyloid deposits, X400). Case n°3 (Fievet et al.,
Gut 1990) displayed massive amyloid deposits (Panel D, red arrows, Hematein-Eosin-Saffron, X400).
As observed for case n°2, SAA was expressed in the tumor and the non-tumoral liver (Panel E: tumor,
Panel F: adjacent parenchyma, black arrows: hepatocytes, red arrows: amyloid deposits, X200). A
strong staining was observed in the deposits (Panel E and F, red arrows, X200). T: tumor; NT: non-
tumor liver.
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Article 2: Recurrent chromosomal rearrangements of ROS1, FRK and IL6
activating JAK/STAT pathway in inflammatory hepatocellular adenomas.
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Recurrent chromosomal rearrangements of ROST,
FRK and /L6 activating JAK/STAT pathway in
inflammatory hepatocellular adenomas
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ABSTRACT

Background Inflammatory hepatocellular adenomas
(IHCAs) are benign liver tumours characterised by an
activation of the janus kinase (JAK)/signal transducers
and activators of transcription (STAT) pathway caused
by oncogenic activating mutations. However, a subset
of IHCA lacks of identified mutation explaining the
inflammatory phenotype.

Methods 657 hepatocellular adenomas developed in
504 patients were analysed for gene expression of 17
genes and for mutations in seven genes by sequencing.
22 non-mutated IHCAs were analysed by whole-exome
and/or RNA sequencing.

Results We identified 296 IHCA (45%), 81% of them
were mutated in either /L6ST (61%), FRK (8%), STAT3
(5%), GNAS (3%) or JAKT (2%). Among non-mutated
IHCA, RNA sequencing identified recurrent chromosome
rearrangement involving ROS1, FRK or IL6 genes. ROST
fusions were identified in 8 IHCA, involving C-terminal
part of genes highly expressed in the liver (PLG, RBP4,
APOB) fused with exon 3335 to 43 of ROS7 including
the tyrosine kinase domain. In two cases a truncated
ROS1 transcript from exon 36 to 43 was identified. ROST
rearrangements were validated by fluorescence in situ
hybridisation (FISH) and led to ROST overexpression.
Among the 5 IHCA with FRK rearrangements, 5 different
partners were identified (MIA3, MIA2, LMO7, PLEKHAS,
SEC16B) fused to a common region in FRK that included
exon 3-8. No overexpression of FRK transcript was
detected but the predicted chimeric proteins lacked

the auto-inhibitory SH2—SH3 domains. In two IHCA,

we identified truncated 3"UTR of /L6 associated with
overexpression of the transcript.

Conclusion Recurrent chromosomal alterations
involving ROS 1, FRK or IL6 genes lead to activation of
the JAK/STAT pathway in IHCAs.

INTRODUCTION

Hepatocellular adenomas (HCAs) are rare benign
tumours mainly fostered by exposure to oestrogen,
particularly in women taking oral contracep-
tives.! Management of hepatocellular adenoma
requires assessment of the risk of complications
mainly related to tumour bleeding and malignant

"Jean-Charles Nault @ 1o

Significance of this study
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What is already known on this subject?

» Inflammatory hepatocellular adenomas (IHCAs)
are benign liver tumours characterised by an
activation of the JAK/STAT pathway caused by
oncogenic activating mutations.

» A subset of IHCA lacks of identified mutation
explaining the inflammatory phenotype.

What are the new findings?

» We identified recurrent chromosomal
alterations involving ROST, FRK or IL6 in IHCAs.

» ROST activation is a novel mechanism of JAK/
STAT pathway activation in human benign liver
tumours.

How might it impact on clinical practice in the

foreseeable future?

» These new genetic alterations could be
potential diagnostic biomarkers of a subtype of
hepatocellular adenoma.

» Targeted therapies adapted to genetic
alterations could be tested in selected patients
with multiple or unresectable IHCAs.

transformation to hepatocellular  carcinoma
(HCC).

Genotype/phenotype classification of HCA has
dissected adenomas in homogeneous subgroups
characterised by somatic genetic alterations dysreg-
ulating signalling pathways and linked with specific
risk factors, clinical behaviours, histological and
imaging features.’ The first subgroups of HCA
(HHCA, 30%-400%0) are defined by bi-allelic inacti-
vating mutations of HNFIA and are associated with
tumour steatosis, lipogenesis and mammalian target
of rapamycin (mTOR) activation.”* Another group
of HCA is defined by mutations in CTNNBI, coding
for B-catenin, either in exon 3 (b*HCA, around
15% of HCA) or in exon 7 or 8 (b*HCA, around
10% of HCA).” © Mutations in CTNNBI exon 3
are associated with a high risk of malignant trans-
formation in HCC.> A new subgroup associated

BM)
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with a high risk of tumour bleeding was recently described in
49%0-5% of the patients (sonic hedgegog hepatocellular adenoma
(shHCA)); it is defined by an activation of the sonic hedgehog
pathway due to a GLII overexpression caused by a somatic
fusion with INHBE, its neighbouring gene.”

The most prevalent subgroup of HCA are inflammatory
(inflammatory hepatocellular adenomas (IHCAs),
around 50% of HCA), characterised by the constitutive and
uncontrolled activation of interleukin 6 (IL-6)/JAK/STAT
pathway easily detectable by the overexpression of serum
amyloid A (SAA) and C-reactive protein (CRP) at the transcrip-
tomic level, associated with inflammatory infiltrate, sinusoidal
dilatation and dystrophic arteries at histological level.® Over-
expression of SAA and CRP in the tumour on immunohisto-
chemistry helps to identify this subtype in routine. Interestingly,
a subset of IHCA is mixed, harbouring mutation of CTNNBI
either in exon 3 or exon 7/8 (bex’IHCA, bex*IHCA). Risk
factors for development of IHCA are high alcohol consump-
tion and obesity.” Several genetic alterations are responsible
for the constitutive activation of JAK/STAT pathway in IHCA.
The most frequent mutation are in IL6ST (coding for the gp130
receptor), STAT3 (coding for a transcription factor of the JAK/
STAT pathway), FRK (coding for a src kinase), JAKI (coding for
one of the protein tyrosine kinase of the JAK/STAT pathway)
and GNAS (coding stimulatory G-protein alpha subunit).® !¢ *
Inflammatory syndrome, anaemia or fever could be observed in
patients with IHCA; these symptoms regress after tumour resec-
tion. Recently, we described an IHCA with a rearrangement of
the 3’'UTR of the IL6 gene leading to a secondary amyloidosis
through an autocrine/paracrine mechanism of activation of JAK/
STAT pathway by IL-6 in the whole liver.'* However, a subset of
THCA has currently no known genetic alterations explaining the
constitutive activation of JAK/STAT pathway.

The aim of our study was to unravel new mechanisms of acti-
vation of inflammatory pathway in inflammatory adenomas
without any mutation in known driver genes to better under-
stand the mechanism of regulation of IL-6/JAK/STAT pathway in

hepatocytes and its role in benign liver tumourigenesis.

tumours

MATERIAL AND METHODS

Selection of tumours and patients

Frozen samples from 657 HCA developed in 504 patients were
analysed. This series included 124 new HCA cases apart from
previously analysed HCA cases by Nault et al’ . Samples were
collected in 28 centres in France from 2000 to 2017. All patients
gave their informed consent according to French law. All samples
were frozen in nitrogen immediately after resection or biopsy
and conserved at —80°C.

DNA sequencing

HNF1A (exon 1-10), IL6ST (exons 6 and 10), CTNNBI (exons
2, 3,4, 7 and 8), FRK (exon 6), STAT3 (exons 3, 6, 17 and 21),
GNAS (exons 7, 8 and 9) and JAK1 (all exons) were sequenced
by either Sanger sequencing or Miseq I[llumina PCR-based
sequencing (for detailed protocol see ¢ ** *). Somatic mutations
were confirmed by sequencing of the tumour and non-tumour
counterpart.

Quantitative RT-PCR

Gene expression of a selection of 17 genes was assessed by quan-
titative reverse transcriptase PCR (RT-PCR) using Fluidigm tech-
nology with Tagman probes detailed in online supplementary
table 1, as previously described.” ** Data were normalised using

RNA ribosomal 18S as calibrator. We used the 2 delta delta CT
method with the level of the corresponding gene expression in
tumour tissues expressed as an n-fold ratio compared with the
mean level of expression in five normal livers.

As previously described,” HHCAs were defined by HNFIA
bi-allelic mutations and/or downregulation of LFABP and
UGT2B7 (T/N<0.2); IHCAs were defined by SAA and/or CRP
overexpression T/N>35 and/or activating mutations in IL6ST,
FRK, JAK1, STAT3, GNAS. b"*HCAs were defined by muta-
tions or in frame deletion of CINNBI exon 3, b™"*HCAs
were defined by mutations of CTNNB1 in exon 7 or 8, bHCAs
were defined by overexpression of Wnt/catenin pathway target
genes GLUL or LGRS (T/N>5) without identified gene muta-
tion. b**IHCAs were identified by the combination of b**HCA
and IHCA criteria, bIHCA by the combination of bHCA and
IHCA criteria and b®”*IHCA by the combination of b="*HCA
and THCA criteria. shHCA was defined by overexpression of
the following target genes of sonic hedgehog pathway: GLI1,
TNNC1, FCRLA, GPR97, HHIP, PTCH1 and PTGDS.

Whole exome sequencing

Whole exome data were analysed in 19 HCA cases which
included 4 previously published and 15 new cases. Sequence
capture, enrichment and elution of genomic DNA samples from
the tumour/normal pairs were performed by IntegraGen (Evry).
Agilent in-solution enrichment was used with the manufacturer’s
biotinylated oligonucleotide probe library SureSelect Human
All-Exon kit V4 70Mb (n=4), SureSelect Human All-Exon kit
V.5 +UTRs (n=8), or Twist Human Core Exome Enrichment
System (n=7). Briefly, 3 ug of each genomic DNA was sonicated
and purified to yield fragments of 150-200bp. Adaptor oligo-
nucleotides were ligated on A-tailed fragments and enriched by
four to six PCR cycles. Purified libraries (500ng) were hybri-
dised to the SureSelect library for 24 hours. The eluted enriched
DNA sample was sequenced on an Illumina HiSeq 2000 (n=12)
or HiSeq 4000 (n=7) as paired-end 75bp reads. Sequencing
details for each sample are indicated in online supplemen-
tary table 2. Variant calling was processed using Mutect2 by
comparing each tumour sample with its matched non-tumour
counterpart, following the genone analysis toolkit (GATK) best
practices.”” *° The copy number profiles were defined using an
in-house pipeline. Briefly, the logR ratio was processed using the
coverage of each tumour and its non-tumour counterpart in each
1kb genomic windows; then a segmentation was done in order
to identify copy number alterations.

RNA sequencing

RNA samples from the 22 HCA tumours were sequenced
comprising 1 previously published'? and 21 new cases. RNA
samples were enriched for polyadenylated RNA from 5 g of
total RNA, and the enriched samples were used to generate
sequencing libraries with the NEBNext Ultra II Directional RNA
(n=13) or Illumina TruSeq Stranded messenger RNA (mRNA)
(n=9) kits and associated protocol as provided by the manu-
facturer. Libraries were sequenced by IntegraGen on an Illu-
mina HiSeq 2000 or 4000 as paired-end 101bp or 75bp reads
(n=8and n=14, respectively). Full Fastq files were aligned to the
reference human genome GRCh38 using TopHat2 V.2.0.14."
Sequencing details for each sample and the parameters used for
TopHat2 are indicated in online supplementary table 2. Read
mapping from multiple locations was removed and HTSeq'® was
used to obtain the number of reads associated with each gene in
the Gencode V.27 database, restricting to protein-coding genes,
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pseudogenes, antisense and lincRNAs (n=39947). Bioconductor
DESeq2 package'® was used to import raw HTSeq counts for
each sample into R statistical software and apply variance stabi-
lising transformation to the raw count matrix. FPKM scores
(number of fragments per kilobase of exon model and millions of
mapped reads) were calculated by normalising the count matrix
for the library size estimated with DESeq2 package and the
coding length of each gene. In order to handle batch effect, we
used an in-house method, according to our previous published
method.*® Briefly, area under the ROC curve (AUC) was used to
identify and remove 2696 genes with a significant batch effect
(AUC >0.95 between one sequencing project and others).

To perform gene set enrichment analysis (GSEA) analysis,
genes from RNA-seq data were sorted according to fold-change
from Limma analysis (genes with positive fold-changes first, then
negative fold-changes) using an input of 16387 genes (Hall-
marks gene set; MSigDB V.6 database used). This gene list was
obtained from Genecode database; then genes with a variance
equal 0 or with a total number of reads from samples inferior of
50 were removed.

Gene fusion detection

Fusions detected by TopHat2 (--fusion-search --fusion-min-dist
2000 --fusion-anchor-length 13 --fusion-ignore-chromosomes
chrM) were filtered using the TopHatFusion™ pipeline. Fusions
validated by BLAST and with at least 10 split-reads or pairs of
reads spanning the fusion event were retained, whereas any
fusion identified at least twice in a cohort of 36 normal liver
samples was removed. For each fusions of interest, the sequence
corresponding to chimaera was generated and used as a refer-
ence to realign RNAseq reads. Visual inspection of chimaera
alignments on Integrative Genome Viewer (broad institute)
was used to refine junction positions and determine in phase
chimeric transcripts. Oncofuse V.1.0.9b2 was finally used to

-y - 21
annotate fusions of interest.

FISH experiment

Whole-tissue sections from formalin-fixed, paraffin-embeded
surgical samples of HCA were deparaffinised in xylene and
washed in ethanol. After rehydratation, they were subjected to
heat pre-treatment (Pre-Treatment Solution, DakoCytomation,
10min, 75°C). After digestion with pepsin (10min, DakoCy-
tomation) and airdrying, the SPEC ROS1 dual colour break
apart probe (Zytovision Z-2144) was applied to the tissue
sections. Probe mixture and tissue sections were further code-
natured and hybridised overnight (Dako Hybridizer). After
washing, dehydration and drying, tissue sections were finally
counterstained using fluorescence mounting media containing
de-amidino-phenyl-indole.

Statistical analysis

Statistical analysis was performed using the GraphPad Prism and
the R V.3.4.2 software. Comparison between qualitative data
was performed using Fisher’s exact test. Quantitative data in two
different group were compared using the non-parametric Mann-
Whitney test. All tests were two-tailed and a p value<0.05 was
considered as significant.

Data availability
The aligned sequencing data reported in this paper have been
deposited to the EGA (European Genome-phenome Archive)
database  (RNA-seq EGAS00001003025

accession and

Table 1 Description of the tumours

Number (percentages)

Variables n=657
HCA 605 (92%)
Borderline lesions (HCA/HCC) 39 (6%)
HCC on HCA 13 (2%)
HHCA 226 (34%)
1HCA 222 (34%)
bex £ IHCA 21 (3%)
bex® IHCA 44 (7%)
b IHCA 9 (1%)
bex *# HCA 19 (3%)
bex® HCA 52 (8%)
b HCA 4 (1%)
ShHCA 34 (5%)
UHCA 26 (4%)

b IHCA, IHCA with activation of B-catenin pathway without mutations. b HCA, HCA
with activation of B-catenin pathway without mutations ;bex’ IHCA, IHCA with
mutations of CTNNBT in exon 3; bex* IHCA, IHCA with mutations of CTNNBT in
exon 7 or 8;bex’ HCA, HCA with mutations of CTNNBT in exon 3;bex’® HCA, HCA
with mutations of CTNNBT in exon 7 or 8; H HCA, HNF1A inactivated HCA:HCA,
hepatocellular adenoma; HCC on HCA, hepatocellular carcinoma developed on
hepatocellular adenoma;HCC, hepatocellular carcinoma; IHCA, inflammatory
hepatocellular adenoma; Sh HCA, sonic hedgehog HCA; U HCA, unclassified HCA;

EGAS00001003685; WES accessions EGAS00001000679 and
EGAS00001003686).

RESULTS

Clinical features of the cohort of patients

657 HCA developed in 504 patients with a median age of 38
years and comprising of 8590 of women with 879 intake of oral
contraceptive pills were included in the study (see flow chart,
online supplementary figure 1).

Forty-four patients harboured liver adenomatosis (features of
the series are described in table 1). 296 HCA (45%) were IHCA
with an overexpression of SAA and CRP at the transcriptomic
level and/or a mutation in the JAK/STAT signalling pathway (see
material and methods). 76% of patients with IHCA showed an
increase in serum CRPE Patients with [HCA were older (median
age 40 years old vs 36 years old, p value=0.039, Mann-Whitney
test), with a longer cumulative uses of oral contraception
(median 19 years vs 11 years, p value<0.0001, Mann-Whitney
test), a higher body mass index (median 25kg/m® vs 22kg/m’, p
value=0.003, Mann-Whitney test) and more frequent chronic
alcohol intake (24% vs 9%, value=0.002, Fisher’s exact test)
compared with patients harbouring other subgroups of HCA.

Spectrum of mutations in known oncogenes in IHCA

Among the 296 IHCA, 74 were mixed tumours with 21
b="*IHCA (3% of the whole series, defined by mutations of
CTNNBI in exon 7 or 8) and 53 b**THCA/bIHCA (8% of the
whole series) including 44 b®*THCA (defined by a mutation of
CTNNBI in exon 3, 7%) and 9 bIHCA (defined by an overex-
pression of Wnt/catenin pathway target genes without mutation
of CTNNBI1, 19%). Borderlines lesions between HCA and HCC
or HCC developed on HCA were identified in 6% of all IHCA
(n=18). Nine borderlines lesions between HCA and HCC or
HCC developed on HCA were identified among 53 b™*IHCA/
bIHCA (179%) versus 9 among 243 IHCA without activation
of f-catenin pathway (4%, p value Fisher’s exact=0.0013)
confirming that activation of f-catenin pathway is associated

Bayard Q, et al. Gut 2020;0:1-10. doi:10.1136/gutjnl-2019-319790
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Figure 1 Distribution of mutations in inflammatory hepatocellular adenomas (IHCAs). (A) We represented a heatmap of the somatic mutations

and chromosomal rearrangements in driver genes (/L6ST, FRK, STAT3, GNAS, JAK1, ROS1, IL6 in line) in 296 IHCA (in column) (top). We included the
expression level in log2 of ROST, IL6, GLUL, LGR5, assessed by quantitative RT-PCR (bottom). (B) Mutational spectrum of IL6ST, FRK, STAT3, GNAS
and JAK1. Red curves represent the density of mutation among genes. Orange boxes are protein domains annotations from the pfam database. HCA,
hepatocellular adenoma; IHCA, inflammatoryhepatocellular adenoma; HCC on HCA, hepatocellular carcinoma developed on hepatocellular adenoma;
indel, inframe deletion.

with malignant transformation even in IHCA. In contrast, deletions clustered in exon 10 corresponding to the D4
HNFIA inactivation (n=226) and sonic hedgehog activation domain of gp130 delineating this second hotspot of muta-
(n=34) were almost exclusive from the inflammatory phenotype tions in IL6ST.
since only one mixed IHCA with bi-allelic inactivating mutations » FRK mutations,identified in 25 cases, clustered in the protein
of HNFIA (#1355) was identified in our series. tyrosine kinase domain (exon 6) and were mainly small
Among the 296 IHCA, we identified an activating mutation of in-frame deletions. Interestingly, three samples displayed
a gene belonging to the JAK/STAT pathway in 819% of the cases two FRK mutations on the same allele in exon 6 including
(figure 1A and B, online supplementary table 3): two samples with p.Glu346Gly/p.Tyr350Cys mutations and
» Mutations in IL6ST, identified in 180 cases, were almost all one sample with p.Glu346Gly/p.Tyr3 68 Cys mutations.
located in exon 6 in the IL-6 receptor alpha-chain domain » STAT3 mutations, identified in 15 cases, were either small in
and were mostly small in-frame deletions and rarely point frame deletion or single nucleotide variation located in exons
mutations. Nevertheless, the remaining four in-frame 3, 6,17 and 21. Most of the mutations clustered in exons 3
4 Bayard Q, et al. Gut 2020;0:1-10. doi:10.1136/gutjnl-2019-319790
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and 21 coding for the protein interaction and SH2 domains,
respectively. Interestingly, one sample with a mutation in
STAT3 exon 21 was also mutated in exon 17 (p.Lys658 Tyr/p.
Asp502Tyr) and another was mutated both in exons 21 and
3 (p.Tyr640Phe/p.Leu78Arg). Finally, one IHCA harboured
a single mutation in exon 6 (p.Glu166Gln).

» All mutations in GNAS, identified in 10 cases, were missense
identified at the Arginine 201, the known exon 8 hotspot
activating the protein Gs-alpha subunit.

» JAKI mutations were identified in seven cases (2% of IHCA)
in exons 11, 14, 15, 16 and 20 all leading to amino acid
substitution activating JAK1. Interestingly, two samples were
double mutated in JAKI exon 14 on the same allele at resi-
dues 644 and 645.

All oncogenic mutations identified in IHCA were mutu-
ally exclusive except for two cases: an IHCA harboured both
STAT3 (p.Leu78Arg) and FRK (p.Glu346Gly) mutations,
another tumour showed an IL6ST in-frame deletion (p.Tyr186_
Tyr190del) together with a FRK mutation (p.Val378_Lys380de-
linsGlu) (figure 1A). As previously described,' the expression
level of SAA2 and CRP was lower in GNAS activating mutated
IHCA compared with IHCA with other genetic alterations
(online supplementary figure 2)

Overall, 61 IHCA (21%) harboured no mutations in driver
genes known to activate the JAK/STAT pathway.

Identification of recurrent ROST fusion genes in IHCA

In order to search for new oncogenes in IHCA, we performed
whole exome sequencing (WES) in 19 ITHCA without known
mutations. Comparing tumours and matched non-tumour liver
samples, a median number of 2 synonymous mutations and 14
non-synonymous mutations per tumour were identified (online
supplementary table 4). None of these samples harboured recur-
rent genetic alterations or recurrent copy number variation and
no genes belonging to the JAK/STAT pathway was altered (online
supplementary tables 4,5).

In contrast, using RNA sequencing in 22 IHCA without a
known driver gene mutation, recurrent ROS1 transcript alter-
ations were identified in 10 cases (figure 2, online supplemen-
tary table 6); among these, 8 IHCA showed a chimeric transcript
between the 3’ part of ROSI and the 5’ part of three different
partner genes which are highly expressed in normal hepatocytes.
PLG-ROS1 fusions were identified in five cases as the result of a
chromosome translocation t(6,10) (q22.1;q23.33). RBP4-ROS1
fusions were identified in two cases as the result from a chromo-
some inversion at chromosome 6, Inv6 (q22.1-q25.3). Finally,
APOB-ROS1 fusion was identified in one case resulting from
a chromosome translocation t(2,6) (q22.1;q24.1). Breakpoints
in ROS1 and the partner genes were variable leading in each
case to at least one in phase transcript . However, all fusions
included at least the last 9 exons of ROSI (exon 33-43 in one
case, exon 3443 in six cases and exon 35-43 in one case) fused
in frame with the 5’ of the various partner genes. One tumour
with a ROSI fusion was also mutated for CTNNBI in exon 3
(figure 1A, online supplementary table 2).

Finally, in the last two cases, we identified a truncated mRNA
of ROS1 with an overexpression of exons 36-43 (#4089T) or
37-43 (#1896T) and, in these cases, we did not identify any
fusion partner in RNA sequencing data; however, RNA-seq
quality of sample #1896T was poor, due to a degraded RNA.
In three cases, we performed a FISH experiment that confirmed
the ROS1 break in each tumour, including the two samples with
only a truncated transcript identified (#4089T and #1896T)

(figure 2D). GSEA analyse of the transcriptome of HCA with
ROS1 fusions confirmed an enrichment in JAK/STAT pathway
(HALLMARK IL6 JAK STAT3 SIGNALING; online supplemen-
tary figure 3).

In all the cases, the tyrosine kinase domain of ROS1 (located
in exons 36-42) was retained in the rearranged genes and the
ROS1 transcript was highly overexpressed (figure 2B, median
FPKM=20.4) compared with HCA without ROSI fusion
(median FPKM=7.5x107>, p value=8.6x10"") and compared
with non-tumour liver (n=4, median FPKM=5.1x10"% p
value=7.0x107%).

Identification of recurrent FRK fusion genes in IHCA

By analysing the 22 THCA with RNAseq, five tumours with a
chimeric transcript involving FRK were identified (figure 3A,
online supplementary table 6), with one of them also mutated
for CTNNBI in exon 7 (online supplementary table 2). All of
them harboured an enrichment in genes belonging to JAK/STAT
signalling at the transcriptomic level using GSEA analysis (online
supplementary figure 3). FRK fusions resulted from various
translocations linking exons 1-25 of MIA3 (chromosome 1q41),
or exons 1-20 of MIA2 (chromosome 14q21.1) or exons 1-25
of LIMO7 (chromosome 13q22.2) or exons 1-19 of PLEKHAS
(chromosome 12p12.3) with exons 3-8 of FRK (chromosome
6q21.1). The last FRK fusion linked exons 1-20 of SEC16B
(chromosome 1q25.2) to exon 1-8 of FRK resulting in both
a chimeric transcript including all exons of FRK and a trun-
cated transcript starting with an alternative TSS in the intron 2
(figure 3C). All the fusions were in phase at the nucleotide level.
In all the chimeric transcript, the tyrosine kinase domain of FRK
(exons 4-8) was retained whereas the auto-inhibitory SH2 and
SH3 domains were absent in the predicted aberrant protein. The
expression level of FRK was not increased in IHCA with FRK
fusions compared with other HCA (figure 3B).

Recurrent /L6 gene rearrangements in IHCA

Finally, we identified two IHCA with abnormal 3’ untrans-
lated region (UTR) of IL6 on RNA sequencing (figure 4A) and
characterised by activation of JAK/STAT pathway (GSEA anal-
ysis, online supplementary figure 3). One case was previously
published (#2615T with inflammatory SAA amyloidosis); the
tumour showed a deletion of 3°'UTR of IL6 due to an inversion
of 18.7 megabases validated by whole genome sequencing.'
We identified a second IHCA, #1215T, with a truncation of
the 3’UTR regulatory region of IL6 due to a eight megabases
deletion identified using RNA sequencing. In contrast to the
first case, #1215T was not associated with SAA amyloidosis
symptoms. In these two IHCA, IL6 was strongly overexpressed
(figure 4B, median FPKM=56.4) compared with others IHCA
(median FPKM=2.01x107*, p value=2.6 x107?).

Finally, six [HCAs analysed by WES and/or RNA sequencing
remained without identifiable driver genetic alterations. Inter-
estingly, on pathological reviewing, 5 among these 6 IHCA
(83%) showed haemorrhage on histology (vs 58% in the whole
series of IHCA) with a minimal expression of CRP and SAA at
the transcriptomic level.

DISCUSSION

IHCA serves as a unique model to study the inflammatory
pathways in mature hepatocytes and to identify new drivers of
oncogene-induced inflammation in benign liver tumourigenesis.
Based on the analysis of a large number of IHCA (see flow chart,
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Figure 2 Recurrent ROST fusions in inflammatory hepatocellular adenomas (IHCAs). (A) Representation of the ROST fusion in 8 IHCAs whereas 2
IHCAs with ROST truncated transcript were not represented. IHCA, inflammatory hepatocellular adenoma. (B) Expression level of ROST in FPKM (log
10) in 22 hepatocellular adenoma analysed by RNA sequencing (10 IHCA with ROST fusion/truncated transcripts and 12 IHCA with other genetic
alterations). The p value compare the level of expression of ROST between IHCA with ROST alterations versus other IHCA using the Mann-Whitney
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Figure 3 Recurrent FRK fusions in inflammatory hepatocellular adenomas (IHCAs). (A) Representation of the FRK fusions in five IHCAs. (B)
Expression level of FRK in FPKM (log 10) in 22 HCA analysed by RNA sequencing. (C) Sashimi plots showing RNA-seq alignments for the wild-type
FRK in a normal liver (#933N) (top) and five cases of IHCA with FRK fusion (bottom). Splice junction reads are represented as arcs connecting a pair
of exons. Arc width is proportional to the number of reads aligning to the junction. Bold exon number represents the ROST exons involved in the in-

frame junction of the chimeric transcript. Red arrow indicates alternative transcription start site in the FRK-SEC16B fusion.

online supplementary figure 1), we identified novel recurrent of mutations), JAKI (2% of mutations) or IL6 (1% of alter-
somatic chromosomal rearrangements of ROS1, FRK and IL6. ations).® '° However, the remaining three genes, FRK (8% of

In our study, IHCA is the most frequent molecular subgroup mutations, 290 of fusions, mutually exclusive), GNAS (3% of
with 45% of HCA harbouring an inflammatory phenotype. mutations) and ROS1 (3% of fusions), belong to other signal-
Overall, we now described in IHCA a total of seven genes that ling pathways but are also known to activate the IL-6/JAK/STAT
are able to activate the JAK/STAT pathway in hepatocytes when pathway in cellulo (figures 1A and 5).° ** ** Though in most
mutated and therefore are associated with benign liver tumouri- of the IHCA, gene mutations were exclusive, in two cases, we
genesis.”> Some of these oncogenes belong directly to the JAK/ observed a concomitant mutation of STAT3 L78R with either
STAT pathway such as IL6ST (61% of mutations), STAT3 (5% a classical FRK or STAT3 mutations. We had previously shown,
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Figure 4 /L6 rearrangements in inflammatory hepatocellular adenomas (IHCAs). (A) Sashimi plots showing RNA-seq alignments for the wild-type
IL6 in a normal liver and a corresponding non-tumour liver (bottom) and two cases of IHCA with truncation of 3'UTR (top). Splice junction reads are
represented as arcs connecting a pair of exons. Arc width is proportional to the number of reads aligning to the junction. *already published'. (B)
Expression level of /L6 in FPKM (log 10) in 22 HCA analysed by RNA sequencing. The p value compared the level of expression of /L6 between IHCA
with /L6 alterations versus other IHCA using the Mann-Whitney non-parametric test.Coordinates in GRCh38. FPKM, fragments per kilobase of exon
model per million reads mapped; IHCA, inflammatory hepatocellular adenoma; WT, wild type; SV, structural variants.

in cellilo, that STAT3 L78R mutations alone can only weakly STAT3 L78R mutation could cooperate with additional mutation
activate the JAK/STAT pathway.>* Another study suggested that in the JAK/STAT pathway to induce an inflammatory response in
the L78R mutation, located in the N-terminal domain, could mature hepatocytes.

prolong the activation of STAT3.>* We could hypothesise that

Driver genetic alterations in inflammatory hepatocellular adenomas

IL6 alteration
(1%)

Ruxolitinib (Jak1/2 inhibitor)

IL6ST mutation
(61%)

IL6ST
(gp130)

Ruxolitinib (jak1/2 inhibitor)

Naw—f
Crizotinib (alk inhibitor) (2%)

ROS1 fusion
(3%)

Dasatinib (src inhibitor) -

)

FRK mutation (8%)
FRK fusion (2%)

Figure 5 Mutations in oncogenes in inflammatory hepatocellular adenomas (IHCAs). Frequencies of somatic genetic alterations in driver
genes observed in IHCA are indicated. Targeted therapies potentially active against each genetic alteration are indicated by a yellow flag. [HCA,
inflammatory hepatocellular adenoma.

8 Bayard Q, et al. Gut 2020;0:1-10. doi:10.1136/gutjnl-2019-319790

80

‘IyBuhdoo Aq pajosiold "eplosuod NHISNI ¥ 020 ‘2 Aey uo wod:fwqinby/:dpy wouy pspeojumo( "0Z0z Alenuer g uo 06/61€-610Z-Uinb/9gct L°0L se paysiignd isiiy 3no



Results

Hepatology

In this work, we identified recurrent ROSI rearrangements
in 10 IHCA without other mutations in driver genes. ROSI is a
tyrosine kinase receptor composed of a N-terminal extracellular
domain, a transmembrane domain and a C-terminal intracellular
tyrosine kinase domain, known to activate several downstream
pathways such as the MAP kinase and AKT/mTOR pathways.*® >’
Recurrent ROS1 rearrangements are identified in 2% of non-
small cell lung carcinoma and in other cancer types including
cholangiocarcinoma, lymphoma, glioblastoma, colorectal and
gastric carcinoma.’® In anaplastic lymphoma and in inflamma-
tory myofibroblastic tumours, ROS1 fusions induce a strong acti-
vation of the JAK/STAT pathway.”* ** To our knowledge THCA
is the second type of benign tumour showing ROS1 fusion after
Spitz nevi.”’ This observation reinforces the hypothesis that
ROSI fusion is an early event during the mechanism of carcino-
genesis in solid tumours but it is not sufficient alone to promote
a full malignant transformation of hepatocyte or melanocyte.

In THCA, exons 33-35 of ROSI are fused in-phase with
different partners including PLG, APOB and RBP4. All these
partners are highly expressed in adult liver whereas ROSI is
almost not expressed in normal hepatocytes. Resulting from the
gene fusion, ROSI is under the control of the promoter of the
different partner genes and consequently overexpressed specifi-
cally in all IHCA harbouring the ROS1 rearrangement. Interest-
ingly, all ROS1 fusions retained the intracellular tyrosine kinase
domain (exon 36-42) and lost the transmembrane domain.
These findings are similar to all the ROS1 fusion proteins already
identified in lung cancer, lymphoma or cholangiocarcinoma that
all retained the tyrosine kinase domain, essential for its onco-
genic activity.?* **3! In cellulo model we have also demonstrated
that ROS1 fusions were able to activate STAT3 in haematological
cancer.”> Moreover, most of ROS1 fusions described in cancer
lack their transmembrane domain leading to the relocalsation
of the fusion proteins in the cytoplasm that could interact
with different proteins and modified downstream signalling
pathway.”” ** In two of the IHCA cases, though we identified a
truncated overexpressed ROSI mRNA, its partner genes could
not be identified owing to the poor quality of RNA. However,
ROS1 breaks were confirmed by FISH in both the cases.

We previously identified in IHCA recurrent mutations of FRK
able to activate JAK/STAT pathway in cellulo.® In this study,
recurrent FRK fusions were identified in five cases of IHCA,
all showed an in-frame fusion gene. The fusion transcript was
predicted to code for a chimeric protein retaining the tyrosine
kinase domain, encoded by exons 4-8, but lacking the SH2 and
SH3 auto-inhibitory domains, encoded by exons 1-3.** Inter-
estingly, FRK fusions have been described in acute myeloid
leukaemia with ETV6-FRK and in anaplastic large cell lymphoma
with CAPRIN-FRK, all with a similar junctions at exon 3 of
FRK**** In cellulo model showed that ETV6-FRK fusion protein
has a constitutive autophosphorylation on its tyrosine residues
with an elevated kinase activity.>* All these data suggested that
in hepatocyte like in haematological diseases, the deletion of the
SH2/SH3 domain together with an intact tyrosine kinase domain
is critical for the oncogenic mechanism of FRK fusions.

We also described two cases of somatic alterations of IL6 with
truncation of the 3’UTR due to large chromosome inversion
or deletion at the genomic level. These two IHCA harboured
a strong overexpression of IL6 suggesting that the lacks of the
3'UTR regulatory elements induced an overexpression of the
transcript. Interestingly, the IL-6 mRNA has a short half-life of
around 30min that is regulated by the 3’'UTR.>® Consequently,
the truncation of the 3’UTR in these two IHCA could lead to
an increased stability and accumulation of the transcript. We

previously described one of the cases that was associated with
occurrence of inflammatory amyloidosis,'? but the second case
did not.

In our series, we identified IL6 alterations, ROS1 and FRK
fusions in 3%, 2% and 1% of all HCA, respectively. In all
these HCA, no other driver mutations were identified except
one CTNNBI mutation exon 3 in one case and one CTNNBI
mutation exon 7 in another case. As ROS1 and IL6 rearrange-
ments induced an mRNA overexpression, we did not identify
an additional candidate IHCA for these genetic alterations after
screening of the whole series of IHCA by quantitative RT-PCR.
In contrast, the exact frequency of FRK rearrangement could be
under-estimated.

In six IHCAs, no functional genetic alterations were identi-
fied using next generation sequencing. However, in 5 of these
6 cases, we observed haemorrhage at histological level which
is known to induce inflammation and thus a slight increase in
SAA and CRP expression in these adenomas without a genomic
driven activation of the IL6/JAK/STAT3 pathway.

Finally, IHCA harboured several driver genes that could be
used as a target for drug therapy in the future in clinical practice.
ROS1 fusion could be targeted by crizotinib, a small molecule
currently approved by Food and Drug Administration (FDA)
for the treatment of lung cancer with ROS1 fusion.’” Moreover,
we previously showed that dasatinib, a src inhibitor, shutdown
JAK/STAT activation due to FRK mutations in cellilo.® We can
predict that the same results could be obtained in IHCA with FRK
fusions. These data suggested that targeted therapies adapted to
genetic alterations (ruxolitinib in IL6ST mutation, dasatinib for
FRK mutations/fusions and crizotinib for ROS1 fusion) could be
tested in selected patients with multiple or unresectable IHCA
(figure 5).%¢

In conclusion, we described recurrent chromosomal alter-
ations of ROS1, FRK and IL6 as new mechanisms of JAK/STAT
pathway activation driving benign tumourigenesis in IHCAs that
could be tested as therapeutic targets in future clinical trials.

Short summary

We identified recurrent chromosomal alterations involving
ROS1, FRK or IL6 in IHCAs. ROS1 activation is a novel mech-
anism of JAK/STAT pathway activation in human benign liver
tumours.
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Results

2. Structural rearrangement signatures reveal a new

molecular entity of HCC

The second objective of my PhD was to explore the causes and consequences of
structural variations in hepatocellular carcinomas. As for HCA, I exploited RNAseq data
but I also implemented an innovative approach to explore SV signatures from WGS data.
This approach allowed me to extract subgroups of tumors sharing similar patterns of

structural variations, induced by a shared biological defect.

During my first year of PhD, I participated to the development of Palimpsest
(https://github.com/FunGeST/Palimpsest), an R package dedicated to the analysis of
mutational signatures from NGS data. Article 3 presents Palimpsest’s functionalities,
including de novo or supervised analysis of mutation and SV signatures, but also clonality
reconstruction to unravel the mutational history of each tumor. I contributed to this work

by implementing the SV signature analysis workflow.

Article 4 presents the application of Palimpsest’s rearrangement signature framework to
a large cohort of HCC samples. In this work, I identified six rearrangement signatures,
characterized by preferential types and sizes of SVs, operative with different intensities
in each tumor. In particular, rearrangement signature 1 (RS1), characterized by focal
duplications (10s to 100s of kb) and complex rearrangements called Template Insertion
Cycles (T.I.C.), revealed a homogenous HCC subgroup with a widespread duplicator
phenotype. All tumors of this subgroup (named CCN-HCC) displayed an activation of
CCNA2 or CCNE1 gene by various mechanisms. CCNAZ activating events included new
gene fusions and insertional mutagenesis by HBV or AAV2 virus, all leading to the
production of a truncated cyclin A2 protein lacking regulatory domains while keeping
functional domains. CCNE1 activation resulted from insertional mutagenesis by HBV and
AAV2, but also SVs leading to enhancer hijacking or gene amplifications.

Cyclins E1 and A2 are involved in S phase entry and progression, and cyclin E1 activation
is known to induce replicative stress and genomic instability in various models.
Consistently, CCN-HCC displayed an overexpression of ATR pathway implicated in the
response to replication stress. These data, and the fact that duplications and TIC can be

induced when collapsed replication forks are processed by the break-induced replication
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(BIR) mechanism, suggest that RS1 is a signature of replication stress. Integrative analysis
of HCC genomes with epigenetic data from Encode and ROADMAP consortia revealed an
enrichment of RS1 breakpoints in early replicated, highly expressed active chromatin
domains. Besides, RS1 events frequently associate active chromatin with quiescent
regions, which may induce secondary oncogenic events like TERT promoter activation by
enhancer hijacking, recurrent in CCN-HCC.

Overall, SV signature analysis allowed us to identify a new HCC entity (CCN-HCC), with
homogenous molecular and clinical features. These tumors usually develop in non-
cirrhotic liver tissue, in absence of classical risk factors. They have a very poor prognosis

but may benefit from targeted treatment against replication stress response.
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Article 3: Palimpsest: an R package for studying mutational and structural variant
signatures along clonal evolution in cancer
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Abstract

Summary: Cancer genomes are altered by various mutational processes and, like palimpsests,
bear the signatures of these different processes. The Palimpsest R package provides a complete
workflow for the characterization and visualization of mutational signatures and their evolution
along tumor development. The package covers a wide range of functions for extracting both base
substitution and structural variant signatures, inferring the clonality of each alteration and analyz-
ing the evolution of mutational processes between early clonal and late subclonal events.
Palimpsest also estimates the probability of each mutation being due to each process to predict the
mechanisms at the origin of driver events. Palimpsest is an easy-to-use toolset for reconstructing
the natural history of a tumor using whole exome or whole genome sequencing data.

Availability and implementation: Palimpsest is freely available at www.github.com/FunGEST/
Palimpsest.

Contact: jayendra.shinde91@gmail.com and eric.letouze@inserm.fr

Supplementary information: Supplementary data are available at Bioinformatics online.

1Introduction by distinguishing clonal/subclonal events and using the proportion
Mutational signature analysis is a powerful approach to understand

of duplicated mutations to time chromosome duplications

the origin of somatic mutations in cancer (Alexandrov et al., 2013). (Greenman et al., 2012). Finally, different mutational processes

This approach can be extended to any kind of genomic alteration have different propensities to target specific loci depending on the
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including structural variants (Helleday et al., 2014). Mutational
processes may evolve over time, giving different mutational signa-
tures in early clonal and late subclonal mutations (Nik-Zainal et al.,
2012; Rubanova et al., 2018). Next-generation sequencing data also
allow to reconstruct the timing of copy-number alterations (CNAs)

©The Author(s) 2018. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com
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local chromatin state (Polak et al., 2015; Sabarinathan et al., 2016)
and sequence context (Letouzé et al., 2017). Understanding how
mutational processes evolve during tumorigenesis and alter specific
driver genes is critical to better understand the natural history of
cancers and eventually predict and influence their clinical behavior.
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Fig. 1. (A) Workflow of a typical analysis with Palimpsest. (B) Oncogenic timeline
of a tumor representing the number of clonal/subclonal mutations, the contribu-
tion of mutational processes to each step and the timing of driver mutations
(colored according to their most likely causal mutational process) and CNAs

To the best of our knowledge, no comprehensive workflow inte-
grates mutational signature and clonality analyses to reconstruct the
natural history of a tumor. In addition, no automated tools for
extracting structural variant signatures, timing chromosome dupli-
cations and estimating the process at the origin of each mutation are
currently available. The Palimpsest R package provides an extensive
toolset to explore and visualize the diverse processes generating
somatic alterations in a tumor, their evolution along tumorigenesis
and their interaction with driver genes.

2 Features of palimpsest

Palimpsest takes as input somatic mutations and structural variants (op-
tional), copy-number data and a minimal sample annotation file indicat-
ing gender and tumor purity. Figure 1A and Supplementary Figure S1
illustrate a typical Palimpsest analysis, as described step by step below.

Mutational signature analysis. Palimpsest allows both de novo
extraction of novel mutational signatures or quantification of previ-
ously described signatures using non-negative matrix factorization
(NMF), as implemented in the NMF R package (Gaujoux and
Seoighe, 2010). Utilities are provided to visualize signatures, tran-
scriptional strand biases and inter-mutation distance, and to com-
pare signatures using cosine similarity.

Structural variant signature analysis. Palimpsest implements an
adaptation of the mutational signature analysis framework for struc-
tural variants (SVs). SVs are first classified into 38 categories according
to the type (deletion, tandem duplication, inversion and interchromo-
somal translocation) and size of rearrangements (Nik-Zainal et al.,
2016). NMF then allows extracting new or known structural variant
signatures and their contribution to each tumor genome.

Predicting the process at the origin of each individual mutation.
Once the mutation catalogue of a tumor has been deconvoluted as the
addition of several mutational processes, Palimpsest estimates the prob-
ability of each individual mutation being due to each process using sim-
ple Bayesian statistics (Letouzé et al., 2017). This key feature, available
for both point mutations and structural variants, allows predicting the
processes most likely at the origin of driver events in each tumor.
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copy number to estimate the proportion of tumor cells harboring
each mutation and classify them as clonal or subclonal. Then, the
package extracts and compares mutational signatures operative in
clonal and subclonal mutations to explore the evolution of muta-
tional processes along tumorigenesis.

Timing CNAs. Several tools have been described to differentiate
clonal from subclonal CNAs, which can be directly specified in the
CNA input file. In addition, Palimpsest will estimate the molecular
timing of duplications using the proportion of duplicated/non-
duplicated somatic mutations.

Oncogenic timelines. Finally, Palimpsest integrates the results of
clonality and mutational signature analyses to generate a compre-
hensive representation of the natural history of the tumor (Fig. 1B).

3 Conclusions

Unraveling what mutational processes generate driver mutations
and fuel the initiation and progression of tumor clones is crucial to
better understand the natural history of cancers and optimize per-
sonalized patient care. Palimpsest integrates a broad range of func-
tions within a single convenient workflow to provide a complete
picture of tumorigenesis. The minimum basic input data make the
package easy-to-use in any cancer genomic study downstream clas-
sical variant calling and copy number analyses.
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Supplementary note:

Palimpsest: an R package for studying mutational and structural

variant signatures along clonal evolution in cancer.
Jayendra Shinde, Quentin Bayard, Sandrine Imbeaud, Théo Z Hirsch, Feng Liu, Victor Renault, Jessica
Zucman-Rossi and Eric Letouzé’
*Corresponding author. E-mail: eric.letouze@inserm.fr

In this supplementary note, we describe in more details the methodological details underlying
the main functions of the Palimpsest package.

S1. Mutational signature analysis

Palimpsest allows both de novo analysis of mutational signatures and quantification of
previously described signatures. In both cases, a set of base substitutions from a tumor series is
first imported from a VCF file and each mutation is assigned to one of 96 mutation categories,
defined by the 6 substitution types multiplied by 16 possible trinucleotide contexts (Alexandrov

et al., 2013). We can then represent the mutational catalog of the n tumors as a mutation

1 1
My s Ma

matrix M = where m{ is the number of mutations of category j in tumor i.
9% 9
m{® .. m,
The goal of mutational signature analysis is to deconvolute this matrix M as the product of a
Pi - Pk .
matrix of mutational processes P = : i | where pi’ is the probability of the process

96 9%
b1~ - Pk

el ep ,
i to cause a mutation of category j, and a matrix of exposures E = 21 ~ i | where ei] is
efl .. ek

the number of mutations attributed to process i in tumor j. To solve this problem, we use non-
negative matrix factorization, as implemented in the NMF package (Gaujoux and Seoighe,
2010). For a de novo analysis, the number of processes K can be manually defined by the user
or estimated automatically considering the cophenetic correlation coefficients and residual sum
of squares (RSS) for each number of signatures. NMF then identifies the matrices P and E that
verifies M = PXE and minimizes a Frobenius norm while maintaining non-negativity. For an
analysis of previously described signatures, the user provides the matrix of processes P, and
NMF is used only to reconstruct the exposure matrix E. The P matrix for the 30 signatures

currently referenced in the COSMIC database is provided with the Palimpsest package.

S2. Association of mutational signatures with driver genes
Once a cancer genome has been deconvoluted as a combination of several mutational
processes, we can estimate the probability of each somatic mutation being generated by each
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mutational process using simple Bayes statistics (Letouzé et al., 2017). This key feature has
been introduced in Palimpsest as follows:

Consider a mutation category c out of the 96 mutation categories, the number of mutations of
category cin a tumor t can be expressed as:

10

| oy — [ 2 S

my = § bs Xeg
s=1

where the product p¢Xe/ represents the number of mutations of category c attributed to
signature s in tumor t. The probability P(m,s) of a mutation m of category c in tumor t being due
to signature s can then be estimated as:
CXeS
P(m,s) = Ps Xé¢

10 c S
s=1 pS xet

This important feature of Palimpsest can be used to predict the mutational processes (point
mutations or structural variants) at the origin of driver alterations in a cancer genome.

S3. Structural rearrangement signature analysis

Palimpsest performs structural rearrangement signature analysis by applying the same
statistical framework used for mutational signature analysis. Somatic structural rearrangements
from a series of tumors are first classified into 38 categories considering the type (deletion,
tandem duplication, inversion, interchromosomal translocation) and size (<1kb, 1-10kb, 10-
100kb, 100kb-1Mb, 1-10Mb, >10Mb) of rearrangements, as previously described (Nik-Zainal et
al., 2016). Clustered events, defined by the presence of 210 breakpoints within a 1Mb window,
are identified using the bedr package (Haider et al., 2016) and considered separately from non-
clustered events. We then used non-negative matrix factorization, as implemented in the NMF
package, to extract rearrangement signatures and their exposure in each tumor. Like
mutational signature analysis, structural rearrangement signature analysis can be performed de
novo or using a pre-defined set of known signatures to estimate the exposure matrix.

S4. Estimating the cancer cell fraction and clonality

Using the variant allele fraction (VAF), tumor cell content and absolute copy-number estimates,
Palimpsest estimates the cancer cell fraction (CCF), i.e. the proportion of tumor cells harboring
each mutation:

pNe + (1 — p)N,

PNchyr

CCF =VAFx

where p is the tumor cell content, N and N, the copy-number at the locus in tumor and normal
cells, and n¢,, the number of chromosomal copies harboring the mutation in tumor cells (also
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called multiplicity of the mutation). p and N; can be estimated from copy-number data using
various algorithms. The multiplicity of each mutation (n.,) is set to the integer value closest to:

N, + (1 — p)N
max<1,VAFxp +(d-p) ")

Finally, Palimpsest determines the 95% confidence of VAF using a binomial test and converts
this interval to obtain the 95% confidence interval of CCF using the above formula. A mutation
is then classified subclonal if the upper boundary of the 95% confidence interval is below a
threshold set by the user (default 0.95), and clonal otherwise.

S5. Timing chromosomal duplications

When a chromosome is duplicated, mutations harbored by the chromosome are also
duplicated and their VAF is increased as compared to mutations present on the other
chromosome copy, or acquired after the duplication. The ratio of duplicated/non-duplicated
mutations can thus be used to time the chromosome duplication event, early events having a
low amount of duplicated mutations as compared to late events (Nik-Zainal et al., 2012).
Palimpsest uses previously described formulas (Letouzé et al., 2017) to estimate the point
mutation time of each chromosome duplication with a minimum of 30 mutations located on
the duplicated segment.

Let us consider the simple case of a chromosome with absolute copy-number N¢=3. The
molecular time at which the extra copy of the chromosome was gained can be estimated as:

T = dup %100

Nnaup — Na
Ndup+ n up3 up

where Ngyp and Npqyp are the number of duplicated and non-duplicated mutations, respectively.

We extrapolated this formula to chromosomes with N:24. In this case, we timed the first
duplication event using:

T = Navp x100
N 3 Nndup - Ndup
aup (3+Np)/2

where Ngyp is the number of mutations at the maximal level of multiplicity and Npqu the
number of mutations at intermediate levels of multiplicity or non-duplicated.

For cases where the two parental chromosome copies were duplicated, e.g. Ni=4 with 2 copies
of each chromosome copy, we adapted the formula as follows:

Ny /2
T = aup/ %100

Nndup
Naw/2+ 3Ny 2
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S6. Limitations of the package — number of mutations needed

Palimpsest can be applied to both whole genome and whole exome sequencing data. However,
whole genome data are preferable for structural rearrangement signature analysis and timing
chromosome duplications. Factors influencing extraction of mutational signatures have been
extensively analyzed elsewhere (Alexandrov et al., Cell Rep 2013) using simulated data with
varying numbers of signatures, similarities between signatures, numbers of tumors and
numbers of mutations per tumor. The authors concluded that, although both whole genome
and whole exome sequencing data are suitable to accurately extract mutational signatures, the
number of required mutations/samples increases with the number of signatures, and it is
preferable to have more mutations/sample (e.g. whole genome sequences) than more samples
with less mutations (e.g. large whole exome series). However, giving precise limitations
regarding a required number of mutations per sample is delicate as it also depends on the type
of mutational signatures analyzed. In our experience, very specific signatures caracterized by
only a few mutation categories mutated at high frequency will be easily identified with
relatively few mutations, whereas signatures with widespread mutation spectra will by harder
to quantify.
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of cancer death worldwide. Only 30% of cases are diag-

nosed at an early stage and are amenable to curative
treatment by tumor resection or liver transplantation!. The
multikinase inhibitors sorafenib? and regorafenib® are currently
the only drugs approved for advanced HCC cases, but the median
life expectancy of patients with HCC on sorafenib is only 1 year.
All phase III clinical trials involving targeted molecular therapies
have failed so far for various reasons including liver toxicity, lack
of antitumoral potency, and the molecular heterogeneity of the
disease®. Identifying homogeneous HCC subgroups sharing
similar driving mechanisms and vulnerabilities is thus crucial to
design successful patient-tailored clinical trials.

Most HCC develop in a cirrhotic liver, associated with various
etiologies including hepatitis B virus (HBV) and hepatitis C virus
(HCV) infections, alcohol abuse, metabolic disease, and exposure
to carcinogenic compounds like aflatoxin B1°. The natural history
of HCC in cirrhosis follows a well-established sequence with the
successive development of dysplastic nodules that can transform
into early stage and advanced HCC. TERT promoter mutations
are the initial oncogenic events already detected in dysplastic
nodules® whereas alterations in other HCC drivers’!! involved
in cell cycle control (TP53, RBI, CCNDI, CDKN2A), Wnt/g-
catenin signaling (CTNNBI, AXINI), oxidative stress response
(NFE2L2, KEAPI) epigenetic regulation (ARIDIA, ARID2) and
the AKT/mTOR and MAP kinase pathway (RPS6KA3, TSCI,
TSC2, PTEN) only occur in progressed HCC!2.

In 20% of the cases, HCC develops in absence of cirrhosis.
These patients usually maintain adequate liver functions and,
being less subject to liver toxicity, may be eligible for more
treatment options. The etiology of HCC in absence of cirrhosis is
largely unknown, but one mechanism of transformation involves
insertional mutagenesis by the HBV virus. The first oncogenic
HBV insertion was identified in cyclin A2 gene (CCNA2)"3. Since
then, recurrent HBV insertions were mapped in several onco-
genes including CCNEI, KMT2B and TERT'4!. Recently, we
identified adeno-associated virus type 2 (AAV2) insertions as a
new etiology for HCC developed in absence of cirrhosis, with
recurrent insertions in CCNA2 and CCNEI geneslé. However, the
molecular consequences of viral insertions in cyclin genes and
their precise role in HCC development remain poorly
understood.

Here, we report the systematic screening of CCNA2 and
CCNE] alterations in 751 HCC. We identify new mechanisms of
cyclin A2/E1 activation, and we explore the clinical and molecular
characteristics of this tumor subgroup.

I I epatocellular carcinoma (HCC) is the third leading cause

Results

Viral insertions and gene fusions activate cyclin A2. To identify
the exhaustive landscape of CCNA2 and CCNEI alterations in
HCC, we analyzed 751 HCC comprising an in-house series of 160
tumors (LICA-FR) analyzed by RNA sequencing (RNAseq, n=
160), whole exome (WES, n = 156) and whole genome sequen-
cing (WGS, n = 45) (Supplementary Data 1), the TCGA!7 series
(334 HCC with RNA-seq and WES, 48 or which also analyzed by
WGS) and the ICGC-JP!! series (257 HCC with WGS data,
Supplementary Data 2).

We first screened the LICA-FR series of 160 tumors to
characterize the exhaustive mechanisms activating CCNA2 and
CCNEI in HCC. We identified one HBV and 5 AAV2 insertions
(four previously described in the ref. 1) in CCNA2 gene
(Supplementary Data 3), all but one located within CCNA2
intron 2 (Fig. 1a). Viral insertions were associated with CCNA2
mRNA  over-expression (P=82x10"7, fold-change= 5.6,
Fig. 1b), but also altered the transcript and protein structure.

AAV2 and HBV insertions induced the expression of various
abnormal transcripts (Supplementary Fig. 1), predicted to
generate a truncated cyclin A2 protein starting at methionine
148 or 158 with occasionally a few amino acids translated from
the viral genome (Fig. 1c).

In addition we identified novel gene fusions in 4 tumors
(Supplementary Data 4), all involving the C-terminal part of
CCNA2 (exons 3-8) at chromosome 4q27 downstream 3 different
partner genes: GSTCD at 4q24, SNX29 at 16p13.13 and TET2 (x2)
at 4q24 (Fig. la, d). In the TET2-CCNA2 and GSTCD-CCNA2
fusion transcripts, the first untranslated exons of TET2 and
GSTCD were linked with CCNA2 exons 3-8. The SNX29-CCNA2
fusion revealed an alternative transcription start site (TSS) in
SNX29 intron 14 generating a 448-nucleotide sequence spliced
with CCNA2 exon 3. In all fusions, the predicted translation
initiation site of the fused RNA was located at methionine 158 in
CCNA2 exon 3, predicted to generate a truncated cyclin A2
protein of 275 amino acids (32 Kda), lacking the destruction
box'® and ubiquitination targeting sequences'® but retaining the
functional cyclin box, without any protein fragment from the
partner genes (Fig. le).

Western blot analysis of 9 tumors with viral insertion or gene
fusion confirmed the over-expression, as predicted, of a truncated
32 KDa protein (Fig. 1f). Thus, gene fusions and viral insertions
in CCNA2 both lead to the production of a stable protein lacking
the N-terminal regulatory domains.

In the TCGA series, we identified 7 CCNA2 fusions with 5
different partner genes (FAMI160A1, KIAA1109 x 3, LIPC, UBA6
and TDO2, Fig. 1a, d), all of which involved the first untranslated
exon(s) of the partner gene linked with exons 3-8 of CCNA2.
WGS revealed in another tumor a focal deletion starting in the 5’
UTR region and ending in CCNA2 intron 2 (Supplementary
Fig. 2). All these events were predicted to generate the same 32
KDa truncated cyclin A2 protein lacking N-terminal regulatory
domains. We also identified one tumor with HBV insertion and 3
tumors with AAV2 insertions in CCNA2. Finally, 6 tumors
strongly overexpressed CCNA2 (FPKM >15), 3 of which
displayed 23-48 Mb intra-chromosomal deletions linking the
intergenic region downstream CCNA2 with the highly expressed
ALB, AFP, and ADH6 genes (Supplementary Fig. 2). The ICGC-
JP cohort comprised one HBV insertion in CCNA2 intron 2 and
one fusion between the first untranslated exon of ANXAS5 and
exons 3-8 of CCNA2 (Fig. 1a, d).

In total, we identified 10 HCC with CCNA2 activation events in
the LICA-FR series (6.2%), 2 in the ICGC-JP series (0.8%) and 18
in the TCGA series (5.4%), associated with a significant increase
of CCNA2 mRNA expression, but also generating a truncated
cyclin A2 protein lacking the N-terminal destruction box and the
ubiquitination site.

Viral insertions and enhancer hijacking activate cyclin E1. In
our series of 160 HCC, we identified 5 AAV2 insertions (three
previously described in the ref. 6) and one HBV insertion in the 5'
region or upstream the transcription start site (TSS) of CCNEI
(Fig. 2a, Supplementary Data 3). These viral insertions induced a
massive overexpression of the full-length CCNEI gene (Fig. 2b),
confirmed by western-blot analysis (Supplementary Fig. 3). Inter-
estingly, one case with AAV2 insertion (FR2141T) also displayed an
amplification of CCNEI locus including the viral sequence (Sup-
plementary Fig. 3), suggesting a two-step selection of CCNEI acti-
vation in the natural history of this tumor. Four other tumors
overexpressed CCNEI (FPKM > 6), explained by high-level ampli-
fication in one case. In the 3 remaining cases, whole genome
sequencing revealed interchromosomal translocation breakpoints in
the regulatory region of CCNEI (Fig. 2a). Tumor FR2048T
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and CYB5A (Fig. 2c). Thus, both viral insertions and structural
rearrangements can activate CCNEI expression by bringing viral or
distal human enhancers in the regulatory region of the gene.

In the TCGA series, 10 tumors overexpressed CCNEI (Fig. 2b),
including 2 cases with HBV insertion, one with HBV insertion
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plus high-level amplification, one with AAV2 insertion and one
with a translocation between CCNEI regulatory region and an
enhancer-rich region on chromosome 5 (Fig. 2c). In the 5
remaining cases, the mechanism leading to CCNEI overexpres-
sion remained unexplained in absence of WGS data. In the
ICGC-JP cohort, we identified one AAV2 and one HBV insertion
associated with CCNE1 overexpression. In total, we identified 10
HCC with CCNEI activation events in the LICA-FR cohort
(6.2%), two in the ICGC series (0.8%) and 10 in the TCGA series
(3.0%).

Across the three data sets, 52/751 tumors (6.9%) displayed an
activation of cyclin A2 (n=30) or E1 (n=22) due to viral
insertions or structural rearrangements. These are later referred
to as CCN-HCC. The proportion of CCN-HCC varied between
the cohorts (12.5% in our series, 8.4% in TCGA and 1.6% in
ICGC-JP) due to differences in etiological backgrounds (Supple-
mentary Data 2). It was particularly high in our series enriched in
cancers developed in a non-fibrotic liver, and low in the IGGC-
Japan series dominated by HCV-related cases.

Cyclin A2 or El activation defines a homogenous HCC sub-
group. We next explored the molecular and clinical character-
istics of CCN-HCC. Gene expression analysis of the LICA-FR and
TCGA showed that CCN-HCC defined homogeneous transcrip-
tional clusters (Fig. 3a). They were characterized by an over-
expression of cell cycle genes, in particular E2F targets, and an
activation of the ATR pathway in response to replication stress
(Fig. 3b, Supplementary Data 5). The most significant down-
regulated pathways were oxidative phosphorylation, suggesting a
metabolic switch to aerobic glycolysis (Warburg effect), and MYC
targets. We also compared the alteration frequencies of known

liver cancer driver genes' between CCN-HCC and others.
CCNA2 and CCNEI activation events were remarkably exclusive
from CTNNBI and TERT promoter mutations, but frequently
associated with PTEN and RBI inactivation in both the LICA-FR
and TCGA series (Fig. 3b, Supplementary Data 6). RBI inacti-
vation may allow cells to overcome oncogene-induced senes-
cence? in these tumors, whereas PTEN inactivation might favor
the oncogenic metabolic switch that we observed at the tran-
scriptional level?!. Compared to the other tumors in the LICA-FR
series, CCN-HCC were enriched in large tumors (median largest
nodule diameter = 115 vs. 60 mm, P = 0.0033), of poor prognosis
(median overall survival = 21 vs. 69 months, P = 0.0072, Fig. 3¢),
developed in younger patients (median age = 57 vs. 67 years old,
P =0.050) with a non-fibrotic liver (fibrosis stage FO-F1 80 vs.
42%, P =0.0011). Thus, CCN-HCC define a homogenous HCC
entity with characteristic clinical and molecular features.

CCN-HCC display a unique structural rearrangement sig-
nature. To identify mutational signatures associated with CCN-
HCC, we analyzed the whole genome sequences of 45 of our 160
HCC (35 were previously published??, 10 new), including 13
CCN-HCC. With a median of 12,463 mutations, CCN-HCC were
rather less mutated than others (median = 16,397 mutations, P =
0.065). Mutational signatures 4, 5, and 16 (COSMIC nomen-
clature), ubiquitous in liver cancers?2, accounted for most
mutations in CCN-HCC, with a slight increase of signature 5 (53
vs. 33%, P=0.036) and decrease of signature 16 (23 vs. 32%, P =
0.05) as compared with other HCC (Supplementary Fig. 4).

In contrast, CCN-HCC displayed > 3 times more structural
variants (median = 415 vs. 126, P= 1.1 x 10~%). We identified 6
rearrangement signatures, termed RS1 to RS6, characterized by
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different combinations of rearrangement categories defined
according to the type, size, and clustered nature of rearrange-
ments (Fig. 4a). Strikingly, a high number of rearrangements
attributed to signature RS1 (=50 events) was specifically
encountered in a cluster of 13 tumors corresponding exactly to
CCN-HCC (P =14 x 10~!1, Fig. 4b). We validated this associa-
tion using WGS data from the ICGC-JP series and a subset of
48 samples from the TCGA series (Fig. 4c, Supplementary
Data 7). In absence of WGS data for the rest of the TCGA series,
we used SNP array data to estimate the number of focal gains
(<200kb) in each tumor as a surrogate marker of the
RS1 signature. With a median of 120 events, CCN-HCC displayed
a significant increase of focal gains as compared with other HCC
in the TCGA series (median = 6, P< 2.2 x 106, Supplementary
Fig. 5). Thus, CCN-HCC have a relatively low mutation burden
but a large number of structural rearrangements with a specific
signature.

RS1 features suggest a replication stress-induced mechanism.
Almost all rearrangements in CCN-HCC belonged to signature
RS1, characterized by a combination of small tandem duplica-
tions (<100kb) and inter-chromosomal translocations
(Fig. 4d). CCN-HCC also displayed a typical copy-number
profile showing hundreds of focal gains, usually one copy above
surrounding chromosome segments (Supplementary Fig. 6).
Surprisingly, overlaying structural rearrangement breakpoints
with copy-number profiles revealed that only 68% of these gains
were due to tandem duplications, other gains being frequently
surrounded by translocation or inversion breakpoints (Fig. 4e,
Supplementary Fig. 6). A recurrent feature consisted of several
chromosome segments, usually between 10 and 100 kb, stung
together and with the same duplication level relative to their
source chromosomes. Most of these events involved segments
from two (Fig. 4f) or more (Supplementary Fig. 7) different
chromosomes, a feature recently described as templated
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insertion cycle?3. Inter-chromosomal templated insertions

accounted for 11% of focal gains in CCN-HCC. Other events,
which we call intra-chromosomal templated insertions,
involved distal segments of a same chromosome and appeared
as couples of inversions (Fig. 4f) or duplication and deletion
(Supplementary Fig. 7), depending on the orientation of the-
junctions. Intra-chromosomal templated insertions accounted
for 7% of focal gains in CCN-HCC. All these events are con-
sistent with a replication-based mechanism in which a
DNA polymerase at a stalled replication fork would switch
template, replicate one or more other DNA regions and switch
back to the original template strand behind the point
of deg)arture, generating a duplication on the host chromo-
some*3~26, Such mechanism could be particularly active in
CCN-HCC due to replication stress induced by premature S
phase entry.

Structural rearrangements activate TERT promoter in CCN-
HCC. To better understand the functional consequences of the
rearrangement phenotype observed in CCN-HCC, we examined
the location of 8466 breakpoints attributed to the RSI signature
among the 350 liver cancer genomes from the LICA-FR, TCGA
and ICGC cohorts. RS1 breakpoints were not distributed evenly
along the genome but formed clusters located almost exclusively
within active topologically associated domains (TADs, Fig. 5a)
characterized by early replication, high gene expression and active
chromatin states in normal liver (Fig. 5b). In particular, RS1
breakpoint hotspots were frequently observed at loci encoding
very highly expressed liver enzymes exemplified by the albumin
(ALB), alcohol dehydrogenase (ADH) and hydroxysteroid 17-
Beta dehydrogenases (HSDI7B) loci on chromosome 4 (Fig. 5a,
Supplementary Fig. 8). Among the 18 chromatin states defined by
the ROADMAP consortium in normal adult liver, active tran-
scription start sites (TSS) and enhancer regions were the most
strongly enriched in RS1 breakpoints (fold-change > 3), whereas
quiescent and heterochromatin domains were the most depleted
(Fig. 5¢). TSS and enhancer regions were also enriched, to a lesser
extent, in breakpoints related to signature RS2 characterized by
large tandem duplications. By contrast, breakpoints related to
signature RS6, dominated by inversions< 10kb, were pre-
dominantly observed in heterochromatin and ZNF repeats.

We then used binomial regression?” to model the density of
rearrangement breakpoints along the genome considering an
extensive set of genomic features (Supplementary Fig. 9) and to
identify hotspots harboring more breakpoints than expected by
chance from the background model, which may indicate positive
selection in CCN-HCC. We identified a single significant locus
corresponding to TERT promoter region (g=0.0029, Fig. 5d).
Although TERT promoter mutations were rare in CCN-HCC (9
vs. 55% in others, P=2.4x 10"5), TERT promoter rearrange-
ments were highly enriched (82 vs. 7%, P=18x10"15
Fig. 5e) and involved regions of active chromatin in normal
liver, in the vicinity of highly expressed liver enzymes (ALB, FGG,
SEP15, SLCI2A7 and BAAT) or transcription factors (HNF4A,
CEBPA, and CEBPB) (Supplementary Data 8, Supplementary
Fig. 10). TERT promoter rearrangements induced an over-
expression of TERT, stronger than promoter mutations but lower
than HBV insertions (Supplementary Fig. 11). Of the 18 TERT
promoter rearrangements identified in CCN-HCC, 16 could be
associated with signature RS1 with a probability = 0.5 (Fig. 5f). By
contrast, most TERT promoter rearrangements in other HCC
were related to signature RS4. Thus, structural rearrangements
induced by replication stress are enriched at active chromatin
regions and can promote CCN-HCC development by activating
oncogenes like TERT.

CCN-HCC share a similar signature with BRCAI-altered can-
cers. To investigate the prevalence of the RS1 signature in other
cancer types, we applied our method to 2606 tumors from the
ICGC PanCancer Analysis of Whole Genomes (PCAWG)
dataset?*?8:29_ In this pan-cancer series, we identified 9 rearran-
gement signatures (Supplementary Fig. 12), including one sig-
nature (RS1-pancan) highly similar to the RS1 signature that we
identified in liver cancers (cosine similarity = 0.91). The RS1-
pancan signature was detected at low frequency in several cancer
types (e.g. bladder, lung, esophageal and gastric cancers), and was
highly active in breast (18% of samples with > 50 RS1 events) and
ovarian (33%) cancers. However, this signature was associated
with CCNA2/EI rearrangements only in liver cancer (Fig. 6a,
Supplementary Data 9). Thus, the relationship between cyclin A2/
E1 activation and signature RS1 is specific to liver cancer, and the
molecular cause of this signature in other cancer types remains to
be elucidated. In ovarian and breast cancer, RS1 signature was not
associated with CCNEI amplifications but with BRCAI inactiva-
tion (Fig. 6b, c), consistent with previous reports>*3!. Despite
sharing a common signature of short tandem duplications and
templated insertions, CCNA2, CCNEI and BRCAI-altered tumors
displayed slightly different characteristics. First, the number of
RS1 rearrangements was higher in CCNA2-activated HCC
(median = 269) than in CCNEI-activated HCC (137) and
BRCAI-altered breast (132) and ovarian (159) cancers (Fig. 6d).
Second, tandem duplications were larger in CCNEI-activated
HCC (median = 39kb) than in CCNA2-activated HCC (22 kb),
and smaller in BRCAI-altered breast (9kb) and ovarian (10 kb)
cancers (Fig. 6e). Finally, duplication and translocation break-
points were strongly enriched in early-replicated regions in CCN-
HCC as compared with other HCC, but not in BRCAI-altered as
compared with other breast and ovarian cancers (Fig. 6f). Cyclin
E1 activation was recently shown to induce replication stress by
firing novel replication origins located within highly transcribed
genes and prone to collapse’?2. BRCAL is implicated in the
response to replication stress*»3* and its inactivation leads to
tandem duplication formation at stalled forks by a replication
restart-bypass mechanism®. Cyclin A2/E1 activation in HCC and
BRCAI inactivation in breast and ovarian cancers may thus
converge towards a similar rearrangement signature, with speci-
ficities reflecting the different ways by which these genetic
alterations induce replication stress or modulate response to it
(Fig. 6g).

Discussion

Here, we report the characterization of a homogeneous HCC
subgroup driven by the activation of CCNA2 or CCNEI gene.
CCN-HCC represent 7% of HCC across the 3 data sets analyzed
here, but up to 14% of HCC developed in a non-fibrotic liver.
These patients often have atypical clinical presentation, without
any history of primary risk factors, and can be remarkably young,
exemplified by tumor FR-3880T developed in a 32 year-old
woman without any risk factor, due to a TET2-CCNA2 fusion.
CCN-HCC are usually large tumors of poor prognosis but share
molecular characteristics, in particular high proliferation and
replication stress, that could provide therapeutic opportunities.
First, conventional chemotherapies mainly affect actively dividing
cells by generating DNA damage or blocking DNA replication,
and the tandem duplicator phenotype was identified as a marker
for chemotherapeutic response in breast cancer cell lines and
patient-derived xenografts’”. Transarterial chemoembolization
(TACE) with doxorubicin, cisplatin or epirubicin, usually
recommended for patients with intermediate HCC not eligible for
surgery, may thus be an interesting option for CCN-HCC. Poly
(ADP-ribose) polymerase (PARP) inhibitors, the first clinically
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approved drugs designed to exploit synthetic lethality, have
demonstrated benefit for patients carrying BRCAI mutations.
CCN-HCC do not harbor a DNA repair defect but share with
BRCAI-altered tumors a signature of genomic instability that
could conceivably confer these tumors sensitivity to PARP inhi-
bitors. Finally, there are currently several compounds in phase I
and II trials targeting the replication stress response pathway
members ATR, CHKI and WEEI. If brought to the clinic, such
compounds would be promising for CCN-HCC treatment, given
that the ATR pathway is strongly upregulated in CCN-HCC and
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overexpression of CCNEI has been shown to confer increased
sensitivity to ATR inhibition“C.

We describe for the first time recurrent fusions involving
CCNA2 gene and recurrent rearrangements of CCNEI promoter
region. CCNA2 fusions are only the second recurrent fusion event
identified in hepatocellular carcinoma, after the PRKACA-
DNAJBI fusion characteristic of the rare fibrolamellar carcinoma
subtype®!. These fusions always involve the untranslated 5' region
of different partner genes upstream exons 3-8 of CCNA2, which
constitutes an original mechanism leading to oncogene activation
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Fig. 6 Pan-cancer analysis of the RS1 signature a Violin plots representing the number of rearrangements attributed to signature RS1 across patients within
each cancer type in the ICGC PCAWG data set. For each cancer type, we assessed the association between tumors with > 50 RS1 events and tumors with a
rearrangement breakpoint < 80 kb from CCNA2 or CCNET gene using Fisher's exact tests. ns: not significant. The definition of cancer codes and number of
samples per cancer type are available in Supplementary Data 9. b Number of RS1 events across 524 breast cancer genomes3C and association with BRCA1
alterations and CCNET amplifications. PD13296a, the only tumor with both BRCA1 mutation and CCNET amplification, has the highest number of RS1 events
in the series. ¢ Number of RS1 events across 80 ovarian cancer genomes’> and association with BRCAT alterations and CCNET amplifications. P-values were
obtained using one-sided Wilcoxon rank-sum tests. d Number of RS1 events in liver, breast and ovarian cancers with or without CCNA2, CCNET and BRCAT
alterations. The middle bar, median; box, interquartile range; bars extend to 1.5 times the interquartile range. e, Violin plots representing the distribution of
tandem duplication sizes across liver, breast and ovarian cancers with or without CCNA2, CCNET and BRCAT alterations. f Violin plots representing the
replication timing of duplication and inter-chromosomal translocation breakpoint loci in liver and breast cancers with or without CCNA2, CCNET and BRCAT
alterations. Replication timing was determined using Repli-Seq data from the HepG2 cell line for liver cancer and from the MCF-7 cell line for breast cancer.
g Proposed connexion beween rearrangement signatures in CCN-HCC and in BRCAT-inactivated breast and ovarian cancers

by truncating a regulatory N-terminal domain. Apart from liver
cancers, none of the 2606 tumor genomes from the ICGC
PCAWG dataset displayed a rearrangement breakpoint in
CCNA2 intron 2. Consistently, a recent RNA-seq analysis of 9,624
TCGA samples from 33 cancer types*? did not reveal any CCNA2
fusion in other cancer types. CCNA2 fusions thus appear to be
specific of liver cancers. Rearrangements affecting CCNEI pro-
moter region result in the overexpression of cyclin E1 by bringing
active enhancer regions upstream the transcription start site,
mirroring the effect of viral enhancers. This mechanism was more
frequent than CCNEI amplification in the liver cancer series we
analyzed. Although HBV and AAV2 insertions were previously
identified in CCNA2 and CCNEI'$!¢, the functional con-
sequences of these insertions were unknown. By integrating WGS
and RNA-seq data, we demonstrate here that viral insertions in
CCNA2, like gene fusions, induce abnormal transcripts leading to
truncated proteins lacking N-terminal regulatory domains. By
contrast, viral insertions in CCNEI region lead to the over-
expression of a full-length transcript and protein.

CCN-HCC display a characteristic transcriptional program,
with a strong overexpression of E2F targets. Activation of the E2F
pathway is expected in RBI-altered tumors and was already
described in HCC*®. However, E2F pathway is also activated in
CCN-HCC without RBI inactivation event and may be partly
explained by the ability of cyclin E/Cdk2 complexes to phos-
phorylate Rb. Interestingly, E2F-1 overexpression in the liver
causes dysplasia and tumors in mice®3, and E2F1 was shown to
inhibit c-Myc-driven apoptosis by activating PIK3CA/Akt/mTOR
and c-Myb/COX-2 pathways*.

A striking feature of CCN-HCC is the accumulation of hun-
dreds of tandem duplications and templated insertion cycles. A
recent study showed that CCNEI activation in U20S cell lines
leads to shortened G1 phase, early S phase entry and firing of
normally silenced replication origins in highly expressed genes,
prone to collapse and associated with DNA double-strand breaks
formation32. Double-strand breaks formed following replication
fork breakdown are primarily repaired by break-induced repli-
cation (BIR)*. In a cyclin E overexpression model of DNA
replication stress, BIR was shown to be required for cell cycle
progression and to induce duplications < 200 kb*. In addition,
template switching may occur during BIR and generate complex
chromosome rearrangements?$2>47. Thus, the nature of rear-
rangements identified in CCN-HCC and the enrichment of
breakpoints in early-replicated, actively transcribed regions are
consistent with a BIR mechanism induced by replication stress.
However, future studies addressing the precise molecular
mechanism generating templated insertions will be crucial to fully
understand the relationship between replication stress and the
RS1 rearrangement signature. The mechanism of tandem dupli-
cation formation in BRCAI-mutant cells was recently identified”.
It involves abnormal repair of collapsed replication forks by a

“replication restart bypass” mechanism with extension of the
stalled leading strand by a migration bubble mechanism similar
to BIR*, terminated by end joining or by microhomology-
mediated template switching. Thus, structural rearrangements
induced by cyclin activation and BRCAI deficiency are initiated
by replication fork collapse and processed by different repair
mechanisms leading to a similar rearrangement signature with
subtle differences regarding the size of rearrangements and
breakpoint location. Interestingly, BRCAI inactivation and
CCNEI amplification are mutually exclusive in ovarian cancers®,
and have been shown to be synthetically lethal®®. The single
breast tumor that we identified with both BRCAI mutation and
CCNEI amplification (PD13296a) had the highest number of
rearrangements related to the RS1 signature (n = 1221) across all
the tumors we analyzed.

Contrary to CCNA2 alterations that seem to be specific of liver
cancers, CCNEI activation by high-level amplification is frequent
across human cancers, in particular in gynecologic cancers’!. Yet,
CCNEI amplification in breast and ovarian cancers does not lead
to the rearrangement phenotype that we observed in CCN-HCC.
Several reasons may explain this discrepancy. First, adult hepa-
tocytes are quiescent, rarely divide, and may thus be particularly
sensitive to replication stress. Second, CCNEI is mostly activated
by viral insertions and structural rearrangements of regulatory
regions in HCC, rather than chromosome amplifications. These
alterations may not have exactly the same functional con-
sequence. Finally, we believe that viral insertions and structural
rearrangements activating CCNA2 or CCNEI are early events
triggering hepatocarcinogenesis because they occur in patients
without cirrhosis and in absence of other oncogenic event like
CTNNBI mutations. CCNEI amplifications may occur later in
breast and ovarian tumors, not leaving enough time for rear-
rangements to accumulate. Fujimoto et al. reported a positive
correlation between the number of structural rearrangements and
HBV insertion sites, suggesting that double-strand breaks gen-
erated by structural rearrangements may provide opportunities
for HBV integration!!. Here we describe the reciprocal relation-
ship where viral insertions in cyclin genes lead to structural
rearrangement formation due to replication stress.

The propensity of signature RSI1 breakpoints to occur in
enhancer-rich regions makes these rearrangements likely to
activate oncogenes in trans. In this limited series of 22 CCN-HCC
analyzed by WGS, we identified a single significantly recurrent
hotspot at TERT promoter. However, the power to identify
recurrent somatic rearrangement hotspots increases sharply with
sample size?”, and future studies of larger CCN-HCC series may
uncover additional sites under positive selection in CCN-HCC.

In conclusion, viral insertions and structural rearrangements
activating CCNA2 and CCNEI define a homogeneous subgroup
of aggressive HCC developed in non-cirrhotic liver, sharing
similar transcriptional profiles and frequent inactivation of RBI
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and PTEN. These tumors display a specific rearrangement sig-
nature induced by replication stress that sustains tumor growth
by activating TERT but may constitute a targetable vulnerability.

Methods

Description of the LICA-FR cohort. A series of 160 hepatocellular carcinoma
(HCC) samples and their non-tumor counterparts were collected from patients
surgically treated in four French hospitals located in Bordeaux and Paris region.
The study was approved by institutional review board committees (CCPRB Paris
Saint-Louis, 1997, 2004, and 2010, approval number 01-037; Bordeaux, 2010-
A00498-31). Written informed consent was obtained in accordance with French
legislation. All samples were immediately frozen in liquid nitrogen and stored at
~80 °C. HCC were enriched in cases developed on a non-cirrhotic liver (107/160,
67%): 75 tumors developed in non-fibrotic (METAVIR F0-F1), 32 in chronic
hepatitis (F2-F3) and 53 in cirrhotic liver (F4). Clinicopathological data were
available for all cases. A diversity of risk factors were represented in our series,
including alcohol (1 = 63), metabolic syndrome (n = 37), HBV (n=30), and HCV
infection (n = 30). Twenty-nine patients had none of the above risk factors. These
160 samples were analyzed by RNA sequencing, 156 were analyzed by whole exome
sequencing (including 96 were previously Eublished“’) and 45 by whole genome
sequencing (35 were previously published”?). Detailed clinical characteristics and
sequencing details for each sample are provided in Supplementary Data 1.

Whole genome sequencing. Whole genome data from 45 tumors of the LICA-FR
series were analyzed in this study, comprising 35 previously published®? and 10
new cases. The whole genomes of 10 new tumor/normal pairs were sequenced for
this project at the Center National de Recherche en Génomique Humaine
(CNRGH, Evry, France) on an Illumina HiSeq X Five as paired-end 151 bp reads.
Sequences were aligned to the hgl9 version of the human genome using BWA??
version 0.7.12. We used Picard tools version 1.108 (http://broadinstitute.github.io/
picard/) to remove PCR duplicates and GATK** version v3.5 for local indel rea-
lignment and base quality recalibration, as recommended in GATK best prac-
tices™. We obtained an average depth of 119-fold for tumors (range 104-126) and
41-fold for matched non-tumor liver samples (range 38-43).

Whole exome sequencing. Whole exome data from 156 tumors of the LICA-FR
series were analyzed in this study, comprising 96 previously published'’ and 60
new cases. Sequence capture, enrichment and elution of genomic DNA samples
from the 60 new tumor/normal pairs was performed by IntegraGen (Evry, France).
Agilent in-solution enrichment was used with the manufacturer’s biotinylated
oligonucleotide probe library SureSelect Human All-Exon kit v5 + UTRs (n = 39)
or SureSelect Clinical Research Exome V2 (n = 21) according to the manufacturer’s
instructions. The eluted enriched DNA sample was sequenced on an Illumina
HiSeq 2000 (1 = 39) or HiSeq 4000 (1 = 21) as paired-end 75 bp reads. Sequencing
details for each sample are indicated in Supplementary Data 1.

Somatic mutation calling. We used MuTect2 to call somatic mutations from WES
and WGS data by comparing each tumor sample with its matched non-tumor
counterpart and a panel of normals (PON) file. We excluded mutations belonging
to the ENCODE Data Analysis Consortium blacklisted regions (http://hgdownload.
cse.ucsc.edu/goldenPath/hgl9/encode DCC/wgEncodeMapability/
wgEncodeDacMapability ConsensusExcludable.bed.gz) and regions covered by < 6
reads in the tumor or normal sample. We then selected only single nucleotide
variants (SNVs) with a MuTect2 flag among “PASS”, “clustered_events”,
“t_lod_fstar”, “alt_allele_in_normal” or “homologous_mapping_event” and small
insertions and deletions (indels) with a MuTect2 flag among “PASS”, “cluster-
ed_events” or “str_contraction”. To improve specificity in the calling of mutations
with low variant allele frequency (VAF), we quantified the number of high quality
variant reads in the tumor (mapping quality = 20, base quality =20) and the
number of variant reads in the non-tumor sample with no quality threshold using
bamreadcount (https://github.com/genome/bam-readcount). Only variants
matching the following criteria were finally retained: VAF = 2% in the tumor
with = 3 variant reads, VAF < 5% in the non-tumor samples with < 2 variant reads,
and a VAF ratio 2 5 between the tumor and non-tumor sample.

Copy-number and structural rearrangement analysis. We used MANTA®
software to identify somatic structural rearrangements in WGS data. To keep only
the most reliable events, we selected only rearrangements supported by = 10 reads
and with a variant allele fraction = 5%. We used cgpBattenberg® algorithm to
reconstruct copy-number profiles from WGS data. We used the circular binary
segmentation algorithm implemented in the Bioconductor package DNAcopy®” to
reconstruct copy-number profiles from WES data.

RNA sequencing. RNA samples from the 160 tumors of the LICA-FR series were
sequenced in several batches with slightly different protocols. RNA samples were
enriched for polyadenylated RNA from 5 pg of total RNA, and the enriched
samples were used to generate sequencing libraries with the [llumina TruSeq or
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Nlumina TruSeq Stranded mRNA kit and associated protocol as provided by the
manufacturer. Libraries were sequenced by IntegraGen (Evry, France) on an Illu-
mina HiSeq 2000 or 4000 as paired-end 75 or 100 bp reads. Full Fastq files were
aligned to the reference human genome hgl9 using TopHat2°%. Sequencing details
for each sample and the parameters used for TopHat2 are indicated in Supple-
mentary Data 1. We removed reads mapping to multiple locations, and we used
HTSeq™ to obtain the number of reads associated to each gene in the Gencode v19
database, restricting to protein-coding genes, pseudogenes, antisense and lincRN As
(n =42540). We used the Bioconductor DESeq2 package®® to import raw HTSeq
counts for each sample into R statistical software and apply variance stabilizing
transformation (VST) to the raw count matrix. FPKM scores (number of fragments
per kilobase of exon model and millions of mapped reads) were calculated by
normalizing the count matrix for the library size and the coding length of each
gene. We used the area under the ROC curve (AUC) to identify and remove 2724
genes with a significant batch effect (AUC > 0.95 between one sequencing project
and others).

Gene fusion detection. Fusions detected by TopHat2 (--fusion-search --fusion-
min-dist 2000 --fusion-anchor-length 13 --fusion-ignore-chromosomes chrM)
were filtered using the TopHatFusion-post algorithm. We kept only fusions vali-
dated by BLAST and with at least 10 split-reads or pairs of reads spanning the
fusion event, and we removed fusions identified at least twice in a cohort of 36
normal liver samples.

Gene expression analysis. We used t-distributed stochastic neighbor embedding
(t-SNE) to dlassify HCC based on their gene expression profiles. We selected the
1000 most variably expressed genes, and we used 1 minus the weighted Pearson
correlation coefficient as the distance measure. Pairwise Pearson correlation was
calculated using the wtd.cors function of the weights R package. We used standard
deviation substracted by 0.2 as the weight, giving more variable genes greater
influence. The resulting distance matrix was used to perform the t-SNE analysis
using the R package Rtsne®! with default parameters except the following: theta =0,
is_distance = T, pca = F, max_iter = 2000. We used the Bioconductor limma
package® to test for differential expression between CCN-HCC and other HCC of
all genes expressed in at least five samples (FPKM > 0). We applied a g-value
threshold of <0.05 to define differentially expressed genes. We used an in-house
adaptation of the GSEA method®* to identify gene sets from the MSigDB v6
database overrepresented among upregulated and downregulated genes.

Viral insertion screening. AAV2 insertions had previously been screened by viral
capture and whole exome sequencing in 83 tumors from the LICA-FR cohort'¢.
We extended this screen to AAV2 and HBV insertions in all HCC from the LICA-
FR cohort using RNA-seq and WES data. In the ICGC-JP cohort, AAV2 and HBV
insertions had already been screened using WGS data and were provided by
Fujimoto et al.'! In the TCGA cohort, we screened AAV2 and HBV insertions
using RNA-seq data from all tumors and WES data from 37 tumors showing viral
reads or overexpression of CCNA2 or CCNEI in RNA-seq data. For each tumor
and matched normal sample, the sequence reads were mapped to the AAV2
(AF043303.1) and HBV (X02763, renumbered using the EcoR1 restriction site as
the +1) reference genomes using BWA>2. Read pairs with at least one read aligned
on the virus were extracted using samtools®*, and aligned to a custom reference
genome including human chromosomes and virus fasta sequences as pseudo-
chromosomes. Tumors with =6 chimeric reads or read pairs aligned on both the
human and viral genomes were further analyzed. All viral insertions were validated
by visual inspection on IGV®®. We used chimeric reads to identify insertion
breakpoints at base resolution by mapping sequences on both sides of the junc-
tions. Of the 12 LICA-FR tumors with viral insertions detected in CCNA2 or
CCNEI, 7 were previously analyzed by viral capture sequencing'® and 3 were
analyzed by whole genome sequencing. For these 10 tumors, we were able to
extract reads covering the full length of the inserted viral genome and to recon-
struct the complete human-virus-human chimeric sequence.

Consequences of cyclin A2 alterations on protein structure. All tumors from
the LICA-FR series harboring AAV2 or HBV insertions in CCNA2 were analyzed
by WGS or viral capture'® to determine the precise boundaries of viral insertion
breakpoints. RNA-seq reads were then aligned on the reconstructed chimeric
sequence with TopHat2°%, and we used Cufflinks v2.2.1% to identify and quantify
the different transcripts. We used ElemeNT®’ to predict transcription initiation
sites and Alamut Visual software (Interactive Biosoftware) to identify splicing
signals on the chimeric DNA sequence. We used ATGpr® to identify translation
initiation sites on abnormal transcripts resulting from viral insertion or gene
fusions.

Western blot analysis of cyclin A2 and cyclin E1 proteins. Cell protein extracts
were prepared using hot Laemmli buffer (50 mM Tris, pH = 6.8, 2% SDS, 5%
glycerol, 2mM DTT, 2.5 mM EDTA, 2.5mM EGTA, Protease inhibitor cocktail
complete MINI EDTA-free (Roche Applied Science), 1x HALT Phosphatase
inhibitor (Perbio), 2 mM Na3VO4 and 10 mM NaF). Protein concentration was
assessed using the BCA Protein Assay Kit (Pierce). Western blot analyses were
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conducted using the following primary antibodies: CCNA2 N-ter (#211735,
Abcam); CCNA2 C-ter (#32386, Abcam), CCNEI (#33911, Abcam), and p-actin
(#4967, Cell Signaling Technology) used as loading control. Proteins of interest
were detected using an anti-rabbit IgG horseradish peroxidase-linked secondary
antibody (#7074, Cell Signaling Technology) and the ECL Chemiluminescence
Western Blotting Detection Kit (GE Healthcare), according to the provided pro-
tocol. Signal detection was performed using the ChemiDoc XRS system and the
Image Lab software (Bio-Rad). All antibodies were used at 1:1000 dilution except
secondary antibody, which was used at 1:2000.

Mutational and rearrangement signature analysis. We used the Palimpsest R
package® to extract mutational and rearrangement signatures from WGS data. For
point mutations, we quantified the contribution of the 10 mutational signatures
referenced on the COSMIC website (https://cancer.sanger.ac.uk/cosmic/signatures)
and described as operative in liver cancers (signatures 1, 4, 5, 6, 12, 16, 17, 22, 23,
24)* to each tumor genome. For structural rearrangements, we performed a de
novo signature analysis across the 350 HCC genomes from the LICA-FR, TCGA
and ICGC-JP datasets. We identified 6 rearrangement signatures that were very
similar to the 6 signatures we previously obtained on a smaller dataset’?, except
that the two initially described deletion signatures were now merged into signature
RS5, and that a new signature emerged (RS6, dominated by inversions < 10kb). We
used Palimpsest to quantify the contribution of each signature to each tumor
genome and to estimate the probability of each structural rearrangement being due
to each process.

Identification of rearrangement hotspots. We identified 8466 breakpoints
attributed to signature RS1 (probability > 0.5) across the 350 HCC genomes from
the LICA-FR, TCGA and ICGC-JP datasets. To account for the uneven distribution
of rearrangements in the genome, we then modeled the background distribution of
breakpoints considering various genomic features as described by Glodzik et al.?,
with some modifications. In short, we divided the genome into 500 kb bins, and we
characterized for each bin 17 genomic features likely to influence the density of
rearrangements: replication timing in HepG2 cell line (ENCODE"Y), highly
expressed (top 25%) and low-expressed (remaining 75%) genes in normal liver,
average copy-number in the cohort, repetitive sequences (segmental duplications,
ALU elements and other repeats), number of N bases in the reference genome,
known fragile sites”!, chromatin staining, DNAse hyper-sensitive sites and 6 his-
tone marks (H3K4mel, H3K4me3, H3K9me3, H3K27me3, H3K36me3, H3K27ac)
in adult liver (ROADMAP?2). All features were normalized to a mean of 0 and
standard deviation of 1 across the bins. The total number of RSI breakpoints were
counted for each bin, and we used negative binomial regression to model the
distribution of breakpoints according to the 17 normalized features. The model was
trained across 4993 bins after removing bins containing validated cancer genes
from the Cancer Gene Census’* (https://cancer.sanger.ac.uk/census). For signature
RS1, the most predictive features of a high breakpoint density were DNAse
accessibility, H3K27 acetylation and early replication timing. We then used this
model to estimate the expected number of breakpoints across 761 bins containing
cancer genes, and we compared the number of observed breakpoints to the number
of expected breakpoints using a one-sided binomial test. Finally, p-values were
corrected for multiple testing using Benjamini-Hochberg procedure.

Chromatin state analysis. We used various genomic features to correlate with
structural rearrangement density and to better understand the functional con-
sequences of rearrangements. We used replication sequencing (Repli-seq) wavelet-
smoothed signals downloaded generated by the ENCODE’" consortium for the
liver cancer cell line HepG2 to define early and late-replicating regions. We used
ChIP-seq data for various histone modifications (H3K4me1, H3K4me3, H3K9me3,
H3K27me3, H3K36me3, H3K27ac) and chromatin states derived from these
modifications in normal adult liver by the ROADMAP consortium’ Topologically
associated domain (TAD) boundaries in human embryonic stem cells (H1) were
provided by Tsirigos et al.”*

Pan-cancer analysis of structural rearrangement signatures. Somatic structural
rearrangements called by a uniform pipeline over 2,606 tumor genomes were
downloaded from the ICGC PanCancer Analysis of Whole Genomes (PCAWG)
project’*?2%_ Using Palimpsest®®, we identified 9 rearrangement signatures in this
data set, including one (RS1-pancan) very similar to the RS1 signature identified in
CCN-HCC, and we quantified the contribution of each signature to each tumor
genome. In each cancer type, we tested if the presence of = 50 rearrangements
attributed to signature RS1-pancan was associated with the presence of rearran-
gement breakpoints <80 kb from CCNA2 or CCNEI gene using Fisher’s exact test.
We analyzed two additional series of breast (n=524)*" and ovarian (n = 80)"°
cancer genomes to correlate the amount of RS1-pancan events with CCNEI
amplifications and BRCA alterations.

Clinical associations. We tested the association of CCN-HCC in the LICA-FR
cohort with gender, age, etiology, liver fibrosis, Edmonson grade, and vascular
invasion using Wilcoxon rank sum test for continuous variables, Fisher’s exact test
for binary variables and Chi square test for trend for categorical variables. We used
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log-rank test and Kaplan-Meier method to compare overall survival between CCN-
HCC and others, considering only HCC with curative resection (R0) and excluding
patients who died within 3 months after surgery.

Computing codes. The functions used to perform the signatures analysis and
associated figures are available as an open-source R package, Palimpsest, available
on Github: https://github.com/FunGeST/Palimpsest.

URLs. ICGC data portal, https://dcc.icgc.org/; COSMIC database, https://cancer.
sanger.ac.uk/cosmic; ENCODE project, https://www.encodeproject.org; GEN-
CODE v19, http://www.gencodegenes.org/releases/19.html; ROADMAP project,
http://www.roadmapepigenomics.org; NCI GDC data portal, https://portal.gdc.
cancer.gov.

Data availability

The sequencing data reported in this paper have been deposited to the EGA
(European Genome-phenome Archive) database (RNA-seq accession
[EGAS00001002879]; WES accessions [EGAS00001000217], [EGAS00001001002)
and [EGAS00001003063]; WGS accessions [EGAS00001002408],
[EGAS00001000706] and [EGAS00001002888]) and the Inter- national Cancer
Genome Consortium (ICGC) data portal (http://dcc.icgc.org/; release 27, April
2018).
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IV DISCUSSION

1. Identification of new driver structural rearrangements

Using innovative approaches integrating WGS and RNAseq data, I was able to unravel
several new driver alterations, both in HCA and HCC. These alterations are the result of
genomic rearrangements and can be separated in two categories. First, I identified gene
fusions that alter the protein structure of specific driver genes. Second, I was able to
highlight “regulatory rearrangements” events, whose alteration involve a change in

transcription level or a change in post-transcriptional regulation.

1.1. Gene fusions altering protein structure

During my masters 2 internship, [ set up a pipeline to identify gene fusions from
the large RNAseq collection of HCC and HCA tumor samples available in the lab. This work
allowed me to characterize new recurrent fusions in HCA and HCC during my PhD.

First I found recurrent fusions involving CCNAZ or FRK oncogenes downstream
various partner genes, respectively at the origin of CCN-HCC and inflammatory HCA
development. The particularity of these fusions is that they involve the loss of regulatory
protein domains, leading to more stable or constitutively active proteins. In the case of
CCNAZ fusions, chimeric transcripts only include untranslated regions of partner genes
upstream the exons 3 to 8 of CCNAZ. In silico identification of translation starting sites
indicated an alternative Kozak sequence at Methionine 158 of CCNAZ, leading to the
accumulation of a truncated CCNAZ protein lacking negative regulatory domains, which
was confirmed by Western blot. CCNAZ protein accumulation leads to premature S phase
entry and replicative stress characteristic of CCN-HCC tumors. In IHCAs, FRK fusions also
involve different partner genes in 5’. Chimeric transcripts contain translated regions from
the partner genes but lack FRK’s SH2 and SH3 regulatory domains that auto-inhibit the
protein kinase domain of FRK. The oncogenic effect of those fusions is thus induced by the
lack of regulatory domains of FRK resulting in a constitutively activated protein able to
trigger JAK/STAT pathway. Consequently, expression data showed that in both CCNA2
and FRK fusions, the level of the transcript is not significantly altered in tumors harboring
respective gene fusions.

Gene fusions can also reveal inactivating SVs leading to the disruption of tumor
suppressors. Recently, I contributed to the characterization of a new HCC subgroup

harboring mixed features with fibrolamellar carcinomas (FLC), a rare histological subtype
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of HCC (Hirsch et al, 2020) (Article 5: Annex 3). This subgroup is similar to FLC, enriched
in fibrotic tumors without underlying liver disease. However, whereas FLC tumors are
triggered by the specific PRKACA-DNAJB1 fusions, this subgroup was characterized by bi-
allelic BAP1 (BRCA1l-associated protein 1) inactivation. Most BAP1 alterations were
mutations, but [ also identified two tumors with gene fusions involving BAPI. The first
tumor harbored an inversion leading to an out of frame fusion between DAG1 (exons 1-2)
and BAP1 (exons 13-17). The second tumor harbored a complex balanced translocation
involving 3 regions of chromosomes 2 and 3, resulting in i) a frame-shift fusion of
RAB3GAP1 (exons 1-23) with BAP1 (exons 5-17) and ii) a truncated exons 1 to 3 of BAP1,
placed upstream LINC01460 gene (Article 5: Annex 3 Sup.Fig.6). Thus, both
rearrangements lead to the inactivation of BAP1. Importantly, BAP1-HCC are older and
with a poorer prognosis than FLC tumors, so the identification of this subgroup has

clinical implications.

1.2. Gene fusions inducing the overexpression of oncogenes

In addition to protein structure, gene fusions can alter the expression of partner
genes, in particular when their baseline expression is very different. During my PhD, I
identified recurrent fusions involving highly expressed genes upstream oncogenes,
leading to their massive overexpression.

In IHCA, ROS1 gene is recurrently activated by this mechanism. ROS1, encoding a
receptor tyrosine kinase activating several signaling pathways related to cell
proliferation, is normally poorly expressed in hepatocytes. I identified recurrent fusions
involving various highly expressed liver genes (APOB n=1; PLG n=5, RBP4 n=2), upstream
exons 33-35 of ROS1. These events induce the high expression of a chimera containing
exons of both genes. However, as the predicted transcript is in phase, the kinase domain
of ROS1 protein is still functional. In addition to the increased expression, ROS1 is a
transmembrane protein, and the relocation of the protein from the membrane to the
cytoplasm could also be involved in the constitutive activation of the JAK/STAT pathway
in these tumors.

[ also identified one case of CCN-HCC resulting from a gene fusion between the
highly expressed ERRFI1 gene and CCNE1. Because the chimeric transcript only includes
untranslated exon 1 of ERRFI1, it will be translated using the same Kozak starting site as

the wild-type CCNE1 transcript, leading to an overexpression of the normal cyclin E1
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protein. This fusion is an example of promoter hijacking, like the recurrent INHBE-GLI1
fusions identified earlier in the lab (Nault et al, 2017), where only the promoter and
5’'UTR of a highly expressed genes is fused to an oncogene, leading to the overexpression

of the full length oncogenic protein, without any part of the 5’ partner gene.

1.3. Structural rearrangements altering regulatory sequences

Although gene fusions identification from RNAseq is a powerful tool in cancer
genomics, some structural variations affect only the regulatory sequences of cancer
genes, without the existence of a chimeric transcript. By integrating WGS and RNAseq
data, as well as epigenetic features from public databases, I could identify new driver
events involving regulatory sequences in liver cancers.

In CCN-HCC, I identified recurrent enhancer hijacking events leading to the
activation of CCNE1. Translocations lead to juxtapose CCNE1 promoter with enhancer-
rich chromatin areas located close to highly expressed liver genes (RAPH1, CYB5A and
ERGIC1), leading to massive over-expression of CCNE1 transcript. In addition, replication
stress-induced structural rearrangements, in particular templated insertion cycles
(T.I.C.), lead to frequent enhancer hijacking of TERT as secondary events in CCN-HCC.
TERT enhancer hijacking was demonstrated using an integrated analysis of SV
breakpoints from WGS, with the annotation of chromatin features such as H3K27ac
chromatin immunoprecipitation sequencing (ChIP-Seq) signal and chromatin states in
adult liver (Roadmap Epigenomics Consortium et al,, 2015) (Article 4: Sup.Fig.10). All
tumors with TERT enhancer hijacking display a massive overexpression of the transcript
(Article 4: Sup.Fig.11).

The last level of transcript expression regulation is post-transcriptional. In
inflammatory adenomas, I identified a new mechanism of JAK/STAT pathway activation.
In two IHCA characterized by a massive overexpression of IL6 transcript, WGS revealed
structural rearrangements (one inversion, one deletion) leading to the loss of regulatory
sequences in the 3’'UTR region of IL6. The lost 3’'UTR part in the 2 tumors contain multiple
mRNA-destabilizing elements, highly conserved and responsible for the short half-life of
IL6 transcripts (Paschoud et al,, 2006). Moreover, in murine models, those regions were
shown to be targeted by Zc3h12a, an RNase responsible of immune response modulation

by regulating mRNA decay (Matsushita et al, 2009). Disruption of IL6 3’'UTR region
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induces a tremendous overexpression that is the consequence of impaired degradation of
the transcript rather than increased transcription.

To conclude, this work allowed us to update the landscape of driver alterations in
liver cancer with various new driver genes and mechanisms of activation. However, the
complexity and diversity of cancer genomics is becoming evident as increasingly
sophisticated sequencing technologies are developed. Consequently, others mechanisms
of liver tumorigenesis remain to be explored, such as alterations impacting the 3D

conformation of the chromatin.

2. Rearrangement signatures in HCC

The development of a computational tool for structural rearrangement signature
analysis (Palimpsest, Article 3) allowed me to identify 6 rearrangement signatures in HCC
(RS1 to RS6, Article 4). We unraveled the molecular cause of signature RS1: replication
stress induced by CCNAZ2/E1 activation. However, the molecular cause of the remaining
signatures remains to be established. Besides, these signatures can be operative in a small
proportion of the tumors (e.g. 7% for CCN-HCC displaying high RS1 contribution). Thus,
it is important to continue exploring rearrangement signatures in larger HCC cohorts.
Recently, I integrated SV data from 616 liver tumor samples, from my laboratory (French
cohort, n=190), TCGA (North-American cohort, n=53) and ICGC (Japanese cohorts LIRI-
JP, n=258; LINC-JP, n=28 and Chinese cohort LICA-CN, n=87) series. Using Palimpsest
package, I was able to extract an extended set of 8 rearrangement signatures (RS)
operating with different intensities in each tumor and leading to extreme SV phenotypes
in subsets of HCC (Figure 25) This larger cohort revealed 2 new signatures compared to
the 6 RS described in Article 4. The RS1 (short-duplications), RS2 (long-duplications), RS4
(mixed, non-clustered events) and RS6 (inversions) from Article 4 remained unchanged;
however, RS3 and RS5 were subdivided into two signatures, respectively. I then examined

correlations between each signature and various driver alterations.
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Figure 25: Summary of rearrangement signature results in 616 HCC samples. A: Barplots representing the 8 rearrangement signatures
extracted by NMF and characterized by specific category of rearrangements seen in subgroups of tumors. B: From top to bottom:
Hierarchical clustering using cosine distance from number of SV associated to each tumor; Proportion of SV related to each RS per sample;
Number of SV related to each RS per sample; Series of the sample (PCAWG project IDs are given); Manually defined cluster of signature,
based on the hierarchical clustering. Signatures are operating at different intensities in each tumor with some signatures characterized
by a higher number of generated rearrangements (ie: RS1). C: Circos plots of representative tumors of each RS. Circle heatmap represent
duplications, deletions and inversions, respectively in green, red and blue. Grey arcs represent inter-chromosomal translocations. Blue
line track represents LRR. In those examples, the corresponding signature mainly represents the global exposure of those tumors.

Signatures RS1 and RS2 are dominated by tandem duplications of respectively
short (1-100Kb) and large size (100Kb-1Mb), RS1 is the signature of replication stress
driven by CCNAZ2/E1 activation that we described in Article 4. We validated the
association with CCNAZ/E1 activating events in each cohort of our meta-series, including
the Chinese cohort that had not been studied before. In addition to tandem duplications,
RS1 displays frequent inter-chromosomal translocations corresponding to template
insertion cycles, that will be described in more details in the next section. By contrast,
signature RS2 is only characterized by tandem duplications. Like signature RS1, this
signature is highly active in a small subset of HCC (4.4% tumors with 240 RS2 events).
However, we have not found any significant molecular association that could indicate the
molecular cause for this signature. Interestingly, phenotypes of large duplication have
been seen in prostate and ovary tumors harboring a CDK1Z2 inactivating mutation,
respectively named the tandem duplicator phenotype in prostate cancer (duplication
median size = 1.3Mb) (Viswanathan et al, 2018) and the tandem duplicator-plus
phenotype in ovary cancer (duplication median size = 3Mb) (Popova et al, 2016).
However, RS2 median duplication size (around 270Kb) is not consistent with these
phenotypes, additionally, CDK12 mutation was not associated with RS2 signature in HCC.

Signatures RS3 and RS4 are characterized by clustered rearrangements. RS3
involves clustered inter-chromosomal translocations and intra-chromosomal
rearrangements smaller than 1Mb. RS4 involves large (>1Mb) intra-chromosomal
rearrangements without inter-chromosomal translocations (Figure 25A). Visualization of
SV clusters together with CNA profiles at the chromosome level revealed that RS3 and RS4
are representative of chromoplexy and chromothripsis, respectively (Figure 26). Indeed,
RS3-altered tumors displayed clusters of structural variations on various chromosomes,
interconnected by inter-chromosomal translocations and associated with copy number
fluctuations (Figure 26A top). RS4-exposed tumors displayed clusters of intra-
chromosomal rearrangements inducing a characteristic 2 copy-number state, consistent
with chromothripsis description (Figure 26A middle). Interestingly, RS3 and RS4

frequently co-occur in the same tumors (Figure 26A bottom), consistent with recent work
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from the PCAWG showing that half of chromothripsis events are co-localized with other
complex genomic alterations (Cortés-Ciriano et al, 2020). Many evidence suggest that
chromothripsis might occur before or after additional events of complex rearrangements,
such as BFB cycles that have been identified as a predisposing factor for chromothripsis
(Rauschetal, 2012; Li et al., 2014; Nones et al., 2014; Maciejowski et al., 2015). Both RS3
and RS4 activities were enriched in TP53-mutated HCC (Wilcoxon p-value: 1.0x10-3 and
1.6x10-12, respectively) (Figure 26B), suggesting that those complex alterations are the
consequences of genome instability induced by TP53 inactivation, as already described

for chromothripsis in medulloblastoma (Rausch et al,, 2012).

—Transl. —Dup.
T\\% 3#2546T —Del. | —Inwv.
= HUS
B\/ < /5: z
"'V%”;\»,\L };3%§§' 5.00+07 106408 N—
> :’ll T L“‘}.“X ,- Chr3

LT T T

T
*
=5
7
\\
Wy

2.5e+07 5.0e+07 7.5e+07
Chr16

AN S 77 5.06+07 1.06408 1.56408 2.06+08
e

I

3824T
B /

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr ——  Signature

RSS5
p-value #RS4 ~ TP53 bialelic inactivation (wilcox): 1.61x10-12 M rse
.g #2546T p-value #RS3 ~ TP53 bialelic inactivation (wilcox): 0.001 RS3
) '(/ #1754T
>
w l Alteration
+* i
I Del
| I FrameShift
| | . Missense
i SpliceSite
TP53 [T T T I TNT T TIMWETT W T 1T 1 |l e

Figure 26: A: From top to bottom, circos plot and a representative chromosome (indicated with a red circle on the circos plot) are
display for three tumors. The first one is characterized by lots of RS3 SV, associated to chromoplexy, which is altering chromosomes 3
and 9 of this tumor. The second tumor is highly enriched in RS4 events, and harbor an event of chromothripsis localized at the chr16p
region. Finally, on the bottom is exemplified a tumor harboring, on a single chromosome, both chromothripsis and chromoplexy,
inducing this presence of RS3 and RS4 in some tumors. B: Barplot representing the number of SV associated to RS3, RS4 and RS5 in
each tumor of the French HCC cohort, the heatmap on the bottom indicate TP53 alterations. Black squared indicated bi-allelic
inactivation of TP53. Association p-value between the number of RS3 and RS4 alterations is respectively indicated (Wilcoxon test)
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In particular, tumors from African patients exposed to aflatoxin B1 displayed high
contributions of RS3 and RS4. Aflatoxin B1 exposure induces a particular mutational
signature (COSMIC signature 24) leading to a specific hotpot of TP53 mutations (R249S)
(Schulze, Imbeaud, Letouzé et al., 2015). These tumors illustrate a complex relationship
between risk factors, mutational signatures and driver genes: aflatoxin B1 exposure
induces TP53 mutations by mutational signature 24, favoring the occurrence of
chromothripsis and chromoplexy events.

RS5 signature is dominated by non-clustered translocations and intra-
chromosomal rearrangements of various lengths. This signature is operative at low
intensity in a large proportion of the tumors and does not contribute to a particular
extreme phenotype (Figure 25B, 26B). Visual inspection of characteristic rearrangements
of this signature revealed either isolated structural variations or complex rearrangements
not clustered enough to be associated to RS3 or RS4. Thus, RS5 may correspond to the
inherent rearrangements accumulating stochastically during cell divisions.

Signatures RS6 and RS7 were associated to deletions of respectively focal (<1Kb)
and large size (1Kb to 1Mb) and were highly active in a small subset of HCC (1.0% of
tumors with 240 RS6 events, 5.8% of tumors with 240 RS7 events). Unfortunately, even
if those signatures were extremely active in some tumors, no significant association with
etiological or molecular features was identified. However, RS6 is very similar to a breast
cancer signature of short deletion (Figure 18, RS5) that was found to be associated with
bi-allelic BRCAZ inactivation (Nik-Zainal et al., 2016). Interestingly, the tumor FR912T
harboring the most RS6 alterations (Figure 25C) has a rare BRCAZ germline frame-shift
mutation, coupled with a somatic loss of second wild-type allele. This tumor is also
characterized by a high mutational burden of COSMIC SBS3 (Single Base Substitution
signature 3) and ID8 (small Insertions and Deletions signature 8) signature, consistent
with homologous recombination deficiency (Nik-Zainal et al, 2016). Thus, RS6 may
highlight rare HCC with homologous recombination deficiencies, which needs to be
confirmed in larger cohorts.

Signature RS8 is new to this analysis and is characterized by a large number of
focal inversions distributed all along the genome of some tumors (Figure 25C).
Surprisingly, this signature was only detected in the LIRI-JP cohort from the Riken

research center in Japan. Further investigations are needed to determine if it corresponds
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to a true biological phenotype, e.g. related to a specific exposure to local mutagens, or to
a technical artifact in this series.

Overall, driver alterations have been identified associated with signatures RS1
(CCNAZ/E1), RS3 (TP53), RS4 (TP53) and possibly RS6 (BRCAZ). The molecular cause of

other signatures remains to be found.

3. In-depth characterization of the RS1 signature

3.1. RS1 as a replication stress signature in HCC

RS1 signature is characteristic of CCN-HCC, driven by CCNA2/E1 activation (Figure
25B, 25C top-left), that display an accumulation of hundreds of tandem duplications and
template insertion cycles. We interpreted RS1 as a signature of replication stress in HCC
because i) cyclins A2 and E1 promote S phase entry and progression, and cyclin E1
activation was shown to induce replication stress, ii) CCN-HCC display a transcriptional
activation of ATR response to replication stress pathway and iii) RS1 breakpoints are
strongly enriched in early-replicated regions. In addition, recent works suggest that RS1
alterations may result from replication machinery defects, and more precisely break

induced replication mechanism:

- First, a recent study showed that CCNE1 activation in U20S cells leads to a
shortened G1 phase, early S phase entry and firing of normally silenced replication
origins in regions containing highly expressed genes, prone to collapse and
associated with DNA double-strand break (DSB) formation (Macheret and
Halazonetis, 2018).

- Secondly, DSB occurring when replication fork collapses are handled and repaired
by the break-induced replication (BIR) repair mechanism (Malkova, 2018).

- In abudding yeast model of replication stress induced by cyclin E overexpression,
BIR was shown to be required for progression through cell cycle while inducing
focal duplications (<200Kb) (Costantino et al., 2014).

- Additionally, template switching of the replication machinery may occur following

BIR involvement in DSB, inducing complexes chromosome rearrangements (Lee,
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Carvalho and Lupski, 2007; Smith, Llorente and Symington, 2007; Hastings, Ira and
Lupski, 2009).

Thus, RS1 enrichment in early-replicated, highly expressed regions is consistent with a
BIR mechanism. In addition, the nature of RS1 rearrangements (tandem duplications and
templated insertion cycles) is consistent with a replication-based mechanism in which the
DNA polymerase at a stalled replication fork would switch template, replicate one or more
other regions and move back to the original template were the replication machinery
stalled in the first place, generating a duplication of the involved regions (Lee, Carvalho

and Lupski, 2007; Hastings, Ira and Lupski, 2009; Carvalho et al,, 2011; Li et al., 2020).

We also investigated the prevalence of RS1 signature in other cancers. To do so, we
applied our rearrangement signature framework to the PCAWG pan-cancer cohort of
WGS. This analysis revealed a signature RS1-pancan (similar to RS1), that was highly
active in some liver, breast and ovarian cancers. However, the association with CCNAZ/E1
activation was specific to the liver. By contrast, RS1 was significantly associated with
BRCA1 inactivation in breast and ovarian cancers. Despite sharing this RS1-pancan
signature of short tandem duplication and T.I.C., CCNAZ/E1-altered liver tumors and
BRCA1-altered breast and ovary tumors display slightly different features (Article 4: Fig
6b-f):

- The number of RS1-pancan rearrangements is higher in CCNA2-activated HCC
(median=269) than in CCNE1-activated HCC (137) and BRCA1-altered breast
(132) and ovarian (159) cancers.

- Tandem duplications are larger in CCNE1-activated HCC (median = 39 kb) than in
CCNAZ-activated HCC (22kb), and smaller in BRCAI-altered breast (9 kb) and
ovarian (10 kb) cancers.

- Duplication and translocation breakpoints are strongly enriched in early-
replicated regions in CCN-HCC as compared with other HCC, but not in BRCA1-

altered as compared with other breast and ovarian cancers.

BRCA1 is known to be involved in the response to replication stress (Schlacher, Wu and
Jasin, 2012; Pathania et al., 2014). Its inactivation leads to tandem duplication formation

at stalled forks by a replication restart-bypass mechanism, terminated by end joining or
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by microhomology-mediated template switching, with extension of the stalled leading
strand by a migration bubble mechanism similar to BIR (Willis et al., 2017). Cyclin A2/E1
activation in HCC and BRCAI inactivation in breast and ovarian cancers may thus
converge towards a similar rearrangement signature, with specificities reflecting the
different ways by which these genetic alterations induce replication stress or modulate
response to it (Article 4: Fig 6g). Indeed, rearrangements induced by cyclin activation in
liver or BRCA1 inactivation in breast and ovary cancers are initiated by replication fork
collapse that will be processed by different repair mechanism, leading to similar signature

of rearrangements.

Interestingly, CCNE1 amplifications are seen in various cancer types, particularly breast
and ovary cancers (Sanchez-Vega et al., 2018). However, those alterations do not induce
RS1 phenotype in those tumors (Article 4: Fig 6b-c). This fact could be explained by

different reasons:

- First, cell types are very different, as adult hepatocytes are quiescent, rarely divide
and may thus be particularly sensitive to replication stress.

- Second, CCNE1 activation in HCC is the consequence of insertional mutagenesis or
enhancer hijacking, rather than amplification as it's the case in other cancers.
Those mechanism of activation could have different functional consequences.

- Finally, viral insertions and SV activating CCNAZ/E1 genes in HCC are early events
triggering hepato-carcinogenesis as they occur in patients without underlying
liver disease and in absence of other oncogenic early events such as CTNNB1 or
TERTp mutations. On the other hand, CCNE1 amplification may occur later in
breast and ovary, not leaving enough time for RS1-pancan rearrangements to

accumulate.

3.2. In-depth characterization of RS1 rearrangements by long-

read optical mapping

Replication-based mechanisms are more and more described as a major source of
complex rearrangements in cancers (Lee, Carvalho and Lupski, 2007; Hastings, Ira and

Lupski, 2009; Carvalho et al.,, 2011; Li et al., 2020). These rearrangements, like templated

111



Discussion

insertion cycles, have been proposed based on the abnormal junctions and copy-number
changes identified in WGS data, but their existence cannot be formally demonstrated with
short-read sequencing. Besides, short read data do not allow to reconstruct the precise
molecule resulting from complex rearrangements, as several scenarios are often equally
possible [ ]. Thus, new approaches allowing the analysis of long sequences
are necessary to formally demonstrate the existence of such events and their role in
cancer development.

To elucidate in detail the replication stress signature RS1, we analyzed 4 tumors
(2 CCN-HCC and 2 other HCC) with Bionano’s optical mapping. This approach involves
labeling high-molecular-weight DNA with fluorescent agents targeting specific sequences
distributed on the human genome with an average inter-marker distance of 5 kb. Images
of these long molecules are then captured in nanochannels by Saphyr Chip’s technology,
allowing simultaneous analysis of hundreds of thousands of DNA molecules. These
images are processed by dedicated algorithms that recognize the “barcodes” of
fluorescent markers, map each molecule to the human genome reference and identify
structural variants in comparison with matched normal samples (Chan, 2018). With this
approach, we obtained a genome coverage between 275X and 325X from molecules
longer than 150 kb. This data allowed us to demonstrate, for the first time, the existence
of T.I.C. that we had predicted from short-read data (Figure 27).

First, [ developed a computational framework to extract templated insertion cycles
from WGS data, by integrating abnormal junctions and copy-number gains (Figure 27A).
Then, optical mapping data corresponding to T.I.C. regions was analyzed using both SV
called from optical mapping technology and visual inspection of molecules of interest.
Different patterns of T.I.C. were defined depending on the genomic location where the
complex rearrangement is hosted (acceptor region) and the orientation of the fragments
(donor regions). Intra-chromosomal T.I.C. may appear as pairs of inversions (Figure 27B)
or deletion+duplication depending on fragment orientation. Inter-chromosomal T.I.C.
may involve two or more (Figure 27C) regions from different chromosomes stitched

together within an acceptor locus. Finally, complex events often involve a combination of
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intra- and inter-chromosomal T.I.C. We are now characterizing in detail the proportion

of each type of T.I.C. in our CCN-HCC series.
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individual events of  replication-based complex
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Strikingly, the size of segments involved in a same intra- or inter-chromosomal
T.I.C. is highly correlated (Figure 27D). Functional studies are required to explain this
association, which may be due to the precise replication timing at which rearrangements
occur, the speed of the replication machinery at the first breakpoint location, or the BIR

mechanism itself.

In addition to the demonstration and characterization of T.I.C., optical mapping data,
will allow me to automatically detect for each T.I.C. the host genomic region in which
initial stalling occurred, and the inserted segment(s) to which template switching
occurred during BIR. I will analyze these regions to better understand the properties
favoring replication fork blockade as well as the properties of regions to which the
replication machinery is switched in order to resolve this blockade. For example, a recent
paper shows that double-strand breaks associated with replication stress tend to occur
next to long A-T tracts (Tubbs et al.,, 2018). It has also been shown, in cellular models, that
activation of Cyclin E1 induces early initiation of replication at ectopic origins in the
vicinity of highly expressed genes (Macheret and Halazonetis, 2018). Thus, the
perspectives for this project are to analyze in detail the location of hundreds of
rearrangements induced by replicative stress in CCN-HCC to identify (epi)genomic
parameters (A-T sequences, ectopic initiation sites, gene expression, chromatin
opening...) favoring the occurrence of RS1 breakpoints. Moreover, the analysis and
comparison of sequences on each side of abnormal junctions will allow me to better
understand the affinity properties (ie: micro-homologies) leading to the association of
distant regions of the genome with each other following the "jumps" of the replication

machinery.

4. Clinical implications of the results

4.1. Liver cancer therapeutic options
Past decade improvement of sequencing technologies made consequent
contribution to the understanding of liver cancer biology landscape. However this
knowledge has not been translated into clinical practices (Sia and Llovet, 2017). Indeed,
the current algorithm for management of HCC only take in account the BCLC including

only clinical features (Figure 23). Furthermore, only 2 drugs are used in first line and 3 in
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second line, a very limited panel of therapeutic options regarding the complexity of liver
cancer genomics. In order to improve HCC and HCA patient management, two axes need
to be explored. Firstly, precision medicine requires predictive biomarkers to identify
specific molecular subgroups of cancer. Secondly, novel targeted therapy development is

required to fit each tumor subgroup biology (De Gramont et al., 2015).

4.2. Identification of biomarkers of IHCA or CCN-HCC

In this project, I identified recurrent rearrangements triggering inflammatory
adenomas (Articles 1 & 2) and cyclin-driven hepatocellular carcinomas (Article 4).
Different biomarkers can be proposed to identify patients with IHCA or CCN-HCC. First,
some alterations induce massive overexpression of driver genes. For example, CCNE1
activation in CCN-HCC, ROS1 and IL6 activation in IHCA may be detected at diagnosis using
RNAseq or low cost high throughput technology such as Fluidigm real-time qPCR system.
RNAseq is also an interesting clinical tool in addition to WES to detect recurrent fusions
in liver tumors (FRK, ROS1 and INHBE-GLI1 fusions in HCA, CCNE1 and CCNAZ in HCC,
PRKACA-DNAJB1 in fibrolamellar carcinoma). However, it may be difficult to obtain
biological samples from advanced stage HCC. Analysis of DNA and mRNA from circulating
tumor cells or cell-free plasma in liquid biopsies is thus a promising option to guide
therapeutic decision in the future (Mullard, 2016; Xu et al., 2017).

Finally, rearrangement signatures are emerging as useful biomarkers in cancer.
For example, defective HR in BRCA1-mutated breast cancers induces specific signature of
mutations and SVs (Nik-Zainal et al., 2012; Alexandrov, Nik-Zainal, Wedge, Aparicio, et al.,
2013). These tumors respond well to Poly(ADP-ribose) polymerase (PARP) inhibitors
(olaparib), the first clinically approved drugs designed to exploit synthetic lethality by
decreasing the DNA Damage Response (DRR) in cancer cells (Crown, O’Shaughnessy and
Gullo, 2012; Kanjanapan, Lheureux and Oza, 2017; Lord and Ashworth, 2017). Thus, HR
deficiency mutational signatures are useful biomarkers to identify patients eligible to
PARP inhibitors (Chopra et al.,, 2020). Similarly, RS1 signature is an excellent biomarker
of CCN-HCC that may be exploited for therapy.

4.3. Tailored therapy for CCN-HCC and IHCA tumors

Concerning hepatocellular carcinomas, this work allowed me to characterize a

homogeneous subgroup of HCC driven by the activation of CCNAZ2 or CCNE1 genes,
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representing 7% of HCCs. CCN-HCC are usually large tumors of poor prognosis. However,

they share molecular characteristics, in particular high proliferation and replication

stress, that could be used as therapeutic opportunities for these patients (Forment and

O’Connor, 2018).

- First, chemotherapies affecting actively dividing cells may be a good option for these
highly proliferative tumors with strong overexpression of E2F targets. Duplicator
phenotype in breast cancer cell lines or xenografts was identified as a marker of
positive chemotherapy response (Menghi et al, 2018). Thus, trans-arterial
chemoembolization (TACE) with doxorubicin, cisplatin or epirubisin, normally
recommended with intermediate HCC nor eligible for surgery, may be an interesting
therapeutic option for CCN-HCC.

- Secondly, as previously introduced, PARP inhibitors have demonstrated benefits in
tumors carrying BRCA1 mutations (Kanjanapan, Lheureux and Oza, 2017). Although
CCN-HCC do nots harbor a DNA repair defect, these tumors share with BRCA1 altered
breast and ovarian tumors a similar rearrangement signature (RS1-pancan), hence
PARP inhibitors may be an interesting therapeutic option for CCN-HCC.

- Finally, several compounds targeting replication stress response genes such as ATR,
CHK1 and WEE1 are currently tested in phase I and Il trials (Forment and O’Connor,
2018). Furthermore, CCNE1 overexpression was shown be associated with increased

sensitivity to ATR inhibition (Toledo et al,, 2011).

To evaluate at large scale, the clinical behavior of CCN-HCC, Barkha Gupta (anatomo-
pathologist in the lab) is testing immunostaining of cyclin A2 and E1, which would allow
CCN-HCC screening in the clinic from histological slides, and give us access to large
retrospective series. We also started a collaboration with Amaia Lujambio (from Icahn
School of Medicine at Mount Sinai, New-York) to set up a murine model of CCN-HCC.
Amaia and her team have developed a mouse model of CCNEI-activated HCC by
hydrodynamic tail injection. We have sequenced the whole genome of a few tumors and I
am currently analyzing their profiles to determine if they reproduce the CCN-HCC
phenotype. Indeed, accurate pre-clinical models will be crucial to test the different
treatment options mentioned above and develop tailored therapy for patients with

aggressive CCN-HCC.
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Concerning hepatocellular adenomas, this work revealed 3 new driver alterations in
the inflammatory HCA subgroup. Even if HCA is a benign tumor, it can be associated with
clinical complication such as chronic inflammation or tumor bleeding. Moreover,
malignant HCC can develop from a benign HCA tumor. Consequently, molecular
characterization is also important for this cancer type and could be used to design drug
therapy in future clinical practice. Indeed, ROS1 fusions can be targeted by crizotinib, a
small molecule currently approved by the Food and Drug Administration (FDA) for the
treatment of lung cancers (Shaw et al, 2013). Additionally, previous work from my
laboratory showed in cellulo that dasatinib, a src inhibitor, inhibits JAK/STAT pathway
activation due to FRK mutations (Pilati et al., 2014). We can then predict that this
compound will also be effective in [IHCA harboring FRK gene fusion. Further analyses must
be done to test the proposed targeted therapies associated to driver alteration (Article 2:

Fig.5).
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Supplementary Table 1: List of tagman probes

Gene Unabbreviated gene name Tagman probe
RNA18S5 RNA, 18S Ribosomal 5 Hs03928990 g1
FABP1 Fatty Acid Binding Protein 1 Hs00155026 m1
UGT2B7 UDP Glucuronosyltransferase Family 2 Member B7 Hs00426592 m1
CRP C-Reactive Protein Hs04183452 g1
SAA2 Serum Amyloid A2 Hs00754237 s1
GLUL Glutamate-Ammonia Ligase Hs00374213_m1
LGRS Leucine Rich Repeat Containing G Protein-Coupled Receptor 5 Hs00173664 m1
PTCH1 Patched 1 Hs00181117 m1
GLI1 Glioma-Associated Oncogene Homolog 1 Hs00171790 m1
HHIP Hedgehog Interacting Protein Hs01011015 _m1
TNNC1 Troponin C1, Slow Skeletal And Cardiac Type Hs00896999 g1
FCRLA Fc Receptor Like A Hs00262071 m1
PTGDS Prostaglandin D2 Synthase Hs00168748 m1
ADGRG3 Adhesion G Protein-Coupled Receptor G3 Hs00416887 m1
ROS1 ROS Proto-Oncogene 1 Hs01090625_m1
FRK Fyn Related Src Family Tyrosine Kinase Hs00176619 m1
IL6 Interleukin 6 Hs00985639 m1

Bayard Q, et al. Gut 2020;0:1-10. doi: 10.1136/gutjnl-2019-319790
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Supplementary Figure 1

Flow chart
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Deep sequencing :
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1 already published”, 21 new)
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Table 3: mutations in JAK/STAT pathway genes
Sample IL6ST_Mutation(NM_002184.3) m-""“:"‘""-m"' '”"’m""'”"— STAT3_Mutation(NM_139276.2) -s’r'::'i‘“- JAKI_Mutation(NM_002227.2) "":;';‘::“‘"‘ FRK_Mutation(NM_002031.2) ""-_';_‘-f‘“"‘"
wasor C1932G5T; p GIn64aHis / ¢ 1933G>T; pal6dSPhe | missense
mezar C1932G5T, p Gln6AdHs / ¢1933GT; palGdSPhe | missense
23341 CAB46GoA / C 1ATAST; p ArgSA9His missense
war
wr
warr €2331>Gip teuT8Arg missense €1037A5Gp Glu3dsaly missense
war
wsaar €560_571delp Ser187,_Tyr190del inded
w62 560 Tyr190de! indel
assar 563 574delp Thriss indel
o4 €565_576dep Val189_Val192del indel
wr CBATCAp Pro21EHI missense
w75t
wr 565 _576delp Val189_valis2del indel
warar
9T C1504G>Tip AspSO2Tyr / 1972 1974delinsTATipl
a2 ©560_571deip Ser187_Tyr190de indel
wsor
w001 | 557 s7adelpTyrise Valioadelinsphe indel
wassT €565 576delp Val189 Vai1s2del indel
wassi e565_576delp val183_vaiisadel indel
wis7r 565 S76dep Val189 Val102del indel
wassr
wageT €560_571dedp Ser187_Tyr190del indel
wae7
uagsT COATCoAp Pro216His missense
wagsT 557_571delp Tyr186_Tyr190del indel
waror €557 571delp Tyr186 Tyr190del indel
i
w3t ©564_575dcp Val189_Val192del indel
warr
warst 60265 Arg201His missense
wasiT <615 644dupip.Phe214 Asp215dup indel
wass €647Co4; p Pro216Hs missense
wagor 557 571delp.Tyr186 Tyr190del indel
wsosr_[se6 1189 elinsasoVd _indel
usoat
sosT
ws2eT €557 _571delp Tyr186 Tyr190del indel
w53
#S36T | c566_577delip Val1s Asn193delinssp indel
= Nol378 Phe3od| _indel
wsasT
assar ©272975C; peu910Pr0 missense
sssT 503 580deln Lys168 Asn193del indel
sseor €557_571delp.Tyr186_Tyr190del indel
asmar 4966>C.p Glu166GH missense
a1t €560_571del.p Ser187 Tyr100del indel
wssar
usour 563 574delp Thriss Val12delinsile indel
w23t
w62t 1133 1138elpVaI378 ys380delin| _indel
w27t 137 Ap.Phe37s Lys38ode| indel
et c636 baddelipAsn213 Asp21sdel indel
66T ©2729T>C; p Lew910Pr0 missense
w70 ©560_571del p Ser187,_Tyr190del indel
st
ses0r 563 577delp Thr188 Val1o2del indel
seBaT o565 Val1o2del indel
asorr 518 S32delp 1ys173 Asp177del indel
60T €568 579delp.Tyr190 Asn193del indel
w7067
wrost 191985 T;p.Tyrs40Ph missense
g 643 asdelp Asp1sdel indel
s €518 5324l 1ys173_Asp177del indel
wmaar
azast 562 573delp.Thriss_Phe1oidel inde
w7aa
azsar
st €560 Tyr190de! indel
s CBATCoAp Pro21His missense
wrsst
wrser 552 Seedels Val1gsdel indel
w57
wmeor €670 p Pro21HIs missense
west 557_571delp Tyr1s6 Tyri90del indel
wnr €564 575dclp Val189 Val192de! indel
wnr 562_573delp.Thr188_Phe1idel indel
sz 1132 1137delp V1378 Phe3rad| indel
wssr | cssy indel
s ©560_571del p Ser187,_Tyr190del indel
o 557_571delp Tyr186 _Tyr190del indel
w23t 560 ¢ Tyr190de indel
3T
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8397 647C>Ap Pro216His missense
asar ©562_573delp.Thr188 Phelgidel indel
8547 602G>A;p Arg201Hi missense
8571 €.560_571del p Ser187_Tyrio0del indel
8581 €563 574del p Thrigg Val1a2delinsile indel
61T ©560_571del;p Ser187_Tyr190del indel
48647 ©€1252_1263del p Alad18_Phed21del indel
#8671 <583 588delp.Glu195 Vali96del indel
73T
#95ST_ | c556_571delinsAp Tyr186_Phel9idelinsile indel
assr 602G>A;p Arg201Hi missense
#9661 €1919A>T;p. Tyr640Phe missense
#9697
70T 132 Phes7sd| _indel
#9731 | c.569 578delinsC;p.Tyr190 Asni93delinsser indel
#9747 ©647CoAp Pro216His missense
75T €.560_571del p Ser187_Tyr190del indel
o761 570 578 Asn193del indel
#9797 646 648del:p Pro216del indel
#1007 £601CTyp Arg201Cys missense
#10021 592 199 Val207del indel
#10047 €592 618del:p Glu199_Val207del indel
#10217 1969 1980dup pTyr657_ Met660dup indel
#1027 p.Tyr186 Tyr190del indel
#10237 <646 647ins33;p Asp215 Pro2i6ins1l indel
#1217 ©.557_571el;p Tyr186_Tyr190del indel
#1121 €571 579del;p Phe131_Asn193del indel
#1207 €560 571del p Ser187_Tyr190del indel
#1317 €564_576delinsA:p.Val189_Val192del indel
#1307 104945G;pTyr] _missense
#1257
#12167 1252 1263delip Alad18_Phed21del indel
m23T
#1230 €563 574delp Thr1ss inde!
#12347
#12387 | ¢573_582delinsGip Phe19, indel
12307 C1037A56:p Glu346Gly missense
#12407 1132 1137delip.Val378_Phe379d{ _indel
#1235T | 565 574delinsT:p Val189_Val192delinsPhe indel
12507 ©647CoAp Pro216His missense
#1247
#12437 | 557 574delp.Tyr186_Val192delinsPhe indel
s12s17 £560_571del p Ser187_Tyr190del indel
#1257 ©560_571del:p Ser187 Tyr190de! indel
#12637 1132 1133definsAAACTAAAD.Val378delind __indel
12697
#1277 643 645delp Asp215del indel
#1285T ©.568_579del;p.Tyr190_Asn193del indel
12867 ©602G>A;p Arg201His missense
#2877 557_571del;p Tyr186_Tyr190del indel
#12897 _[518 535delinsCCGip Lys173 Prot indel
#1290T | c577_580delinsTp Asn193 i linsPhe indel
#12017 ©564_575del:p.Val1g9 Val192del indel
#1067 ©567_578del;p.Tyr190_Asn193del indel
#12977 ©.562_573del:p.Thr188_Phe191del indel
#13017 c643_645del p Asp215del indel
#1301 560 571del.p Ser187 Tyri90del indel
#13087 €565 576delp Val189_Val192del indel
#1305T €518 532delp Lys173_Asp177del indel
#13067 ©557_571delp Tyr1g6 Tyr190del indel
#3137 ©.560_571del p Ser187_Tyr190del indel
#3181
13107 560 Tyrioodel indel
#1327 _| <573 582delinsGip. Phe191. lle194delinsteu indel
#1325T C103785G:p Glu3AEGIy/c 10494Gip Tyr] _ missense
#13287 €567_578del;p.Tyr190_Asn193del indel
#1327 €560_571del;p Ser187_Tyr190del indel
#3317 ©.567,_578del;p Tyr190_Asn133del indel
#1330 518 532delpLys173 Asp77del indel
#14407 ©557_571del p Tyr186_Tyrio0del indel
#1335 ©.557_571del p Tyr186,_Tyr190de! indel
#13367 €560_571del p Ser187_Tyr190de! indel
#1331 1252 1263del;p Alad18 Phed2idel indel
#13397 €564 i 1189 Val192del indel
#1342 €518 532delp Lys173_Asp177del indel
#13437
#1357 [c.1968_196insTTT:p GIV6S6_Tyr6STinsPhe| _indel
#1350T ©557_571delp Tyr186_Tyr190del indel
#13541 €556 573delpTyr1gs Phe19idel indel
#1355T €1940A5T;p Asn647lle missense
#1356T ¢563_574del p Thr188, indel
13867 ©557_571del;p Tyr1se _Tyr190del indel
#13887 ©557_571del:p Tyr186 Tyr190del indel
#18077 567_579delinsTp Tyr190_Asn13del indel
#4101 €640 642del p Phe21ddel indel
14127 ©556.573del;p.Tyr186_Phe191del inde!
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#4137 ©564_575del;p.Val189_Val192del indel
#13901 | 75 577delpval1o indel
#14217 | 565 577delinsT:p.Val189 indel
m1a2ar
14307
#1431 ©1841-285Tip Ala614._splice splice €210865T:p Ser703lle missense
#1347 ©.560_571del;p Ser187_Tyr190del indel
#4337 <618 641dup;p Asn213_Phe214dup indel
#1435 €557 571delp Tyr186 Tyr190del indel
#14397
#1617 C601CT;p Arg2010 missense
#14697 C6026>A;p Arg201His missense
#14887 indel
#13897 e indel
#1490 21680 A Als123A50 missense
#1496T | <1037A5G:p Glu346Gly missense
#5087 €1132_1137del;p.Val378 Phe373d| __indel
#5187 | c556 Tyrise, indel
#15197 602G>Aip Arg201Hi missense
ms217 ©563_574del.p Thr188 Val132delinsile indel
#5237 <518 532del; p Lys173 Aspi77del indel
#1664 c643_645del p Asp215del indel
#1667 €564, 576delinsAip.Val189, Val192del indel
#16767 557_571delp Tyr1s6_Tyr1o0del inde!
#16777 €560 571del p Ser187 Tyrio0del indel
#17687 €.560_571del p Ser187_Tyr190del indel
18517 ©563_574del;p Thr1g8 Val1s2delinsile indel
#18807 €560 571del p Ser187_Tyr190del indel
#18917
#1896T
#1915T ©560_571del:p Ser187 Tyr190del indel
#19167 ©560_571del;p Ser187_Tyr190del indel
#9187 €553 567del; p Asp185_Val189del indel
#1940 €563 574delp Thr1ss inde!
#2187 91945, p Tyr640Phe / c233T>G:p. Leu78AL__missense
21897
a21917 557 571delpTyrise Tyri90del indel
#21920
#2193T 1133 1138del,p.Val378_Lys380delin{ __indel
#2197 €522 536delp 1ys175_Pro17sdel indel
#21977 1 Nal378 Phe3zd _indel
#2171
#22197
23287
#2329T €580, 585del:p lle194_Glu195del indel
#2307 C1037A5G; p.Glu346Gly / c1103A5G; pTy _ missense
m3317 1133 1134insAAA; pVaI378 Phe379id _indel
#2363T 1972 A>T; p.Lys6SBTyr missense
23697 ©.1972_1974delinsTAT, p Lys658Tyr missense
#23701 €565 579del; pVal1ss Asn193del indel
#2317 ©556_573delp.Tyr186_Phe191del indel
23721 56 Asn193del indel
#23731 569 Asn193del Indel
#2375T ©574_582del;p.Val192 e194del indel
#2376T _| <569 578delinsCip Tyr190_Asn193delinsSer indel
w2377 36 Asn193del indel
#23787
#5617 CBATCoAp Pro216His missense
25687 ©.560_571del p Ser187_Tyr190de! indel
#2571 ©570_578del;p.Phe191 Asn193del indel
#25731
25747 564_575del p Val189_Val192del indel
ms75T 557 571delp Tyrise Tyrio0del indel
#2576T ©.560_571del;p Ser187_Tyr190del indel
25821 €1919A5TpTyr640Phe. missense
#2585T 579 584delp Asn193 indel
#25897
#2507 582 Valigedel indel
25917
#2615
#2620 ©.557_571del;p Tyr186,_Tyr190del indel
#2727
#2769T 643 645el; p.Asp215del indel
#2731 €1969_1980dup; p Tyr657_Met660dup indel
#2737 ©568_579del;p.Tyr190_Asn193del indel
#2795T <570_578del; p.Phel9] Asn193del indel
#2796
#27987
28021 €560 571del p Ser187 Tyr190del indel
#28037 ©562_573delp.Thr188_Phel91del indel
28087 €1132_1137del ; p Val378_Phe379d __indel
28057 CBA7CoAp Pro216His missense
#28007 | c642 645delinsA;p.Phe214 Asp2iSdelinsleu | indel
#28107 C6010T,p Arg201Cys missense
m817 6016T;p Arg2010) missense
#28237 ©560_571del; p.Ser187_Tyr190del inde!
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228257 CBATCoAp Pro216HIs missense
#2867 557 571delp Tyr186 Tyr190del indel
#2877 C647CoAp Pro216His missense
#28287 C12508AGA ; pinsPro377 indel
28297 €560_571del; p ser187_Tyr190del indel
28307 562 573delp.Thri8s_Phe1oidel indel
#28341 ©.557_571del;pTyr186_Tyr190de! indel 1133 1138del;pVal378 Lys380delinf __indel
#2835T ©.565_576del;p Val189,_Val192del indel
28367 1133 1139del p Val378_Lys380deli indel
28377 €557_571del;p Tyr186_Tyr190del indel
#2897 €565 576del p.Val189 Val102del indel
#28567 ©.565_576del p Val189_Val192del indel
#28577 <563 _57adel p Thr1ss, indel
w8741 1252 1263del; pAI2d18_Phed21del indel
#2877 €23315Gip LeuT8Arg missense
#28797 ©1969_1980dup; p.Tyr657_Met660dup indel
#2900 ©.565_576del;p.Val189_Val192del indel
#2501 ©565_576del p.Val189 Val192del indel
#2901
#30497 1132_1137delpVal378_Phe379de _indel
#30737
#3071
#31047 €518 532del; plys173 Aspl77del indel
#3107 £563_580del; p.Thrl88 Asn193del indel
#34100
#37237
#3750T | 555 Seedel; pAsp1ss indel
#3767
#37807
#37817 571 Asn193del indel
#4058T €565 576delp Val1se Val192del indel
#4089T
#40947 C647CoA; p Pro216His missense
#0987 €565_576del; p.Val189_Val152del indel
#41067 1037A5G; p Glu346Gly missense
#41087 ©556 573del; p.Tyr186 Pheloidel indel
#4109 ©560_571del; p Ser187_Tyr190de! indel
#4107
41167
#1177 €565 576del; p.Vval1g9 Val1ozdel indel

interleukin

cleotids

Nu e (G Protein),
STAT3sSignal Transducer And Activator Of Transcription 3
JAK1=1anus Kinase
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Table 4: Somatic mutations from Whole Exome ing in 19 samples

Sample istological. Tumor.Initi CHROM POS_hg1s POS_hg38. REF AT Hugo_Symbol Protein_Change | Variant_Cassification Variant_Type VAF
#4717 HCA B 144391654 143309484 A c TOPIMT P-F5B8C Missense_Mutation SNV 0,231788079
B47IT HCA v 144990757 143916589 [ c PLEC P.A4548G Missense_Mutation SNV 0321100917
sa7TIT HCA chr1? 78223022 80249223 [ T SLC26A11 P.GS31V Missense_Mutation SNV 027173913
st Hea chey 114354555 113812033 3 A RsaN1 .AI60A silent N 0157894737
#A7IT HCA 2 179635319 178770592 T c TN P.N2734D Missense_Mutation SNV 02875
#4717 HCA b 27861316 27893538 G (4 HISTIH280 P.D26H Missense_Mutation SNV 0,343137255
sant Hoa s 100787264 109466061 c T 287824 £.G628G Silent s o
a7 HOA i 165723063 165309574 G (3 Ceorf118 P-RSG Missense_Mutation SNV 0,154761905
7T HOA che22 21384369 21030080 G A SLCTAG P.54185 Silent N 036
st WA hels 54429104 4415498 A c anc P17 Missense_Mutation N 022
#4717 HCA chr1g) 40828162 40322255 c A C190rfa7 G299V Missense_Mutation v 0251101322
sy HCA 3 45677668 45636176 G T UMbl pVATIL Missense_Mutation SNV 0,255813953
sy HOA s 31209738 31299631 A G CDHE pS2116 Splice_Site SNV 0304347826
a7 HGA s 120021947 120686252 T G PRR16 B.LIS3R Missense_Mutation SNV 0121212121
Nt HCA che? 98506371 98908748 T A TRRAP pL379a Muissense_Mutation SNV 0,285714286
st HA che? 98600721 99012098 c T TRRAP DRI7ISW. Missense_ Mutation Ny oanmnnm
7T HOA che? 100681483 101038202 A G Mua? p.T22621 Silent SNV 0272
7T HCA chrld 21831003 21362844 T [ SUPT16H p.IS39v Missense_Mutation SNV 0,108108108
mA7IT HGA chrl2 21459836 21306902 [TTAAAATCTGGGTTCCAT c SLCO1A2 D.NGTQILR1356s frame_shift_Del DEL 0,107142857
st HA che12 31249835 31096501 3 A DDXIL D.RS558Q Missense Mutation N 0173913043
s HCA chrl0 6557001 6515039 c T PRKCQ V3l Missense_Mutation SNV 01875
413431 HCA chr20 48140657 49524120 c A PIGIS D.E265* Nonsense_Mutation SNV 0234234234
413437 HCA chr20 62863566 64232213 6 A MYTL D.A909T Missense_Mutation SNV 0,224489796
#13437 HA ches 115837936 116502240 A S SEMAGA p.163T Missense_Mutation SNV 0,242424242
213437 HCA cheS 147820738 148441175 [ A FBX038 P.R1109K Missense_Mutation SNV 0,262773723
#13431 HCA ches 174938514 175511511 c L SFXNL Pp.L16SL Silent SNV 0144654088
#13437 HA chrl 23111399 22784906 c 2 EPHB2 p.A214V Missense_Mutation SNV 0207253886
13431 HeA chet 25072111 24745620 3 A e o231 Missense_Mutation NV 0342857143
#13437 HCA chel 63788807 63323136 T c FOXD3 0.D26D Silent SNV 0304347826
13431 HCGA chrl 153905222 153932746 c G DENND4B p.G1219R Missense_Mutation SNV 0212121212
413437 HGA chrl 216465689 216292347 A G USH2A D.YS56Y Silent SNV 0,286956522
#13437 HGA X 153927694 154699419 C ¥ GAB3 P.G406E Missense_Mutation SNV 0,193548387
#13437 HA chrl9 8974158 6 1 4 Mua6 0523275 Silent SNV 0252873563
#13437 HCA chr19 1 62 [ A RAD23A P.PIO7H Missense_Mutation SNV 0,115384615
13437 HGA ched 77231007 76309854 A G FAMA7E-STBD1 p.i311v Missense_Mutation SNV 0237837838
13437 HGA chrl6 70884418 70850515 c A HYDIN p.C4195F Missense_Mutation SNV 0,209302326
#13437 HCA chrl6 70884419 70850516 A (4 HYDIN p.C4195G Missense_Mutation SNV 0,209302326
#13437 HCA chrld 68221790 67755073 T (3 ZFYVE26 pM2322V Missense_Mutation SNV 0,260869565
213437 HCA chrld 99925461 99459124 T < SETD3 P.N1365 Missense_Mutation SNV 0,303797468
#13437 HGA chrld 102461583 101995246 c T DYNCIH1 pI11700 Silent SNV 0,247191011
#13437 HA che2 106746217 106129761 G T uxst P.LISIM Missense_Mutation SNV 0241176471
#13437 HCA chrl8 56202862 58535630 c G ALPK2 p.G1519G Silent SNV 0,220095634
#13437 HCA chell 56143847 56376371 A G OR8U1 p1250V Missense_Mutation SNV 0,234042553
#13437 HCA 3 108076930 108358083 c T HHLA2 P.L309F Missense_Mutation SNV 0,156862745
#13437 HCA 3 186386829 186669040 < 3 HRG P.PI7S Missense_Mutation SNV 0224137931
#13437 HCA o3 197505276 197778405 G T FTTD1 PV26TF Missense_Mutation SNV 0301886752
213437 Hea ch1? 1373763 1470469 c T myo1c p.A7AIT Missense_Mutation N 0142857143
213437 HCA che1? 77769355 79795556 c T CBXE PAB3A Silent SNV 0,279069767
#13437 HCA hel7 79914528 81956652 c G NOTUM P.R329P Missense_Mutation SNV 0284722222
13437 Hea chiz 124941695 124457139 3 A NCORZ p.A280V Missense_Mutation SN 0210526316
213437 HCA chels 31355405 31063202 G [ TRPM1 PPI%R Missense_Mutation SNV 0,206896552
213437 HCA chels 44951472 44659274 A T 5PG11 P.S158T Missense_Mutation SNV 0,310344828
413437 HCA 9 117071558 114309278 c T COL27AL P-R1746W. Missense_Mutation SNV 0,207207207
13437 Hea ) 135117267 132241880 < A NTNGZ PNaSEK Missense_Mutation £ 0130434783
13437 Hea che7 21609806 21570188 A s onaHLL pRAIM silent N 0191176471
213437 HCA o7 83034788 83405472 A G EMA3E p.F326L Missense_Mutation SNV 0235294118
m3a3T Hea cher 100086342 100489319 c A nvapy p.5533Y Missense_Mutation sy 0136363536
mazar Hoa chex 70143636 71223785 G Greatcr a1 p.31 32isiF In_Frame_ins NS 0186567164
214241 HCA 16 21712217 21700896 [ 1 oToA pL283L Silent SNV 0,204301075
#142a7 HCA e 21856713 21999202 AC A XPO7. p.¥EA7s Frame_Shift_Del DEL 0275862069
ma2r Hea che1z 21013980 20851045 A s sicos3 pN130S Missense_Mutation N 0285714286
wazar HeA che2 196548462 195683738 3 T sicsea10 p.G350C Missense_Mutation Ny 0204117647
14241 HCA che2 198571711 197706987 A G mars-02 P.TS28A Missense_Mutation SNV 0321888412
w14247 HCA o3 41266136 41224645 T c CTNNBL p.545P Missense_Mutation NV 027607362
mazr HeA ) 112718267 112999020 |TAARAATTTGTTTICTTA A GTPees p.A223del Spice_Site DEL 0270833333
ma2ar HeA ch1 41000292 2852275 c T 203 pASLIV Missense_Mutation Y. 0533333333
ma2ar HeA chaa 80049332 82091456 G A AN pLa20L silent SNV 04375
14241 HCA 9 140250762 137356310 T G EXD3 D.R239R Siient SNV 0322580645
wazar HeA che 140392635 157498153 3 A PNPLAT pssaaL Missense_Mutation Y 0211538462
wa2ar HoA cher 186287894 186318762 3 A PR pP2212L Missense_Mutation Y 0181818162
1424t HeA chrl0 48388031 47351329 A T RBP3 0.A949A Silent SNV 0248648649
14241 HeA chrl0 101557010 99797253 [ T ABCC2 D.K263N Missense_Mutation SNV 0254237288
14241 HCA chr19 8966741 8856065 L2 (4 Muas P-R14404R Sllent SNV 0395833333
w1439T HCA chel 16577371 16250876 c A FBX042 .06SOY Missense_Mutation SNV 0263157895
14397 HCA che) 27105955 26779464 c T ARIDIA p.Q1856* Nonsense_Mutation SNV 0170454545
14391 HOA chrl 33235860 32770259 [ T KIAALS22 p.L301L Silent SNV 0218543046
14391 HCA chel 36029439 35563838 [ 5 NCON D.GS61V. Missense_Mutation SNV 0261363636
#14397 HCA chel 153742249 153769773 A G INTS3. P.Q773R Missense_Mutation SNV 0,257425743
14397 HOA chel 161136956 161167166 [ T PAS2S Missense_Mutation SNV 0272727273
14397 HOA chr12 15103534 14950600 A G ARHGDIB p.M3ET Missense_Mutation SNV 0225
14397 HA chrl2 25702459 25549525 T (4 1FLTDL pVIEV Silent SNV 0234042553
#1439 HCA chrl8 65180925 67513688 c A DSEL p-W317C Missense_Mutation SNV 0,228813559
#14397 HCA che? 6189847 61502 c T usea2 p.L674L Silent N 0307692308
#14397 HGA che? 47876601 47837003 [ A PKDILY p.T1954M Missense_Mutation SNV 0214285714
#14391 HGA che? 123119855 123479801 c A laus P.LAGSF Missense_Mutation SNV 0333333333
#143917 HCA che? 139762530 140062730 c T PARP12 P-E40K Missense_Mutation SNV 025
#1439T HCA che? 151842334 152145249 c T KMT2C p.R4693Q Missense_Mutation SNV 0211764706
#1439T HCA chrX 53349824 53320626 c T lase p.L166L Silent SNV 035
#14397 HAA X 106845648 107602418 c A FRMPO3 p.T1493N Missense_Mutation SNV 0135416667
#1439 HCA cheX 139586928 140504763 G T S0x3 .P100T Missense_Mutation SNV 0,142857143
#1439T HCA 3 1394027 1352343 [ T CNTNE p.G462C Missense_Mutation SNV 035443038
#1439T HCA 3 44683972 44642480 G A ZNF197 p.G4506 Silent SNV 020754717
#1439T HCA 3 45637381 45595889 X A UMDl B.FI37Y Missense_Mutation SNV 0,259259259
#1439T HCA che3 171969171 172251381 T G FNDC38 ©.P210P Silent SNV 0293478261
#1439T HCA chr19 6312466 6312455 [ < ACER1 p.LA6L Silent SNV 0236842105
#1439T HCA chr1? 3919620 4016326 G < ZZEFL p.F2714L Missense_Mutation SNV 0,208
#1439T HCA chr1? 63010387 65014269 A c GNA13 p.L374L SNV 0283333333
#1439T HCA s 149748277 150368714 A < TCOF1L NA SNV 0266666667
#1439T HCA ches 150072470 150692908 T A RBM22 .P373P SNV 0375
414397 HCA s 162886910 163459904 [ L3 NUDCD2 P SA9R Missense_Mutation SNV 0204081633
#1439T HCA 2 24222614 23999744 A G UBXN2A 12197 Silent SNV 0261538462
#1439T HCA o2 27464238 27241370 A S CAD. P.K1890E Missense_Mutation SNV 0,191489362
#1439T HCA 2 29416436 29193570 G A ALK P.T1506M Missense_Mutation SNV 0266666667
#14397 HCA che2 102789219 102172759 A T ILIR1 P.R3045 Missense_Mutation SNV 0,264705882
#1439T HCA 2 148683685 147926116 T TA ACVR2A p.KA3Sfs Frame_Shift_Ins INS 0,194805195
#14397 HCA 2 179394743 178530021 A G TN P.Y33849Y Silent SNV

14397 Hea chel0 101594208 99834451 c A A8c2 pI11101 Sitent W

mazsT Hea chrio 115804707 114044948 I3 a ADRB1 p.P272P Silent SN

414397 HCA chrll 94564658 94831492 A B AMOTLL P.E533D Missense_Mutation SNV 0,357142857
#14397 HCA he2l 30464877 29092556 c S MAP3KTCL B.P115P Silent SNV 0,191489362
mazeT HeA chels 67418914 67385011 c A LRRC36 057295 Silent SN 0257142857
14397 HCA chelb 74349815 74915917 G & WORSS. $.Q393K Missense_Mutation SNV 0,242214533
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14397 HCA chr20 5157350 5176704 c T s2 V116V Silent SNV 0260869565

114397 HCA v 71289193 70579490 c T Coorfs? p.SATS Silent SNV 0256097561

114397 HCA v 116938047 116616884 3 A RSPHAA p.PRTP Silent SNV 0318518519

14397 HOA chvg 22850498 23022985 3 [ TNFRSF108 NA Spice_Site SNV 0293333333

14397 HCA cheg 41504023 41646504 A T NKXG3 1180 Missense_Mutation SNV 0288888889

14397 HeA chg 125074230 124061989 c [ FERILE p.P10959 Silent SNV 021875

#2189T HCA i 4049256 4049022 c A PRPF4B P.RG4SS Missense_Mutation SNV 0130434783

421897 HeA 7 97862808 98233496 3 T TECPR1 p.L53IM Missense_Mutation SNV 0130434783

21897 [ chelg 42797003 42292851 3 T ac o.511541 Missense_Mtation SNV 0,166666667

#2221 HeA 12 25302582 25149648 c A casct Pp.A183S Missense_Mutation SNV 0102564103

#2221 HeA chx 20183015 20164897 A T RPSGKA3 NA Spiice._Site SNV 0253521127

#2227 HeA X 20183016 20164898 c T RPSEKAT NA Spiice_Si SNV 027027027

#2221 HeA b 47200493 47234757 c A TNRRSF2L PVSSIL Missense_Mutation SNV o1

#2227 HCA v 144999583 14467844 A < UTRN .K2S0TN Missense_Mutation SNV 0111607143

#2227 HeA vl 200946009 200976881 3 T KF218 P.V1446V Silent SNV 0107142857

#2227 HeA ch1? 3438936 3535642 c A TRV .A2395 Missense_Mutation SNV 0,142857143

#2221 HeA ch1? 39973440 41817188 3 T FXBPI0 .G126W Missense_Mutation SNV 0125

#2221 HeA cheiy 119217031 119346321 3 T MERP 0.P36P Silent N 0217391304

#2227 HCA ) 2622230 2622230 c A VIDWR pAI4E Missense_Mutation SNV 0214285714

#2227 HeA i 10383213 10525703 c A PRSSSS P.R40S Missense_Mutation SNV 02

#2221 HeA chels 24922278 24677132 c T e p.A422V Missense_Mutation SN 0124378109

#2221 HeA che10 120863641 119104129 |GCGGCGGCGGAAGATY < FAMASA NA Start_Codon_Del DEL 015

#2227 HeA ch3 48453957 48412548 c A PLNB1 VIGEIL Missense_Mutation SNV 0,108695652

#2227 HCA ch3 164712149 164394361 T c s 9515795 Silent SNV 0,105263158

#2227 HCA 22 51065642 50627214 3 c ARSA p.P137P Silent SNV 0133333333

#2277 HeA chrag 36530307 36039405 i c THAPS .QIITR Missense_Mutation SN 01

#2227 HeA ch1s 44351117 4384665 A c ZNF283 px1220 Missense_Mutation SNV 0134615385

126151 HeA chio 134659633 132846129 c A TIc0 p.az122H Missense_Mutation SNV oamnnn

126157 HeA che20 37174939 38546356 A [ RALGAPB 5.H943R Misense_Mutation SNV 0,189393939

226157 HeA ch1d 77605915 7133572 A T 2Z0HHC22 BFS6Y Missense_Mutation SNV 0123809524

226157 HeA i 28223561 27897050 c a RPAZ p.LI60L silent SNV 0125

26157 HeA chi 180022207 180053072 3 ¥ cEP3s0 p.516321 Missense_Mutation NV 0281818182

n2615T HeA cht 236979804 236816504 A T MR p.E242V Missense_Mutation v 0169230769

226157 HeA v 26722021 26864504 c T ADRAIA pVIS6! Missense_Mutation SNV 0181818182

226157 HCA g 38205493 3834775 A < WHSCILY PLGER Missense_Mutation SNV 0172932331

526151 HeA v 3123976 3123742 c A L p.ES! Missense_Mutation SNV 0,14084507

w6151 HeA o 56472069 56608171 A T st pL1saz Missense_Mutation SNV 0269230769

226151 HoA che1y 113103452 113232730 T c NCAM1 ps3s2p Missense_Mutation SN 0179487179

26157 HCA chva 75681110 74755900 c T 81C $.G8OG sitent SNV 0266566667

m2615T Hea chea 76878739 75957586 T c S0AD1 PESETE Silent SNV 0177777778

n2615T HeA chva 90872004 89951753 T A MMRNL NA splce_Site N 0112676056

226157 HeA chva 94690579 93769428 3 T GRID2 p.G860V Missense_Mutation N 0142857143

226157 HOA chv? 29918696 29875080 3 1 wip3 p.G39* Nonsense_Mutation SN 0275862069

26157 HeA cher 73254374 73840084 AT A WascR27 pHISSE Frame_Shift_Del DEL 025

n2615T HoA ch17 38572320 40416068 A [ ToP28 p.VS0A splce Site s 0,206896552

#2615T HoA chex 99596960 100341962 3 A PCOH19 .A930V Missense_Mutation SNV 0170731707

226157 HOA chex 142716743 143628927 c T SUTRKA pET28K Missense_Mutation SN 0143478261

n2615T HeA chex 153207645 153582194 c T TMEMIE7 p.pap. silent N 0243502439

#3437 HeA o3 41266137 41224645 c A N1 psAsy Missense_Mutation SN 0185430464

#3437 HeA ch3 49053706 49016273 T < OALRO3 p.YAOSC Missense_Mutation SNV 0209302326

#3431 HeA chv3 96945109 97226265 T A EPHAS D.AIT2A Splice_Site SN 03

#3431 HeA che12 55887053 55493269 3 A OR6CES £.A298T Missense_ Mutation SNV 02109375

#3437 HOA ch12 57572189 57178406 a T RPL PELATOV Missense_Mutation N 0191304348

#3437 HOA chr12 117962850 117525045 3 A KsR2 D.RE76C Missense_ Mutation SNV 0226600985

#3437 HOA chd 112025368 109263088 T < EPBALLB p.Y198C Missense_Mutation SN 0285714286

#3431 HOA chd 115337209 112574929 3 c KIAAL95E 283N Missense_Mutation SNV 029245283

#3437 HOA chr13 86369328 85795193 T c SLITRKG .Y439C Missense_Mutation SNV 0265957447

#3437 HeA ched 24558015 24556392 G A DHXIS o.M2400 Missense_Mutation SNV 0217391304

#3431 HOA ched 86916168 85995015 A e ARHGAP24. .NASAT Missense_Mutation SNV 0,18018018

#3437 HOA ch1? 2599524 2696230 c A aux p.E735* Nonsense_Mutation SNV 0115384615

#3437 HCA ch1? 20149372 20246059 T < SPECCI 08291 Silent SNV 0154471545

#3437 HCA ch1? 36490917 38335034 c [ GPRI79 VS48V Spiice_Site SNV 0226415094

#3431 HCA che1? 72436516 74440377 c A GPRCSC .P246T Missense_Mutation N 012244898

#3437 HCA v 77617928 76705693 3 GA 25HX4 .X536fs Frame_shift_Ins NS 0203208556

#3437 HCA chvg 127569184 126556939 T c FAMSAB P15V Missense_Mutation SN 0223140496

#3437 HeA b 43188575 43220837 c T s p.R2172C Missense_Mutation SNV 0202702703

#3437 HCA chr10 17891740 17849736 c A MRCILL p.FAO7L Missense_Mutation SNV 0219858156

#3437 HCA ch2 1499905 1496133 [3 T p.07170 Silent SNV 0115384615

#3437 HCA che2 74776576 74543449 3 A Lox3 £.6204G Silent SNV 0119565217

#3437 HCA che2 103067472 102451012 c A 1L18RAP. 5.P459T Missense_Mutation SNV 0198347107

#3437 HCA che2 128608191 127850617 3 A POLR2D p.AI08V Missense_Mutation SNV 02

#3437 HCA chvi 39845104 39373432 T A MACFL P.A4S07A Silent SNV 0201117318

#3437 HCA chl 179528824 17955¢ 3 T NPHS2 .PATSH Missense_Mutation SNV 0192307692

#3437 HCA 19 39307142 38816502 c A ECH1 .A2045 Missense_Mutation SNV 0235294118

#3437 HeA ch19 51162378 50659121 3 A C190t81 AI192A Silent SNV 0212765957

#6237 HEA chrd 3251225 3249498 c A MSANTDL $.G526 Silent SNV 011111111

#6237 HeA i3 167728157 168010369 T c GOuMa P.NG64S. Missense_Mutation SNV 0390728477

#6237 HCA 2 242283487 241350072 3 T sept02 NA Spiice._Site SNV 015

#6237 HeA ch1g 15281269 15170458 T A NOTCH3 P.MI63L Missense_Mutation SNV 040625

#6237 HeA ch19 38190159 37699258 A [ ZNF607 pR9IR Silent SNV 0362745098

#6237 HeA chels 22955162 22917304 3 T APy .C519F Missense_Mutation SNV 0392156863

#6237 HeA chels 54966731 54932819 3 c 1RXS pE191Q Missense_Mutation SNV 0363636364

#6237 HeA 16 84056452 84022847 3 A SLC38A8 DR2ASW. Missense_Mutation SNV 0438202247

#6237 HeA cheg 35045155 35045158 A G Coorf131 058435 Silent SNV 0312015504

#6237 HeA s 1325917 1325802 c T armviL PKIESK Silent SNV 0218309859

#6237 HeA v 88075035 87365317 A 6 Coort163 p.H304R Missense_Mutation SNV 0347107438

#6237 HeA 11 71941272 72230228 G T INPRLL 5.Q349H Missense_Mutation SNV 0571428571 t_lod_fstar
#6237 HeA chei 52859389 52393717 c T OoRC1 .E270K Missense_Mutation SN 0414285714 PASS
#6237 HeA vt 176175607 176206671 c A RFWD2 p.51031 Missense_Mutation SNV 01 t_lod_fstar
#6237 Hea chex 3229044 3311003 A [ MXRAS $.024000 Silent SNV 0382352941 PASS
#6237 HeA ehvx 19568147 19550029 [ T SH3KBPL pTa80N Missense_Mutation . 0298511111 Pass
#6237 HeA chex 22208609 22190492 c T PHEX p.T585T silent SNV 0188118812 PASS
#6237 HCA chix 114540816 115306251 3 A wzea 5.61300 Missense_Mutation SNV 0405529954 PASS
#6237 HeA che10 79686061 77926303 3 G o165 ATIE Missense_Mutation s 0157894737 t_lod_fstar
#6237 HeA ehe10 96064395 94304638 c s PLCEL p.51872C Missense_Mutation Y 0301075269 PaSS
#6237 HeA chr12 21015397 20852463 A ar sico183 pM17Sts Frame_shit_Ins ns 0378205128 PASS
#6237 HOA che12 31242385 31083451 A T oox11 p.1281F Missense_Mutation SNV 024742268 may
#6237 HeA chriz 105381961 104388183 3 T Cizorfas p.LaaF Missense_Mutation SNV 0115384615 t_lod_fstar
#6237 HeA 12 121671325 121233522 3 T P2RXA N splice SN 0130434783 t_lod_fstar
7507 HeA ch1 47903719 46938047 3 A crpaanl p.RI6C Missense_Mutation SN 0137250902 PASS
7501 HOA ch1 177908891 177939756 c A SEC168 p.GTATW Missense_ Mutation SNV 0125 PASS
ars0r HeA chey 247588125 247020823 c T NRP3 D.HASOH Silent NV 0124183007 PASS
7507 HeA i 30591805 30724028 c T Tuss. ps322s Silent N 0208333333 PASS
7507 HeA v 31730281 31762504 3 A MsHS V826V sitent SN 0202739726 PASS
#7507 HOA cher 72988726 73574396 3 T 82 PASID Missense_ Mutation SN 0103448276 PASS
#7507 HOA chr1? 3720501 3826207 c A Ca7ortss pV164F Missense_ Mutation Y 015 t lod_fstar
#7501 HOA che20 4880220 4899583 T € s 11524 Missense_ Mutation SN 0106382979 PASS
8357 HOA che19 1250821 1250422 [3 [ MIDN p.RAZR Silent SNV 0285714286 PASS
#8357 HOA chr1g 9083579 8972903 c T mucis p.V2746M Missense_ Mutation NV 0214285714 PASS
#8357 HOA chr12 48142326 47748543 c A RAPGEF3 NA Splce_Site Y o1 © lod_fstar
#8357 HOA chr12 76742131 76348351 c 6 88510 pSIT Missense_ Mutation NV 0140625 PASS
#8357 HOA che2 21231679 21008807 3 T APOS. £.02687P Silent NV 0204642857 PASS
#8357 HOA chva 37828375 37826753 [3 A PGM2 pSTR Missense_Mutation SNV o1 © lod_fstar
#8357 HOA chex 123190018 124056168 3 A STAG2 VALl Missense Mutation SNV 0162790698 PASS
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#835T HCA chex 153283756 154018305 c A IRAKL V260V Silent SNV 0125 ¢ lod_fstar
#8357 HCA chex 153660653 154432307 c A ATPEAPL pAI135A Silent SNV 0157894737 t_lod_fstar
#8357 HCA che1g 61322961 63655727 3 T SERPING3 5.P368H Missense_Mutation SNV 0215189873 PASS
#8357 HOA che11 17153468 17131921 A [ PISC2A p.07420 Silent SNV 0333333333 PASS
#8357 HCA chely 114271424 114400702 A [ RBM7 BTUA Missense_Mutation Y 023255614 PASS
#8357 HeA ch20 60882668 62307612 3 A ADRM1 .A214T Missense_Mutation SNV 02mmnn PASS
#8357 HCA s 161322780 161895774 c T GABRAL A3V Missense_Mutation SNV 0365853659 PASS
#8357 HeA chvg 21980357 22122884 c A HR p.E651* Nonsense_Mutation SNV 0230769231 PASS
#835T [ cheg 95897726 94885498 < A cove2 pE21* Nonsense_Mutation SNV 01875 t_lod_fstar
#8357 HeA 16 31040441 31038120 c A ST .A1650 Missense_Mutation SNV 0111111111 t_lod_fstar
#8357 HeA che1? 36486093 38330210 c T GPR179 5.G11206 Missense_Mutation SNV 010112359 PASS
#8357 HeA ch1? 38319019 40162766 G T osa pR27L Missense_Mutation SNV 02 PASS
#8357 HeA ch17 48274018 50196657 A G COL1AL p.2735 Missense_Mutation SNV 0,122807018 PASS
#8357 HCA chl 45266767 44801095 3 T ) p.51265 Silent SNV 0136363636 t_lod_fstar
#8357 HeA 3 172480714 172762924 c T €2 9.53405 Silent SN 015625 PASS
#8357 HeA chv10 101558984 99799227 ARAG A ABCC2 5.K298del In_Frame_Del DEL 0325581395 str_contraction
#8357 HeA ch22 50502543 50064114 c A mict pV3IL Missense_Mutation SNV 0157894737 t_lod_fstar
#8737 HeA che 208213340 208039995 T c PUNAZ P.LIA50L Silent N 0215686275 PASS
#8737 HCA chr19 1879979 1879980 c A ABHD17A PRI5ES Missense_Mutation SNV 02 PASS
#8737 HeA chr19 18280014 18163204 c A PIKGRZ £.4699A Sikent SNV 0,103448276 t_lod_fstar
#8737 HeA che19 53456092 52952839 A c 2NF816 534S Sikent SNV 0196721311 PASS
#8737 HeA che1l 46300772 6379222 T c oKz P.01041D Sitent SN 025 PASS
#8737 Hea o 130389487 130068342 A s L3MBTLS 5.£3386 Missense_Mutation SNV 0,157894737 PASS
#8737 HCA ch12 132561100 132076555 3 A £P400 .V30STM Missense_Mutation SNV 01 PASS
#8737 HeA che2 128379614 127622039 c A MYO78 PRI1695 Missense_Mutation SNV 0,166666667 t_lod_fstar
#8737 HeA che2 220313317 219448535 3 T SPEG EATD Missense_Mutation SNV 0214285714 t_lod_tstar
#8737 HeA ch17 7125555 122223 c T ACADVL p.AITIV Missense_Mutation SNV 0,184210526 PASS
#8737 HeA chris 28917451 28906130 c A RABEP2 $.G438W Missense_Mutation SNV t_lod_fstar
#8737 HeA chel0 27322226 27033297 c A ANKRD26 pT1245T Silent SNV 0172413733 PASS
#8737 HeA 10 122664297 120504785 A s WOR1L .N10565 Missense_Mutation SNV 0178082152 PASS
#8737 HeA 22 36705380 36309335 3 c mYH P.AS97G Missense_Mutation SNV 0,18018018 PASS
#8737 Hea chea 74283861 73418140 A6 c AB p.RISSS Frame_Shift_Del DEL 0226415094 str_contraction
w2291 HeA cht 150444429 150471953 c A RPRD2 ps1002y Missense_Mutation Y 0185185185 paSS
w7297 HeA o3 23932088 23890557 c T uBE2E1 p.AITEV Missense_Mutation SNV 0129770932 PASS
w7297 HCA ch3 132350210 132631366 A < ACAD1L BN2TK Missense_Mutation SNV 031092437 PASS
w2297 HeA chva 30724027 30722405 T c PCOH7. p328P Missense_Mutation SNV 031827957 PASS
war2st HeA i 96054277 95606401 c A MANEA p.sas2y Missense_Mutation SNV 0147058824 PASS
727297 HoA chel0 255938 209998 T < ZMvNO1L p.576p Missense_Mutation SN 0,100775194 PASS
w2297 HCA che1y 65547148 65773677 3 3 APsBL p1272M Missense_Mutation SNV 0334375369 PAsS
27291 HeA chay 53430922 93697756 T A WAAL731 o.N9asK Missense_Mutation N 04 pass
w2291 HeA che1s 75014848 74722507 © A creia V17V siient N 0,22459893 PASS
727297 HeA chls 89351308 89284900 T < ANKRO11 p.T5480 Missense_Mutation N 0211000174 PASS
#27297 HOA ch1g 36212223 35721321 c 1 K128 p.HESSH sitent SN 0307317073 PASS
w2297 HCA che20 2411652 2431006 T < TGM6 p.L64%P Missense_Mutation Y 0372340426 PASS
w2297 HoA chex 100745781 10140794 3 € ARMOU VI3V Silent s 0151408451 PASS
#3751 HoA ch1 176563750 176594614 GerT [ PAPPA2 p.F3400e! In_frame_Del DEL 0253846154 str_contraction
#3751 HOA et 226019504 225831893 3 < EPHXL .£1000 Missense_Mutation SN 0293650794 PASS
#3751 HCA che1 236758342 236595642 3 A HEATRL p.L330F Missense_Mutation N 0,266666667 PASS
#3757 HeA 2 1687850 1684078 A T PXON NA splce_Stte SN 0359375 PASS
#3751 HeA che2 108487510 107871054 c A RGPDA p.TI01IN Missense_Mutation SNV 0290900091 PASS
#3751 HeA ch2 210818915 209954191 3 < uncso .A2304P Missense_Mutation SN 0215053763 PASS
#3751 HeA ch3 130463496 130744652 T c PIGRA p.T1897 Siient SNV 0278195489 PASS
3751 HeA ches 40747098 40746996 3 3 L) pRST Missense_Mutation N 0275862069 PASS
#3757 HOA i 43006153 43038415 c A . pRISA2 Missense_ Mutation Y 0285714286 PASS
#3751 HOA v 146126076 145804940 T < F8X030 £.0489R Missense_Mutation SN 0226086957 PASS
#3751 HOA ch? 150707754 151010666 c T NOS3 £.P9195 Missense_Mutation SNV 0328358209 PASS
#3751 HOA chvg 19680842 19823331 A [ INTS10 D.N1855 Missense_Mutation SNV 020212765 PASS
#3751 HeA ) 15578911 15578913 3 T ccoaz pREIL Missense_Mutation SNV 0217771778 PASS
#3751 HOA g 125612078 122849799 3 e RC3H2 pPLIISR Missense_Mutation SNV 0303571429 PASS
#3751 HOA ch11 85722154 86011111 3 < PICALM D.N228K Missense_Mutation SNV 0313253012 PASS
#3751 HCA chr11 122817384 122946676 c T Clio63 £.0605" Nonsense_Mutation SNV 0280991736 PASS
#3757 HCA chr12 19282742 19129808 [3 A PLEKHAS DA Silent SNV 0277777778 PASS
#3751 HCA chr12 111800732 111362028 3 < FAM109A DAI67G Missense_Mutation N 028042328 PASS
#3757 HCA chr13 22077064 21502025 c T micu2 NA Splice Site SNV 0288135593 PASS
#3751 HCA chr13 77742575 77168440 c T MYCBP2 P.VI996V Silent SNV 0292307692 PASS
#3751 HCA ch1d 33015139 32545933 c A AKAPS psA27" Nonsense_Mutation SNV 0295081967 PASS
#3757 HCA chrls 24921470 24676323 3 T nPAPL p.W152C Missense_Mutation SNV 01m2727273 PASS
#3757 HCA chrls 560321 55740409 T c PRTG 51246 Missense_Mutation SNV 0263157895 _mapy
#3757 HCA 17 79663962 81696932 3 A HGS £.G6065 Missense_Mutation SNV 0178217822 PASS
#3757 HCA ch19 18186562 18075752 3 A 112861 £.2335 Missense_Mutation SNV 025 PASS
#3757 HCA che20 44664524 46035885 A T SLC12A5 DMISIL Missense_Mutation SNV 0221311475 PASS
#3757 HCA che20 61867691 63236339 c A BIRC pFBIL Missense_Mutation SNV 0248 PASS
#3757 HCA 22 24836797 3 A ADORAZA p.M1931 Missense_Mutation SNV 0255033557 PASS
#3757 HCA 22 38352784 37956777 3 A POLR2F p.0N Missense_Mutation SNV 02m2mm273 PASS
#3757 HeA che 70352284 71132434 c T MED12 pTI43TT Silent SNV 024691358 PASS
#3757 HEA chix 130408773 131274799 c T 1G5F1 p.R1184Q Missense_Mutation SNV 0307189542 PASS
541107 HeA 2 179593499 178728772 3 A ™ P.AGO6SV Missense_Mutation SNV 0271929825 PASS
#1107 HCA 2 215843564 214978840 3 A ABCAL2 0116471 Silent SNV 0381818182 PASS.
#1107 HeA ch3 183905767 184187979 3 T ABCF3 p.D189Y Missense_Mutation SNV 0342592593 PASS
241107 HeA i 112575282 112254080 3 A [ ARV, Missense_Mutation SNV 0313253012 PASS
#1107 HeA chvg 42716914 42861771 3 A RNF170 PRIGIW Missense_Mutation SNV 0315789474 PASS
241107 HeA chel0 375082 37219328 3 c ANKRD30A VIISOL Missense_Mutation SNV 0324675325 PASS
#1107 HeA 10 112572637 110812879 A G REM20 578284 Missense_Mutation SNV 0283464567 PASS
241107 HeA chi1l 551660 551660 G A LRRCS6 PRIGM Missense_Mutation SNV 0244047619 PASS
241107 HeA che1l 61726930 61953518 c G BESTL B.N296K Missense_Mutation SNV 0223076923 PASS
#3107 HeA 1z 55368307 54974523 3 T TESPAL PRI Silent SNV 0297297257 Pass
#1107 HeA chiz 98993836 98600058 3 A sLc2sa3 p¥2501 Missense_Mutation SNV 0120300752 PASS
#41107 HeA ch12 102154356 101761178 T [ GNPTAB .R10285 Missense_Mutation SNV 0179104478 PASS
241107 HeA che1s 75467247 75433349 c G cropL pE2Q Missense_Mutation SNV 0307017544 PASS
#1107 HeA che17 55754365 57677004 3 T wsiz pTI2IT Silent SNV 0353448276 PASS
71107 HeA che17 56232786 58155425 CGATCTCCTACCA © ORaD1 p.I5YQg2del In_Frame_Del DEL 0153846154 Pass
#1107 HeA che17 67513700 69517559 © I3 MAP2KS p.GeSts Frame_shift_Del DEL 0320175824 PASS
241107 HCA chi19 2120866 2120867 3 A AP301 p.Fa92F Silent SNV 0308411215 PASS
za1107 Hea chaag 11687597 11576782 3 c AP P.AL08G Missense_Mutation s 0302521008 PASS
na1107 HeA che1g 54377352 53874098 T T MyADM £.F190f5 Frame_shift_Del DL 0,23880597 PaSS
na1107 HeA che20 60540457 62065441 c A TaF pAL28S Missense_Mutation N 0115384615 t_lod_fstar
#1107 HOA che22 37462918 37066878 3 A TMPRSS6 p.1742M Missense_Mutation NV 0236486486 PASS
za1107 Hea chz2 39239778 38843774 c [ NETXR 04299 Missense_Mutation SNV 0,103896104 PASS
na1107 HeA 22 43089646 42693640 A T AdGALT pT108T silent SN 025 PASS
na1107 HeA chex 153069640 153804185 c A POZDE RT3 Missense_Mutation SN 0178832117 PASS
#5337 HOA che2 152409229 151552715 3 A Nes p.p4897L Missense_ Mutation SNV 0,116504854 PASS
#5337 HOA che2 220313027 219448305 c A SPEG. p.R3835 Missense_ Mutation NV 0176470588 PASS
#5337 HeA o3 155838426 156120837 c A KNABL p.A% Missense_Mutation SN 012 PASS
#5337 HeA chva 107248649 106327492 GA G AMPL PSS frame_shift_Del DEL 0184782609 PASS
#5337 HOA ches 131046300 131710607 c T NP BR226H Missense_Mutation SN 0133333333 PASS
#5337 HOA chvg 36564678 36596901 3 A SRSF3 .GATS Missense_ Mutation Y 0,148387097 PASS
#5331 HOA cheg 152806078 152484943 T < SYNEL PE3SOE Sikent SN 0184466019 PASS
#5337 HOA ch? 150764060 151066973 3 T SLcan2 pA31ES Missense_Mutation SNV 0,152380952 PASS
5337 HOA chvg 86180155 85267926 c T [23e] £.Q159* Nonsense_ Mutation NV 0192307682 PASS
#5337 HOA chy 104317217 101554835 3 T RNF20 B AT21S Missense_ Mutation Y 0178571429 PASS
#5331 HOA chr1y 55135610 55368134 3 T OR4A1S p.G8AY. Missense_ Mutation NV 0148800524 PASS
#5331 HOA che1s 31775516 31483313 3 T otup7A .A921€ Missense_Mutation NV 0158333333 PASS
#5337 HOA chels 99672706 99132501 [3 A SNm £.Q1380C Missense_ Mutation SNV ou clustered_events
#5337 HOA ch1s 99672716 99132511 3 3 STM p.513837 Missense_ Mutation SNV 0139303483 clustered_events
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#5331 HOA ch1g 6942150 6942160 c A LAMAL £.P3049P Silent SNV 02 PASS
#5337 HCA chr19 8209815 8144931 c A BN p.G163W Missense_Mutation SNV 0134146341 PASS
#5337 HCA 20 60791598 62216542 c [ HRH3 .£2680 Missense_Mutation SNV 0219251337 PASS
#5337 HOA che21 38853060 37480758 A T DYRKIA p.K150* Nonsense_Mutation SNV 0,129496403 PASS
#5337 HCA chex 43628600 43769353 c [ MAOB 0.G439A Missense_Mutation SNV 0233766234 PASS
#4777 HeA chd 50327178 50289747 c T 1FRD2 0.6G2525 Missense_Mutation SNV 0354037267 PASS
#4777 HCA s 90670828 91375011 c a ARRDG .E261fs Frame_Shift_Ins INS 029535865 PASS
#4777 HeA s 179192901 179765900 A [ MAMLL .N2975 Missense_Mutation SNV 0,189189189 PASS
77T [ che? 27169940 27130321 3 A HOXAG .P138L Missense_Mutation SNV 0315 PASS
#4771 HeA chd 101818612 99056330 3 c COL15AL £.610884 Missense_Mutation SNV 0311111111 PASS
#4777 HeA che1t 66360237 66592766 T 6 ccocs? 5.184L Missense_Mutation SNV 0338541667 PASS
#4777 HeA 12 82147918 81754139 T c PPFIA2 5.0286 Missense_Mutation SNV 0312977099 PASS
#4777 HeA cheis 21955825 21487666 3 T Toxé $.G97G Silent SNV 0395061728 PASS
77T HCA child 100759653 100293316 G s 51025429 pXATT Missense_Mutation SNV 0340425532 PASS
#4777 HeA chr1s 68582798 68290460 c T FEM1B p.L368F Missense_Mutation SNV 0282926829 PASS
#4777 HeA ch1? 2250972 28923954 3 c PHFI2 0.Q224F Missense_Mutation SNV 0304 PASS
77T HeA ch1? 28887667 30560649 T c TBC1029 p.0370 Silent SNV 0,12605042 PASS
#4777 HeA cheis 3452206 3452208 T A IR p.STTT Missense_Mutation N 0207729469 PASS
#4777 HCA chv1g 51807184 54280814 3 3 Foul £.G236A Missense_Mutation SNV 0128378378 PASS
#4777 HeA chx 3548551 3626510 3 T PRIX .P242T Missense_Mutation SNV 0240310078 PASS
#4777 HeA chex 38156213 38298960 T c RPGR PEALG Missense_Mutation SNV 0,159292035 PASS
#4777 HeA chex 48682656 48824245 c 23 HDACS 1771 Sitent SN 0142857143 PASS
sar7T HeA chex 123514498 124380648 c 3 TENMI P.R2689Q Missense_Mutation SNV 0,1962962%6 PASS
7571 HeA ch2 17515284 3 A RAD51AP2 p.H1044H Silent SNV 0293577382 PASS
#7577 HeA che2 241818194 240878777 3 T AGxXT A9 Missense_Mutation SNV 0252941176 PASS
75T HeA che3 170102544 170384756 A G skl 5.5474G Missense_Mutation SNV 0276923077 PASS
#7577 HeA chva 105412445 104451288 T c cocs p.H3R Missense_Mutation SNV 0243589784 PASS
757 Hea chea 184106702 143185549 A s use3s e sikent SNV 025 PASS
75T HeA ches 82948586 53652767 c T HAPLNY PRSI Misense_Mutation SNV 0,2208588% PASS
7577 HeA o6 83884141 83174422 TITCTTATC T PGM3 p.DKI3ISfs Frame_shift_Del DEL 0169230769 PASS
#7577 HeA g 128428420 127416175 3 A POUSFIS VIOV Silent SNV 0285223368 PASS
a7STT Hea vy 2029049 2029049 I3 ¥ SMaRCAZ p.A9A Silent NV 0247863248 PASS
71571 HeA g 100132679 97370697 A € ceociso p.E1458D Missense_Mutation v 0253846154 pASS
57T HeA ) 125437820 122675581 c T oR3 pRIZEC Missense_Mutation SNV 0220183486 PASS
7577 HCA g 138413373 T c Nt pLioL sikent SNV 0113402062 mag
7577 HeA chio 26446370 A [ MYo3a 19757 sikent SNV 02mnraTy PAss
1577 HeA che1y 56230241 c c oRSMS pL213V Missense_Mutation SNV 0130434783 may
71577 HoA chr12 32136794 A 6 wAALSSY p.1969Y Missense_Mutation SN 0267605634 PASS
57T HCA che1z 43925997 3 A ADAMTS20 p.T152M spice_site SNV 0268507563 PAsS
w757 Hea che1z 101005623 3 = GAs23 p.G1I7C Missense_Mutation N 0268292683 pass
w1571 HeA ch13 37014210 T A cowt p.330M Missense_Mutation N 0278145695 PASS
w7571 HeA chls 24564879 3 NA splce Site DEL 012345679 str_contraction
71571 HOA ch1g 813708 1 LoPR3 £.A3400 Missense_Mutation SN 0258333333 PASS
w757 HeA chr1g 40711106 [ MAP3KI0 0.A36IG Missense_Mutation Y 025 PASS
#1571 HoA ch1g 53270093 A ZNFs00 p.E306* Nonsense_Mutation s 0122994652 PASS
w7571 HoA che22 21153976 c: PIaKA pI543M Missense_Mutation SNV 0203650794 PASS
71571 HOA che22 26209739 A MYO188 5.A1698T Missense_Mutation SN 0,368852459 PASS
ars7T HeA chex 16170753 A GRER p.H380Q Missense_Mutation N 0328571429 PASS
#7577 HeA chex 49142608 T PPPIRIF o184 Sllent SN 0243781095 PASS
718967 HeA ch1 22021760 A EpHAS pCsaze Nonsense_Mutation SNV 0236686391 PASS
718967 HeA chvl 158812005 < MNDA p.L51S Missense_Mutation SN 0174193548 |ventshomologous mapy
718967 HeA vl 201798426 T 1P09 p.130, Missense_ Mutation SNV 0,146666667 PASS
718967 HeA che 204945884 A NFASC p.L538l Missense_Mutation N 0,190082645 PASS
718967 HOA chel 235069637 A st .A933A Silent SNV 026516120 |vents;homokogous_ mapy
718967 HOA chei 237656304 < RYR2 BRE26R Silent SN 0192307682 PASS
718967 HOA chl 243800241 [ AKT3) p.1128T Missense_Mutation SNV 0278787879 PASS
18967 HOA che2 11364587 T ROCR NA Spice Site SNV 023255614 PASS
718967 HeA 2 24480865 3 1TsN2 V9276 Missense_Mutation SNV on7727 PASS
718967 HOA o2 42719980 A KCNG3. p.S21F Missense_Mutation SNV 0179310345 PASS
718967 HOA ch2 55544847 T ccocssA pLUIS2H Missense_Mutation SNV 0176829268 PASS
118967 HCA ch2 74043167 < Qorf18 .K60ST Missense_Mutation SNV 0221052632 PASS
18967 HCA ch2 113482966 A NTSDCH 9.52985 Silent SNV 018556701 PASS
718967 HCA 2 116066861 T 0PP10 A6V Missense_Mutation N 0223880597 . mapy
718967 HCA ch2 238296631 T coL6A3 PKI0K Silent SNV 0,183098592 PASS
118967 HCA ch3 32030572 G ZNF8s0 aMIV Start_Codon_SNV. SNV 0225165563 PASS
118967 HCA ch3 33895418 c PDCDGIP 0.AGH6A Silent SN 0217391304 PASS
#1896T HCA che3 7772 [5] conu pT53s Frame_shift_Ins NS 0177083333 PASS
718967 HCA ched 74274520 A Ap X161 Splice_Site DEL 0212121212 str_contraction
18967 HCA chvs 38523524 € UR p.KI86K Silent SNV 0304878049 PASS
18967 HCA chs 76373371 T 28603 p.P111P Silent SNV 0315789474 PASS
#1896 HCA ches 79058976 c cmvas 738337 Silent SNV 0100719424 t_lod_fstar
418967 HCA ches 140228923 A PCOHAY pF281L Missense_Mutation SNV 0153846154 t_lod_fstar
118967 HCA s 169310146 A FAM1968 p.E253* Nonsense_Mutation SNV 0221374046 PASS
118967 HCA v 32084264 T ATFGB .AG25A Silent SNV 018902439 PASS
#1896T HeA che7 4792553 c PKDILL 579854 Missense_Mutation SNV 0191489362 PASS
418967 HeA ch? 97867838 T TECPR1 DV34OM Missense_Mutation SNV 0,180851064 PASS
418967 HeA ) 96051511 T WNK2 PAISIV Missense_Mutation SNV 0191256831 PASS
18967 HCA 10 8865 A FAM2088 9. AL090E Missense_Mutation SNV 02mm72T3 PASS
#1896T HeA chvlo 30918549 3 wz2 A6 Missense_Mutation SNV 0132867133 PASS
418967 HeA chei2 88457642 T CEP2%0 P.RIOT2R Silent SNV 0162162162 PASS
418967 HeA chels 43024013 A CoAN1 p.55151 Missense_Mutation SNV 0261904762 PASS
418967 HeA che1s 52708476 c MY0sA p.1160V Missense_Mutation SNV 0,126760563 PASS
#1896 HeA 16 20043580 [ GPR139 b.H180P Missense_Mutation SNV 0,196428571 PASS
418967 HeA i 67327446 T KCTD13. NA Spice_Site SN 0226804124 PASS
418967 HeA chvis 84224876 T ADAD2 RISC Missense_Mutation SNV 0,18699187 PASS
21896 Hea ch1 75434701 6 sept-09 .NS74K Missense_Mutation SNV 0193277311 PASS
218957 Hea chig 8807878 T AT 5.4392T Missense_Mutation £ 0,159090309 PASS
18967 HeA chi19 14066769 s DCAFIS pLI3SY Missense_Mutation SNV 01 PASS
418967 HeA chi19 37239765 A NF8S0 PET26V Missense_Mutation SNV 0244635133 PASS
21896 Hea che1g 37642600 c ZNFs85A BNT3ES Missense_Mutation SNV 0265734266 PASS
18957 HeA che1s 39915329 s PLEKHG2 pLUSEV Missense_Mutation SN 0163636364 PaSS
n18957 HeA che1s 52132723 T SIGLECS p.51965 silent SNV 0228070175 PASS
418967 HCA chi19 56126241 [ ZNF85S 5.A419A Silent SNV 0169117647 PASS
21896 Hea chag 57723330 c ZNF264 .C289R Missense_Mutation SNV 0210970464 PASS
n1895T HeA chex 35821086 s MAGEB16 £.K258R Missense_Mutation Y 0276041667 PaSS

Abbreviations:

REF=reference

AlT=altered

VAF=Variant Allle Fraction

H uar adenoma

SNV=Single Nucleotide Variant

DEL=deletion

INs<insertion
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Table 5: Copy Number Alterations from Whole Exome Sequencing in 19 samp
sample chr start_hg19 end_hg19 nMarkers LRR GNL drivHCC_Schulze2015_genes cytostart eytoknd
#13437 chri 861348 33116108 3655 03214 0 ARIDIARPL22 1936.33 1p35.1
#13437 chrl 33117588 33138436 5 01569 -1 1p35.1 1p35.1
#13437 chrl 33146349 249212472 13778 02534 [ COL11AL 1p35.1 1q84
#13437 chr2 40221 242842554 13479 02463 0 ACVR2ANFE2L2,EPHAY,APOB 2253 29373
#13431 chr3 239470 14528614 837 02914 [ 30263 3p25.1
#13437 chr3 14535253 14552745 8 05896 1 3p25.1 3p25.1
#13437 chr3 14554324 197769162 10087 02549 0 CTNNB1,BAPY PDEL2 KLF15 SETD2 3p25.1 3q29
#13431 chrd 53291 190947044 7106 02312 0 ALB,FGA,GABRA2,IRF2 4p16.3 4435.2
#1337 chrs 140602 180687559 794 0,246 [ ATP108,MEF2C,IL6ST,DOCK2 ADAMTS19,TERT 5p15.33 54353
#13431 cheb 203615 32292448 2an 02576 0 60253 6p21.32
413437 chrs 32299746 32299958 5 027 -1 6p21.32 6p21.32
#13437 chrs 32301759 170892714 6955 02363 [ COKNIA EEF1AL SPATSLVEGFA 6p21.32 6q27
#1343 chr? 195642 158937319 8245 0,2659 0 MET 79223 7936.3
#13437 chrg 190865 146280815 6120 0,2566 [ SLURP1,MYC 80233 8q24.3
#13437 chr9 214910 141017498 6913 0279 0 CDKN2ATSC1,MTAP,PTPN3 9243 99343
#13437 che1o 226000 105727306 5466 02534 [ PTEN 10p153 1024.33
chr10 105750514 105759665 5 -0,20% By 1002433 10q24.33
chr10 105761266 135373624 1678 02584 [ 1002433 109263
che11 193118 134856548 9816 02861 [ HMBS 11p15.5 11025
che12 208345 57937660 5329 02622 [ ARID2,COKN1B 121333 12q133
che12 57937922 57957439 5 0,2369 -1 12q133 12q133
che12 57957942 133811687 5109 02492 [ HNFIA 120133 1292433
che13 19600450 115091029 3185 02267 ) RB1 13q1211 13q34
cheld 20201689 107282930 5910 02578 [ 14q11.2 14q32.33
che1s 20170066 65677372 3585 02517 [ 15q11.1 15q22.31
cheis 65678941 65703532 3 06384 1 15q2231 15q2231
che1s 65735572 102389376 259% 02723 0 1502231 150263
chris 95492 90142284 6877 03149 [ AXINLTSC2,8RD7 16133 160243
che17 6088 81052160 9708 03079 [ 53 17p13.3 170253
chr1g 163380 77941018 2192 02345 0 18p11.32 18923
chr1g 282222 45202658 6042 0359 [ KEAPL 190133 13q13.32
che19 25204710 45206790 3 1,1022 4 191332 19q13.32
che1g 45207426 59083958 2458 03458 [ SEPW1,TMEM160 1991332 13q13.43
che20 68379 62906077 4377 02999 0 DNAICS 20013 20q13.33
chr21 9825922 48084620 1825 02816 [ DYRKIA 21p11.2 219223
che22 17060842 51219140 3567 033 [ ZNRE3,CLDNS 2q11.1 2291333
chrx 2700138 154774846 5886 02584 [ RPSGKAZ Xp22.33 Xq28
chrl 762224 249213866 16643 01836 [ ARIDIARPL22,COLLIAL 1p36.33 1q44
chr2 40221 242842554 12939 01685 0 ACVR2ANFEL2.EPHA3,APOB 2253 24373
chr3 239468 197769154 10510 01737 [ CTNNB1,BAP1,PDE12 KLF15,SETD2 3p263 3q29
chrd 53201 190862085 6995 01542 0 ALBFGA,GABRA2,IRF2 49163 4935.2
ches 143266 180687559 7686 01639 [ ATP10B,MEF2C,IL6ST,DOCK2, ADAMTS19,TERT 5p15.33 54353
chrs 203615 170891556 8750 01723 [ COKNIA EEF1AL SPATSLVEGFA 60253 6q27
che? 195642 891069 4 0,2455 [ 79223 79223
chr7 891633 895016 5 02418 -1 79223 70223 79223
chr? 899892 158930780 m3 0,1806 0 MET 7022.3 74363
chrg 183094 665934 2 0,1695 ) 89233 8p23.3
chrg 676520 960314 6 05142 1 80233 8p23.3
chrg 1497320 146280027 5886 0,1682 [ SLURP1MYC 80233 89243
chrd 213464 141017498 6463 01916 [ CDKN2ATSCLMTAP,PTPN3 9243 9934.3
che10 226000 135378996 6784 01719 [ PTEN 109153 109263
cheil 193118 134257636 9184 02006 [ HMBS 11p155 11625
che12 208345 133810818 9447 01767 [ ARID2 HNF1A COKN1E 1201333 1262433
che13 19752446 115091029 3u8 01598 ) RB1 13q12.11 13q34
che1d 20201689 107283203 5294 01835 [ 14q11.2 1402233
chrls 20450269 102389376 5542 0,1812 0 15q11.1 150263
che16 97088 90142284 6368 0215 [ AXINLTSC2,8RD7 16133 1624.3
che17 6088 81052160 9153 02144 [ 53 17133 170253
che1g 163380 77960704 2674 0,155 [ 18p11.32 18q23
che19 287612 9768755 1623 027 0 190133 19p132
chr19 9770098 9939531 12 -0,0062 0 19p13.2 199132
che1g 9959820 23445054 2105 02483 0 KEAPL 19p13.2 19p12
chr19 23505878 23506923 5 0,7402 1 1912 19912
che1g 23543160 23578141 5 0,1661 [ 19012 19p12
che1g 23648920 23651150 8 07238 1 19012 19p12
chr1g 23674706 59083958 2242 02364 0 SEPW1,TMEM160 1912 13q13.43
chr20 68379 62906077 4131 02063 [ DNAICS 20p13 20q13.33
che21 9825921 48084620 1719 01873 0 DYRK1A 21p11.2 21223
ch22 17061701 51179116 3329 02248 [ ZNRF3,CLDNS 2q11.1 2291333
chrx 2700138 154774846 5668 01723 0 RPSGKAZ X922.33 Xa28
chrl 762224 115323180 8942 006 [ ARIDIARPL22,COL11AL 193633 1p132
chr1 115399236 115453070 13 -0,3479 1 1p132 1p13.2
chri 115854151 249213866 8201 0,0437 0 1p13.2 1q84
chr2 40221 216981473 11188 00211 [ ACVR2ANFE2L2,APOB 2253 2435
chr2 216982491 216997078 6 -0,3037 1 235 2435
chr2 217002856 227963462 820 0,0991 0 EPHAQ 235 29363
chr2 227964370 227973970 10 0329 1 20363 20363
chr2 227974184 242842554 1323 0,0785 0 20363 29373
chr3 239468 15614707 965 00676 [ 3p263 3p25.1
chr3 15616536 15631082 5 04631 -1 3p25.1 3p25.1
chr3 15633146 25666232 241 0,0278 o 3p25.1 3p24.2
chr3 25668107 25671880 7 03414 Bt 30242 3p24.2
chr3 25672360 197769154 9605 0,0382 [ CTNNB1,BAP1,PDE12,KLF15,SETD2 3p24.2 3q29
chrd 53291 100257920 4235 0,0202 0 ALB,GABRA2 4p163 4923
ched 100260802 100268952 6 05787 -1 4q23 2q23
chrd 100273822 190862085 3006 -0,0029 [ FGAIRF2 4q23 4q35.2
chrs 143266 180687559 7905 0,0248 0 ATP108,MEF2C,IL6ST,DOCK2. ADAMTS19,TERT 5p15.33 5035.3
ches 203615 170891556 9040 00328 [ COKNIA EEF1AL, SPATSLVEGFA 60253 6q27
chr? 195642 158930780 8008 0,0482 [ MET 7022.3 74363
chrg 183094 120768300 an3 0,015 [ 80233 8q24.12
#14397 chrg 120770347 120793362 5 04619 -1 8q24.12 8q24.12
#1439T chrg 120795746 146280027 1367 0,0907 0 SLURP1MYC 8q24.12 8q24.3
#1439T chrd 213468 141017498 6652 0,0626 [ CDKN2A,TSC1,MTAP,PTPN3 9p24.3 9q34.3
#14397 chr10 226000 135381590 6994 0,329 [ PTEN 109153 100263
#1439T cheil 193811 17316942 1718 0,0882 o 11p155 11p151
#14397 che11 17317704 17332784 s 04254 Bt 11p15.1 11p15.1
#1439T cheil 17333848 134257636 7721 0,0681 0 HMBS. 11p15.1 11925
#14397 chr12 208345 133810818 9744 0,0485 o ARID2,HNF1A COKN1B 1201333 1292433
#1439T che13 19752446 115091029 3259 0011 [ RB1 13q12.11 13q34
#1439T chria 20201689 107283203 5430 0,414 [ 14q11.2 14q32.33
#14397 che1s 20462622 102389376 sm2 0,047 [ 15q11.1 150263
#1439T che16 97088 90142284 6495 0,0969 [ AXINLTSC2,8RD7 16p133 160243
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#1439T chr17 6088 81052160 9366 0,0888 ] TPS3 17p13.3 17q25.3
14397 chr1g 163380 77960704 2177 0,019 o 18p11.32 18q23
#1439T chr19 287612 55898654 7702 01184 o KEAP1,SEPW1.TMEM160 19p13.3 19q13.42
#1439T chr19 55899440 55949952 7 0,4976 1 19q13.42 19q13.42 19q13.42
#14397 chr19 55964714 59083958 408 0,0885 0 19913.42 19q13.43
#1439T che20 68379 62906077 4185 0,083 o DNAICS 20p13 20q13.33
#1439T chr21 9825921 48084620 1760 0,0602 0 DYRKIA 21p112 219223
#1439T chr22 17056656 51179116 3376 0,1121 0 ZNRF3,CLDNS 22q11.1 22q13.33
#1439T chex 2700138 154774846 5805 0,038 ) RPSEKA3 Xp22.33 Xq28
H1896T chrl 69550 179972365 15352 0,9489 0 ARID1A RPL22,COL11A1,JAK1, NRAS 1p36.33 1g25.2
#1896T chr1 179975645 180010328 1 12772 1 10252 1q25.2
#1896T chrl 180010867 249211681 4649 0,9365 o 1925.2 1g44
H1896T chr2 41618 242814646 14755 0,945 o ACVR2A,NFE2L2,EPHA4 APOB ALK 2p25.3 29373
#1896T che3 361505 197765488 11526 0,9395 o CTNNB1,BAPLKLF15,SETD2,FANCD2, TNFSF10,PIK3CA 3p263 3q29
H#1896T chrd 53384 113242 7440 0,9403 o 4p16.3 4p16.3
H#1896T chrs. 92369 58147085 2100 0,931 o IL6ST,TERT 5pl15.33 5q11.2
#1896T chrS 58270699 58295339 10 05714 -1 PDE4D 5q11.2 5q11.2
H#1B96T chrs 58334742 180794757 6411 0,9466 o ATP10B,MEF2C, DOCK2, ADAMTS19,APC, MAP18 5q11.2 5¢35.3
#1896T chrb 292550 65149150 4971 0,937 0 COKNIAVEGFA 6p25.3 6q12
#1896T chré 65300999 117203561 2022 0,5869 -1 EEF1ALFRK 6q12 6q22.1
H1896T cheé 117215189 117641112 27 0,908 o 6q22.1 6g22.1
#1896T chr6 117642489 170893528 2605 0,5848 -1 PARK2 6g22.1 6927
#1896T chr? 193502 158937438 9099 0,9459 o MET,HGF EGFR KMT2C, BRAF,NUP20S 7p22.3 79363
#1896T chr8 116555 146279474 6482 0,9425 o MYC,RSPO2 8p233 8q243
H#1896T chr9 14874 141016186 7831 0,9367 ] (CDKN2A,TSC1,NOTCH1,PTPN3 9p24.3 9343
18961 chr10 93526 135440158 7983 0,9443 o PTEN 10p15.3 109263
#1896T che1l 193127 134257498 10910 0,9391 ] HMBS,FGF19,IGF2,CDKNIC ATM 11p15.5 11q25
18961 chr12 176326 133810818 11030 09446 0 ARID2, HNF1A,GLILKMT2D, KRAS PTPRB 12p13.33 12q24.33
#1896T chr13 19748151 96622441 2447 0,9564 o RB1,MYCBP2 13q12.11 13q321
H#1B96T chr13 96624880 96675948 9 0,5276 -2 13q32.1 13g32.1
#1896T chr13 96684184 115090537 919 0,9226 o 13¢32.1 13q34
H1896T cheld 19378084 105995651 5765 0,9435 o DICER1 14q11.2 1493233
H1896T chels 20740212 102462803 6835 0,9496 o 15q11.2 15q26.3
#1896T chr16 97494 90142284 8255 0,9504 0 AXIN1,TSC2,BRD7 16p13.3 16q24.3
#1896T chel7 193127 81052161 11559 0,9476 o TPS53,STAT3 ERBB2, NF1 17p13.3 17q25.3
18961 chr18 158706 78005195 2946 0,9477 0 18p11.32 18q23
H#1896T chr19 111138 59082559 11156 0,9554 ) KEAP1,CCNE1,JAK3, KMT2B,DNAJB1,PRKACA 19p13.3 19q13.43
H1896T chr20 68379 62904763 4751 09432 o GNAS 20p13 20q13.33
#1896T che21 10959769 42218566 1028 0,5849 -1 DYRK1A ERG,DSCAM 21p111 219222
H1896T chr21 42540347 48084246 888 09134 o 219222 219223
#1896T che21 10969099 45658349 83 0,9341 0 21q22.3 21p111
H#1896T chr22 19378084 51220669 4045 0,9377 o ZNRF3,NF2 22q11.21 22q13.33
#1896T chrX 200918 155239777 6794 05725 -1 RPS6KA3 OMD Xp22.33 Xq28
#1896T chrY 150918 59342783 121 0,6128 -1 Yp1132 Yq12
421897 chrl 721657 249212472 18794 0,0814 o ARIDIARPL22,COL11AL 1p36.33 1944
#2189T chr2 40221 242842554 14271 0,0887 o ACVR2ANFE2L2,EPHA4,APOB 2p25.3 29373
#2189T chr3 239470 197769162 11532 0,0849 o CTNNB1,BAP1 PDE12 KLF15,SETD2 3p26.3 3929
421897 chrd 53291 190947577 7422 0,0977 o ALB,FGA,GABRA2,IRF2 4p16.3 4q35.2
#2189T chrs 140602 177054498 7964 0,0893 o ATP10B,MEF2C,IL6ST,DOCK2, ADAMTS19,TERT 5p15.33 5q35.3
H2189T ches 177163594 177309702 6 0,6198 1 5¢35.3 5¢35.3
#2189T chrs 177310749 180687559 402 0,0673 0 5a35.3 54353
21897 chré 203615 170892714 9687 0,0893 o (CDKNIA EEF1AL SPATS1 VEGFA 6p25.3 6927
#2189T chr? 195642 158937319 9014 0,0861 0 MET 79223 7q36.3
#2189T chrg 190866 145001461 6115 0,0961 o SLURP1,MYC 8p23.3 8g24.3
21897 chr8 145001756 145006648 6 03399 -1 8a24.3 8q243
#2189T chr8 145007120 146280815 359 0,0421 ] 89243 8q243
#2189T chr9 172880 141070232 7493 0.0739 0 CDKN2ATSC1,MTAP,PTPN3 9024.3 99343
#2189T chr10 226000 135439464 7604 0,0891 0 PTEN 10p15.3 10q26.3
21897 chr1l 193118 134856548 10639 0,0777 o HMBS 11p15.5 11925
21897 chr12 208345 133811687 11105 0,0888 o ARID2,HNF1A CDKN1B 12p13.33 12q24.33
#2189T chr13 19600450 115091029 3312 0,0947 o RB1 13q12.11 13q34
#21897 chrl4 20201689 107283203 6272 0,0871 o 14q112 1493233
#2189T chrls 20170066 83936934 5539 0,0836 ] 15q11.1 15q25.2
#2189T chels 83951925 84241383 5 -0,3938 -1 15q25.2 15q25.2
21891 chrls 84245414 102389376 1092 0,082 0 15625.2 15q26.3
#2189T chel6 9709 90161144 7691 0,0721 o AXIN1,TSC2,BRD7 16p13.3 16q24.3
21897 chr1? 6088 81083508 10854 0,0702 o P53 17p13.3 179253
#2189T chr18 117194 9593818 489 0,0973 ] 18p11.32 18p11.22
21897 chr18 9595083 9814052 5 -0.348 s 18p11.22 18p11.22
#2189T chr18 9815165 77941018 2450 0,098 0 18p11.22 18q23
#2189T chr19 107510 59083958 10017 0.0612 o KEAP1,SEPW1,TMEM160 19p13.3 19q13.43
21897 chr20 68379 62906077 4ans 0,1037 o DNAICS 20013 20q13.33
#2189T chr21 9825922 48084620 1947 0,082 ] DYRK1A 21p11.2 219223
#21897 chr22 17060842 51219140 4004 0,0691 o ZNRF3,CLDNS 22q11.1 22q13.33
#2189T chrX 2700138 154774846 4595 0,0774 0 RPSGKA3 Xp22.33 Xq28
#21897 chry 2655318 24457064 145 0,0874 o Ypl131 Yq11.223
#2221 chrl 861348 203012574 14887 01045 0 ARIDIA RPL22,COL11AL 1p36.33 19321
#2221 chrl 203013543 203018848 5 -0,3601 -1 1g32.1 1g32.1
#2221 chrl 203020658 249212472 3054 01154 0 1q32.1 1q84
#2221 chr2 40221 242842554 13571 0,1314 ) ACVR2A NFE2L2,EPHA4,APOB 2p25.3 29373
#2221 chr3 239470 197769162 11085 0,1225 o CTNNB1,BAP1,PDE12 KLF15,SETD2 3p26.3 3929
#2221 chrd 53291 190947044 7105 0,1423 0 ALB,FGA,GABRA2,IRF2 4p16.3 4q35.2
#2221 ches 140602 180687559 8014 01312 o ATP10B,MEF2C,IL6ST,DOCK2, ADAMTS19, TERT 5pl15.33 5¢35.3
#2221 chré 203615 170892714 9230 0,1232 (] CDKN1A,EEF1A1,SPATS1,VEGFA 6p25.3 6q27
#2221 chr7 193386 100244414 4910 -0,0624 0 7p22.3 79221
#2221 chr? 100244650 100253126 6 -0,6527 -1 79221 7922.1
#2221 chr? 100253464 158937319 3887 -0,056 0 MET 7q22.1 79363
#2221 chr8 190866 146279982 6220 0.1286 0 SLURP1,MYC 8p233 8q24.3
#2221 chr9 214910 127220947 4735 0,124 0 (COKN2A,MTAP,PTPN3 9p24.3 9333
#2221 chr9 127230418 127238964 7 -0,252 -1 9q33.3 9q333
#2221 chr9 127244400 141017498 2354 0,0475 o TsC1 94333 9q34.3
#2221 che10 226000 135438930 7286 01144 o PTEN 10p15.3 10q26.3
#2221 chrll 193118 134856548 10161 10,0992 0 HMBS 11p15.5 1125
#2221 chr12 208345 88505552 6789 0,1226 0 ARID2,COKN18 12p13.33 12q21.32
#2221 che12 88509300 88534771 8 05353 1 12q21.32 12q21.32
#2221 chr12 88535046 133811687 3817 0,098 0 HNF1A 12q21.32 12q24.33
#2221 che13 19601058 115091029 3162 0,144 ) RB1 13q12.11 13934
#2221 chrld 20201689 107282930 6019 0,1073 ) 14q11.2 14932.33
#2221 chr1s 20170066 102389376 6304 0,1125 0 15q11.1 15q26.3
#2221 chr16 96492 90161144 7283 0.0655 o AXIN1,TSC2 BRD7 16p13.3 16q24.3
#2221 chr17 6088 81052160 10210 0,0736 0 TPS3 17p13.3 179253
#2221 chr18 117194 77941018 2818 0,1289 o 18p11.32 18923
#2221 chr19 281462 59083958 9374 0,0153 o KEAP1,SEPW1,TMEM160 19p13.3 19g13.43
#2221 chr20 68379 62906077 4527 0,0896 ] DNAICS 20p13 20q13.33
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#2221 chr21 9825922 48084620 1860 0,1021 ] DYRKIA 21p112 219223
w2221 che22 17063472 51219140 379 0,0617 o ZNRF3,CLONS 2a111 2q1333
2221 chix 2700138 154774846 2077 0,0988 o RPSGKAZ %2233 Xa28
#2221 chry 2655318 23548182 122 01171 o Ypl131 Y¥q11.223
426157 chrl 721657 84641485 7908 01422 o ARIDIARPL22 193633 1p311
#2615T chrl 84644854 B4650824 5 -0,6937 -1 1p311 1p311
H2615T chrl 84662362 249212472 11080 -0,1442 0 CoLAl 1p311 1q44
#2615T chr2 40221 242946533 14500 -0,1369 0 ACVR2ANFE2L2,EPHA4,APOB 2p25.3 29373
#2615T chr3 239470 197769162 11715 -0,1481 ) CTNNB1,BAP1,PDE12 KLF15,SETD2 3p26.3 3929
426157 chrd 53291 190947577 7639 -0,1399 o ALB,FGAGABRA2IRF2 49163 49352
426157 ches 140602 180687559 8569 01418 o ATP108,MEF2C,IL6ST,D0CK2, ADAMTS19,TERT 5p15.33 5353
26151 chrt 203615 170892714 9829 01491 o COKNIA EEFIAL SPATSLVEGFA 6025.3 6a27
26157 che?) 195642 21521641 1107 0182 o 70223 70153
26157 che? 21551452 21913004 78 0,883 1 70153 70153
426157 che?) 21920414 158937319 7891 01479 o MET 79153 79363
#2615T chrg 190866 25286210 1236 -0,1195 o 8p233 8p212
426157 chrs 25287278 25298120 7 04595 -1 8021.2 89212
#2615T chr8 25301829 146280815 5333 0,143 o SLURP1,MYC 8p21.2 8q24.3
426157 chrd 172880 141017498 7493 01447 [ CDKN2A.TSCLMTAP.PTPN3 9924.3 99343
426157 che10 226000 135439464 m8 -0,1406 o PTEN 10p15.3 100263
H2615T chrll 193118 134856548 10634 -014 o HMES 11p15.5 11025
426157 ch12 208345 133811687 11259 01439 o ARID2,HNFIACOKN1B 1291333 12q2433
#2615T chr13 19600450 115091029 3427 -0,1414 o RB1 13q12.11 13q34
26157 chr1d 20201689 107282930 6363 01442 o 149112 1403233
426157 chets 20170066 102389376 6697 02156 o 15q11.1 150263
26151 chrl6 96492 90161144 7575 0,142 [ AXNLTSC2,8R07 169133 160243
26157 che17 6088 81052160 10743 01434 o P53 179133 170253
26151 chr18 117194 77960704 3010 -0,1396 0 18p11.32 18q23
426151 ch19 107510 59083958 9643 0151 o KEAPLSEPWLTMEM160 199133 19q13.43
#2615T chr20 68379 62906077 4681 -0,1397 o DNAICS 20p13 20q13.33
26157 ch21 9825922 48084620 1968 02622 [ DYRKIA 20112 210223
#2615T che22 17060354 51219140 3957 -0,1405 o ZNRF3,CLDNS 22q11.1 22q13.33
H2615T chrX 2700138 154774846 6320 -0,1478 o RPSEKA3 Xp2233 Xq28
27297 chr 69550 110260004 10019 0.7148 o ARIDIARPL22.COL11IAL 1p36.33 19133
#2729T chrl 110279742 110282886 8 0,4017 o 1p133 1p13.3
27291 chrl 110293018 146739131 1452 06656 o 19133 1a21.1
w7297 chel 146740489 146747844 s 0.2869 E 1q21.1 1q211
27291 chrl 146751781 153752390 1079 06864 o 1q21.1 1q213
w2297 chr 153782720 153791332 8 03793 o 10213 10213
#2729T chrl 153792146 155156470 a1 07253 o 1q21.3 1922
w2297 chrl 155158648 155165847 1 1,084 1 122 1922
wn29T chrt 155166918 186289497 3159 06621 o 1022 10311
w2291 chrl 186291497 186300672 7 0199 1 10311 1a311
w2297 chr 186301401 249211681 2128 06744 o 10311 1944
w2297 chr2 41618 242814646 15016 06699 o ACVRZANFEL2 EPHA4APOB 20253 20373
w2297 chr3 361505 126451993 7694 06925 o CTNNB1,BAP1,PDE12.KLF15,SETD2 30263 3q213
427297 chr3 126571531 127295700 a2 1,0134 1 3q21.3 3q213
27291 chr3 127295876 197765488 3970 06496 [ 3213 3029
#2729T ched 53384 113242 7572 0,639 o 4p16.3 4p163
27297 chrs 92369 180018436 8550 0,6607 o ATP108B,MEF2C,IL6ST,DOCK2, ADAMTS19, TERT 5pl15.33 5¢35.3
427297 ches 180030291 180058730 30 0,959 [ 50353 5353
#2729T ches 180076516 180794757 64 06987 o 5q35.3 5¢35.3
27297 chr6 292550 170893528 9752 06671 [ CDKNIA EEF1AL SPATSLVEGFA 6925.3 6q27
#2729T che7 193502 9228 0,6899 o MET 7p22.3 79363
w2297 chrs 126555 6599 06813 o SLURPLMYC 8023.3 8q243
w2297 ched) 14874 141016186 7940 0.7144 o COKN2ATSC1,MTAPPTPN3 99243 99343
#2729T chr10 93526 76854535 3792 0.6631 0 10p15.3 10q22.2
w2297 chr10 76855443 76865526 5 0,9547 o 100222 100222
27291 chr10 76867858 135440158 4289 0,7022 o PTEN 10q22.2 10q26.3
27297 cheil 193127 73078727 7167 0.7508 o 119155 11a134
#2729T che1l 73100204 73118632 1 1,0292 1 11q13.4 11q134
021297 che11 73120619 126141442 3458 06621 o HMBS Lai34 110242
#2729T chr1l 126142919 126160823 10 1,0376 1 11q24.2 11924.2
#2729T chell 126162692 134257498 376 0,7098 o 11q24.2 11925
27297 chr12 176326 133810818 11199 06758 o ARID2,HNFIACOKN1B 12913.33 12q2433
#2729T che13 19748151 115090537 3441 0,6518 o RB1 13q12.11 13934
27297 chrid 19378084 105995651 5880 06873 [ 140112 1403233
w2n9T che1s 20720212 28625712 347 07131 o 15q11.2 150131
27291 chr1s 28626388 28630829 1n 1,0531 1 15g13.1 15q13.1
w1297 cheis 28632272 91354536 6127 0,698 ] 15q13.1 15026.1
#2729T chels 91358420 91456914 52 09726 1 15q26.1 15026.1
27297 ches 91459420 102462803 a7 06783 o 15026.1 150263
w2297 che16 97494 74487148 7072 0.7501 o AXIN1,TSC2,8RD7 169133 16023.1
27297 chel6 74490600 74683065 3 0.4966 o 162231 16023.1
w2297 che16 74685919 90142284 1215 0.7763 o 16023.1 160243
w2297 chr17 193127 17716738 2969 07384 o 953 1p133 17p112
27297 chr17 17716983 17720361 9 11405 1 175112 17p112
#2729T chel? 17720670 19648361 418 0,7811 o 17p11.2 17p112
w2297 che1? 19679691 19752700 23 0512 0 17p11.2 17p112
#2729T che17 19753071 19769095 3 1,0394 1 17p11.2 17p11.2
27291 chr17 19770685 37226189 1806 07324 o 17p11.2 17q12
427297 chr1? 37228721 37234233 2 10145 NA 17012 17012
#2729T che17 37235387 60663541 3437 0,724 o 17012 17q23.2
w2297 chr17 60673991 60689839 6 0.4401 o 170232 170232
w2297 che17 60705223 74303563 1760 0.7282 [ 170232 170251
427291 chel? 74307702 74326689 6 04126 o 17q25.1 17q25.1
w2297 che17 74328430 79567410 808 08273 o 17q25.1 170253
w2297 che17 79571664 79596791 7 0.4409 [ 253 170253
w2297 che1? 79603949 81052161 457 08839 o 170253 170253
#2729T chr1d 158706 61558762 2649 0,6362 o 18p11.32 18q21.33
w2291 chrig 61562558 61564389 2 09883 1 1802133 18q21.33
#2729T chr18 61565020 78005195 361 0,6804 o 18q21.33 18q23
w2297 che1g 111138 6833733 1862 08228 o 190133 199133
27297 chr19 6833921 6890523 1 03765 o 199133 199133
#2729T che19 6896481 11556246 1315 0,7317 o KEAPL 19p13.3 19p13.2
27297 che19 11557126 11560154 9 10457 1 19p13.2 19p13.2
#2729T che19 11565517 42933084 4554 0,7471 ) 19p13.2 19q13.2
#2729T chr19 42937178 43015754 6 04134 ) 19q13.2 19q13.2
w2297 chr19 43016566 59082559 3494 0.7608 o SEPW1,TMEM160 199132 19q13.43
#2729T chr20 68379 62904763 4813 0.7454 o DNAJCS 20p13 20q13.33
27297 ch2t 45658349 48083380 2084 0.7227 o 21223 210223
#2729T chr22 19378084 24724850 952 0,8068 o CLDNS 22q11.21 22q11.23
w2297 chr22 2726312 24765237 7 0,469 o 22011.23 2q1123
27297 ch22 24807614 44587956 2405 07499 o 2NRF3 22011.23 2241331
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#2729T chr22 44589692 44601673 s 12762 1 22q1331 22q13.31
#27297 chr22 44602252 50757413 520 08338 [ 2q1331 22q13.33
#2729T chr22 50765329 50854553 5 05585 [ 22q1333 22q13.33
#27297 chr22 50857352 51220669 209 09167 0 2201333 22q13.33
#27297 chrx 200918 155239777 6821 06739 0 RPSGKA3 Xp22.33 Xq28
#27297 chry 150918 59342783 129 0,7476 o ¥p11.32 ¥q12
#3431 chrl 762325 249212472 19104 -0,0445 0 ARIDIARPL22,COLLIAL 1p36.33 1q44
#3437 chr2 40221 228996748 13267 -0,0558 0 ACVR2ANFE2L2,EPHAS,APOB 20253 29363
#3431 chr2 229034976 229889758 B 03338 1 20363 29363
#3437 chr2 230020606 242946533 1397 -0,0251 0 29363 29373
#3437 chr3 239470 197769162 11848 0,05 [ CTNNB1,BAP1,PDE12 KLF15,SETD2 3p263 3929
#3431 chrd 53291 190947044 7745 -0,0651 [ ALB,FGA,GABRAZ,IRF2 4p163 49352
#3437 chrs 140602 180687559 8641 0,0562 [ ATP108,MEF2C,IL6ST,DOCK2, ADAMTS19, TERT 5p15.33 54353
#3431 chré 203615 170892714 9917 -0,0552 0 CDKN1A EEF1AL SPATSLVEGFA 6025.3 6027
#3431 chr? 195642 158937319 9109 -0,0482 0 MET 7922.3 79363
#3431 chrg 190866 146280815 6666 -0,0483 0 SLURP1MYC 8p23.3 2q24.3
#3431 chr9 213465 141017498 7569 00319 0 CDKN2A.TSC1,MTAP,PTPN3 9024.3 99343
#3437 chr10 226000 33093984 1706 -0,0637 o 10p15.3 10p11.22
#3431 chr10 33103339 33144303 10 -0,3936 -1 10p11.22 10p11.22
#3431 chrio 33165390 135438930 6072 -0,0485 0 PTEN 10p11.22 109263
#3431 chr1l 193118 134856548 10763 -0,0322 o HMBS 11p15.5 1125
#3431 chr12 208345 49920264 3864 -0,0599 [ ARID2,COKN1B 12p13.33 12q13.12
#3437 chr12 49934798 49960563 27 01715 o 12q13.12 12q13.12
#3431 chr12 49976851 132811687 7477 -0,0485 0 HNFIA 12q13.12 12q24.33
#3437 chr13 19600450 115091029 3459 -0,0613 [ RB1 13012.11 13934
#3431 chri4 20201689 107282930 6439 -0,0448 [ 14g11.2 14932.33
#3437 chris 20170066 56676189 3091 -0,0513 0 15q11.1 150213
#3431 chris 56680694 56719870 3 -0,4976 BY 15q21.3 156213
#3437 chrls 56720736 102389376 3639 -0,0438 0 150213 150263
#3437 chri6 95492 90142284 7652 -0,009% [ AXINL,TSC2,8RD7 16p13.3 160243
#3431 chr1? 6088 81052160 10797 -0,0215 0 TPS3 17p13.3 170253
#3437 chr1g 17194 77960704 3035 -0,0638 [} 18p11.32 18q23
#3437 chr19 281462 603755 58 0,0527 o 19p133 19p133
#3431 chr1g 617298 619252 5 -0,4547 1 19p13.3 19p133
#3437 chri9 620018 59083958 9824 0,0058 o KEAP1,SEPW1,TMEM160 19p13.3 19q13.43
#3431 chr20 68379 62906077 4752 -0,0231 0 DNAICS 20p13 20q13.33
#3437 che21 9825922 10862908 8 02309 [ 21p11.2 21p112
#3431 chr21 10906821 48084620 1998 -0,0429 [ DYRKIA 21p111 210223
#3437 chr22 17060842 51219140 4000 -0,0055 [ ZNRF3,CLONS 2q11.1 22q13.33
#3431 chrx 2700138 28013775 1294 0,067 o RPSGKA3 Xp22.33 Xpl14
#3437 chrX 38016215 38080049 7 0,2686 1 Xp114 *p114
#3437 chex 38080636 154774846 5066 -0,0496 [ Xp114 Xa28
#3751 chrl 69550 249211681 20300 05141 [ ARID1ARPL22,COLLIAL 1p36.33 1q44
#3751 chr2 41618 242814646 14999 0,528 0 ACVR2ANFE2L2,EPHAL,APOB 20253 29373
#3751 chr3 361505 197765488 1710 05218 [ CTNNBL,BAP1,PDE12 KLF15,SETD2 3p26.3 3929
#3751 chrd. 53384 113242 7579 05408 0 4p163 4p163
#3751 chrs 92369 120794757 8653 0,5295 o ATP108,MEF2C,IL6ST,DOCK2, ADAMTS19, TERT 5p15.33 5q35.3
#3751 chré 292550 170893528 9755 05263 0 COKN1A EEF1AL SPATSLVEGFA 6p25.3 6027
#3751 chi? 193502 158937438 9218 0,519 o MET 7p22.3 79363
#3751 chrg 116555 146279474 6615 05275 o SLURPLMYC 8p23.3 8q243
#3751 chr9 15115 141016186 793¢ 05081 [ CDKN2A,TSC1,MTAP,PTPN3 9024.3 99343
#3751 chri0 93526 135440158 8080 05253 o PTEN 10p15.3 109263
#3751 chr11 193127 134257498 11034 0,503 0 HMBS 11p15.5 11025
#3751 chr12 176326 133810818 11185 052 o ARIDZ,HNF1A CDKN1B 12p13.33 12q24.33
#3751 chr13 19748151 115090537 3449 055412 0 RB1 1301211 13034
#3751 chria 19378084 105995651 5872 05232 0 149112 1493233
#3751 chris 20740212 102462803 6952 05138 0 15q11.2 150263
#3751 chri6 97494 90142284 8318 04943 0 AXIN1,TSC2,8RD7 16p13.3 160243
#3751 chr17 193127 81052161 11695 0,5022 0 TPs3 17p13.3 17g25.3
#3751 chrig 158706 78005195 3008 05374 0 18p11.32 18023
#3751 chr19 111138 59082559 11245 04781 0 KEAP1,SEPW1,TMEM160 19p13.3 1991343
#3751 chr20 68379 62904763 4804 0,5005 0 DNAICS 20013 20q13.33
#375T chr21 45658349 48083380 2024 05156 0 21q223 21223
#3751 che22 19378084 51220669 4098 0,4866 [ ZNRF3,CLDNS 22q11.21 22q13.33
#3751 chrX 200918 155239777 6818 05278 0 RPSEKA3 Xp22.33 Xq28
#3751 chry 150918 59342783 129 0,514 [ Yp1132 ¥q12
#41107 chrl 69550 861358 4 1,0004 [ 1p36.33 1p36.33
#41107 chri 865626 16174604 2055 0,6521 [ RPL22 1p36.33 1p36.21
#41107 chr1 16199471 16248794 8 11079 0 1p36.21 1p36.13
#41107 chri 16258673 20209117 636 0,7031 0 1p36.13 1p36.13
#a1107 chrl 20216952 20234151 6 1,0811 [ 1p36.13 1p36.13
#41107 chrl 20246871 21151642 18 06577 0 1p36.13 1p36.12
#a110T chrl 21155703 21329221 27 1,0715 [ 1p36.12 1p36.12
#41107 chrl 21546536 21978293 68 06922 [ 1p36.12 1p36.12
#a110T chrl 22005921 22141103 2% 09417 [ 1p36.12 1p36.12
#41107 chrl 22142501 22338951 16 05931 [ 1p36.12 1p36.12
#41101 chri 22405024 22417965 5 1,2045 1 1p36.12 1p36.12
#a1107 chr1 22446777 22469377 s 0,5076 1 1p36.12 1p36.12
#41101 chrl 22816790 24666205 215 07384 0 1p36.12 1p36.11
#a1107 chri 24668684 24673087 s 0,3998 2 1p36.11 1p36.11
#41107 chri 24674000 52822085 3378 0,7769 o ARIDIA 1p36.11 1p323
#41107 chrl 52822736 52830258 15 05537 -1 1p323 1p323
#a1107 chrl 52838950 92798989 2065 09813 o 1p32.3 1p22.1
#41107 chrl 92801944 92948987 10 0,6942 [ 1p221 1p221
441107 chrl 92979370 94033353 100 1,011 0 1p22.1 1p22.1
#41107 chri 94037313 94140328 9 0,7156 0 10221 1p22.1
#41107 chri 94335454 94370112 12 1,0509 0 1p22.1 1p22.1
#41107 chrl 94374656 94586568 50 07872 [ 10221 1p221
#a1107 chrl 94639865 109486568 618 1,0456 [ COL11A1 1p22.1 1p133
#a110T chr1 109490286 110091402 167 07753 [ 1p133 1p133
#41101 chri 110116380 110146071 8 123 1 10133 1133
#a1107 chri 110146650 110170096 16 0,7241 0 1p133 1p133
#41101 chrl 110170460 110172942 8 0,345 2 10133 1p133
#41107 chr1 110173360 111439315 157 0,753 0 1p133 1p133
#4107 chri 111440472 111667434 10 12216 1 1p13.3 1p133
#a1107 chrl 111668882 178754717 5209 08644 [ 10133 10252
#a1107 chr1 178777221 178871293 18 123717 1 19252 19252
#41107 chrl 178875957 180080214 139 09776 [ 10252 10252
#41107 chri 180124175 180243517 19 0,6056 [ 1a25.2 1q25.2
#a1107 chr1 180257575 227504795 3210 09034 o 10252 1942.13
441107 chrl 227751411 229580705 218 0,6052 0 1942.13 1g42.13
#a1107 chri 229584905 249211681 1160 0,9355 [ 1q42.13 1qa4
#41107 chr2 41618 42174673 2515 08699 [ APOB 20253 2p21
#a110T chr2 42180282 42472736 10 055818 [ 221 2p21
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#a1107 chr2 42483706 42950102 a3 09732 o 2p21 2p21
#4110T chr2 42980526 43655305 F 06642 [ 2021 2p21

#41107 chr2 43657397 44047147 66 1,004 [ 2021 2p21

#41107 chr2 44050005 44104983 2 06916 0 2021 2p21

#41107 chr2 44115767 71188102 1281 09719 0 221 2p133
#a1107 chr2 71188774 71216096 16 05383 EY 2p13.3 2p133
#41107 chr2 71216912 71658508 52 09384 0 20133 2p132
#a1107 chr2 71660354 72411260 69 0,6617 0 20132 2132
#41107 chr2 72562113 72968515 u 1,1042 [ 2p13.2 2p132
#41107 chr2 73052983 73118571 4 0,7621 [ 2p13.2 2p132
#a1107 chr2 73145241 73228681 12 04386 -1 2p13.2 2p132
#41107 chr2 73247381 113420521 2555 08747 [ 20132 2q13

#a110T chr2 113479431 113484285 14 0,6052 [ 2913 2913

#41101 chr2 113487243 127658960 455 09011 0 2013 29143
#41107 chr2 127806156 127834242 19 05056 -1 29143 29143
#41107 chr2 127864478 128065268 2 0,7882 0 2q14.3 2q143
#41107 chr2 128066250 128100704 15 11511 0 2914.3 29143
#a1107 chr2 128177554 128244184 10 05838 o 2q14.3 2q143
#41107 chr2 128246783 128262794 10 10431 0 29143 29143
#4110T chr2 128281310 128466358 65 05826 0 2q14.3 29143
#41107 chr2 128467110 130877828 107 09363 o 2q14.3 2211
#4110T chr2 130897195 131130763 66 0,6237 [ 2q21.1 2q21.1
#a1107 chr2 131221053 131261410 u 1,134 o 29211 2211
#41107 chr2 131266548 131369311 1 055922 0 2211 29211
#a1107 chr2 131374420 131403793 12 1,1482 [ 2q21.1 2q21.1
141107 chr2 131412554 131976236 29 07567 [ 2q211 29211
#4110T chr2 131981226 132120911 13 1,061 0 2a21.1 2q21.1
#41101 chr2 132233774 132558487 20 0,614 [ 2q211 2q212
#41107 chr2 133066889 172844218 1866 1,0238 0 ACVR2A 2q21.2 29311
#a1107 chr2 172848182 173330329 17 062 [ 20311 29311
#a1101 chr2 173332248 176860299 201 09678 0 20311 2g311
#a1107 chr2 176866953 177134378 23 06445 [} 20311 29311
#41107 chr2 177161612 238738003 4410 0,9301 [ NFE2L2 EPHA4 26311 20373
#41107 chr2 238742713 242814646 554 06255 [ 2037.3 29373
#a1107 chr3 361505 42642528 229 0,8687 o CTNNBL 3p263 3p221
#41107 chr3 42659099 42687424 14 11469 0 3p22.1 3p221
#a1107 chr3 42700584 47456400 563 0,7767 [ SETD2 3p22.1 3p21.31
#41107 chr3 47456629 47462153 8 03612 2 3p21.31 3p21.31
#41107 chr3 47462470 48982595 445 0,6596 0 3p2131 3p21.31
#4110 chr3 48999079 49011191 6 1,0004 [} 3p21.31 3p2131
#41107 chr3 49012275 52233357 860 0,6761 0 3p2131 3p21.2
#a110T chr3 52236636 52242181 6 1,0347 0 3p21.2 3p212
#41107 chr3 52245433 52574470 m 05965 0 BAPL 3p21.2 3p211
#a1107 chr3 52582165 129599253 3427 09139 0 PDE12,KLFIS 3p21.1 3q22.1
#41107 chr3 129694765 129817082 10 05649 [ 3221 3q22.1
#41107 chr3 130092515 183862702 2464 0,9855 0 3a22.1 3q27.1
#41107 chr3 183873504 124552484 243 0,6445 o 3q27.1 3q27.2
#41107 chr3 184556518 195269787 558 0,9627 0 3a27.2 3029

#a1107 chr3 195295889 195778934 51 0,6045 o 3q29 3929

#41107 chr3 195780359 195925703 19 0,9857 [ 3029 3929

#41107 chr3 195934321 195955065 10 04649 -1 3029 3429

#a1107 chr3 195955735 197765488 213 0,8803 o 3029 3929

#41107 chrd 53384 493201 18 0,9049 0 49163 4p16.3
#a1107 chra. 494287 2835493 a1 05807 o ap163 4p163
#41107 chrd 2877740 2901074 8 1,0107 0 4p163 4p163
#a1107 chrd. 2906663 8608545 518 0,6867 0 49163 4p16.1
#41107 chrd. 8609073 108871490 3756 10076 0 ALB,GABRAZ 4p16.1 4425

#4110T chrd. 108911154 108984802 12 0,6882 0 4925 425

#a110T chra 113242 108985516 2560 1,0053 [ 4q25 4p163
#41107 chrs 92369 5423071 317 0,597 0 TERT 5p15.33 5p15.32
#a1101 chrs 5440017 5454708 7 1,3268 1 5p15.32 5p15.32
#41107 chrs 5457649 38427232 1024 09518 [ 5p15.32 Spl13.1
#a1107 chrs 38431334 38463062 8 055742 0 5p13.1 Sp13.1
#a1107 chrs 38464011 54459964 a80 1,0259 [ Sp13.1 sql1.2
#4110T chrs 54468447 54528282 1 05425 1 5a11.2 Sq11.2
#a1107 chrs 54529161 132094514 3093 1,0015 [ MEF2C,IL6ST ADAMTS19 5q11.2 sq31.1
#41107 chrs 132096589 132161344 17 0,6011 0 5a31.1 Sa31.1
#41107 chrs 132197764 160973611 2170 08551 0 ATP108 50311 5q34

#41107 chrs 161113014 161530964 2 1,1868 1 5034 5q34

#41107 chrs 161569246 175777678 487 08763 0 DOCK2 5034 5q35.2
#a1107 chrs 175779688 175906223 2 05508 -1 5035.2 5q35.2
#41107 chrs 175913423 175956775 13 09187 [ 5035.2 5a35.2
#a110T chrs 175957145 178017051 201 0,6394 [ 5035.2 54353
#41101 chrs 178030688 178139841 12 1,0027 0 5035.3 5a353
#a110T chrs 178152425 179334762 160 0,7078 [ 5035.3 5q35.3
#41107 chrs 179382662 179529107 1 09974 [ 5035.3 5a35.3
#41101 chrs 179538518 180794757 151 07158 0 5035.3 54353
#a1107 chrs 292550 43276509 3929 0,7782 o COKNIA 6p25.3 6p21.1
#41101 chré 43306568 43320164 6 1,0521 [} 6p21.1 6p21.1
#a1107 chré 43323142 44364127 m 07153 [ SPATS1,VEGFA 6p21.1 6p21.1
#41107 chré 44371655 100010771 2020 1,0181 o EEFIAL 6p21.1 69162
#41107 chrb 100016388 100061772 5 06114 0 6q16.2 6q16.2
#a1107 chrs 100368974 100895218 9 09945 [ 6916.2 6q163
#41107 chré 100896075 100960690 10 072 [ 6916.3 6q16.3
441107 chré 100964130 109757355 203 1,0025 0 60163 6421

#41107 chré 109761726 109816592 45 06552 [} 6021 6421

#41107 chré 109818717 170181518 2920 0,9552 0 6a21 6927

#41107 chré 170591964 170599200 1 04704 -1 6a27 6427

#a1107 chré 170600153 170893528 29 0,8944 [ 6027 6927

#a110T chr7 193502 131060217 7103 08548 [ MET 7p22.3 79323
#41101 che? 131071950 131151105 13 1,1893 1 7032.3 70323
#a1107 chr7 131155652 148544332 1057 08831 0 70323 7936.1
#41101 chr? 148701094 150094392 m 0,5951 0 70361 7036.1
#41107 chr? 150164104 150416157 12 1,0317 0 7a36.1 7q36.1
#4107 che? 150417574 158937438 645 07549 o 7936.1 79363
#41107 chrg 116555 37635556 1779 09073 [ 80233 8p11.23
#a1107 chrg 37654920 37702370 20 0,4803 -1 8p11.23 8p1123
#41107 chrg 37704532 141542197 ang 09673 [ myc 8p1123 84243
#41107 chrg 141542615 141645595 18 0,5648 [ 8q24.3 8q243
#a1107 chrg 141669671 141900739 33 09706 [} 8a24.3 8q24.3
441107 chrg 142146818 146279474 867 05218 -1 SLURP1 8q24.3 8q24.3
#a1107 chrg 15115 117460 10 0,683 o 9p24.3 9p24.3
#41107 chr9 121520 21818117 840 1,0015 [ MTAP 9024.3 90213
#a110T chr9 21837958 22447398 12 0,7001 [ COKN2A,MTAP. 99213 9p21.3
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#a1107 chrg 22451487 33369940 216 09766 o 9p21.3 9p133
#4110T chrg 33385146 33528782 a1 05776 [ 9p13.3 9p13.3

#41107 chrg 33529084 95280063 1911 08896 [ 99133 992231
#41107 chrg 95285002 95526906 26 06284 0 9q22.31 992231
#41107 chr9 95609672 95765252 6 09336 0 9q22.31 9q22.31
#a1107 chrg 95766351 96214594 68 0,5902 o 9q22.31 992231
#41107 chrg 96233546 96318768 12 0,8708 [ 9q22.31 9q22.31
#a1107 chrd 96320200 96846934 3 0,5548 -1 9q22.31 992232
#41107 chrg 96847618 97054686 10 09707 [} 9q22.32 992232
#41107 chr9 97055304 97090898 9 0,588 1 9q22.32 992232
#a1107 chrg 97137156 98638327 81 08572 [ 9q22.32 992232
#41107 chr9 98643363 98691074 10 1,2649 1 942232 992232
#a110T chrg 98703784 125946412 1762 0,8809 [ PTPN3 9922.32 99333

#41101 chr9 126118587 126164140 16 05056 -1 9033.3 94333

#41107 chr9 126165725 126692176 19 09365 [ 9033.3 99333

#41107 chrg 126774687 127662779 7 0,6556 0 9933.3 9q333

#41107 chr9 127670703 129246281 105 09246 0 9033.3 99333

#a1107 chrg 129265499 131122691 405 06514 o 9933.3 9q34.11
#41107 chr9 131133677 131140350 2 11149 0 9034.11 9q34.11
#4110T chry 131150137 141016186 2164 0,6261 0 TSC1 9q34.11 9q34.3

#41107 chr10 93526 43326429 1867 0932 o 10p15.3 10q11.21
#4110T chri0 43572743 43623638 21 05511 1 10q11.21 10q11.21
#a1107 chr10 43650928 94821123 2675 08629 o PTEN 10q11.21 10q23.33
#41107 chr10 94821879 94835650 10 05339 BY 10023.33 10q23.33
#a1107 chri0 94836377 131973150 3039 08613 [ 10023.33 109263
141107 chr10 131973307 135440158 335 05854 [ 10026.3 106263
#4110T chril 193127 2950365 788 05128 1 11p15.5 11p15.5 11p154
#41101 chriy 2970492 20104639 1597 08525 [ 11p15.4 11p151
#41101 chril 20112488 20114695 3 11747 1 11p15.1 11p151
#41107 chril 20117266 20181687 13 0,6625 o 11p15.1 11p15.1
#a1101 chr11 20385408 44255729 747 0,9882 0 11p15.1 11p11.2
#a1107 chr11 44257884 45957239 97 06437 [} 11p11.2 11p112
#41107 chr1l 45958083 46100701 1 09916 [ 11p112 11p11.2
#41107 chri1 46105743 46760886 18 0,6807 [ 11p11.2 11p112
#a1107 chr1l 46761056 16884227 a5 1,0581 o 11p112 11p11.2
#41107 chr11 46886043 66394035 2n7 0.7122 0 11p112 119132
#a1107 chril 66407389 66444345 7 1,0282 [ 11q13.2 119132
#41107 chr1l 66453459 66512302 a7 06111 [ 11913.2 119132
#41107 chril 66515919 66568537 6 11514 [ 110132 110132
#4110 chr1y 66571563 71529240 646 06322 o 11q13.2 110134
#41107 chr1l 71529866 71701703 12 0,9883 0 119134 119134
#a110T chri1 71705832 72539979 203 06765 0 110134 119134
#41107 chr11 72540391 72726892 17 10229 [ 110134 110134
#a1107 chril 72794763 73371847 51 0,6482 0 119134 119134
#41107 chr1y 73372579 74862435 183 09211 0 110134 110134
#41107 chril 74873765 75526511 80 06361 0 119134 110135
#41107 chril 75562987 76730798 58 0,9469 o 119135 119135
#41107 chr11 76731344 76938935 65 06136 0 110135 110135
#a1107 chril 76940236 120207969 2450 0,9207 o HMBS 119135 119233
#41107 chr11 120276839 120310884 1 1,1938 1 110233 11g23.3
#41107 chri1 120312471 124761326 328 08679 [ 11623.3 11q242
#a1107 chr1y 124761630 124767656 1 04675 1 11924.2 119242
#41107 chr11 124789780 133781841 441 08495 0 110242 11025

#a1107 chr11 133790465 133816055 17 05592 -1 11q25 11025 11925

#41107 chril 133826617 134257498 m 0,7966 [ 11025 11625

#a1107 chr12 176326 112600259 8885 0,8882 [ ARID2,CDKN1B. 12p13.33 12q24.13
#41107 chr12 112600957 112610570 9 04597 By 12024.13 12q24.13
#4110T chr12 112613602 112684792 38 0,8602 0 12024.13 12q2413
#a110T chr12 112685310 112696992 10 1,1457 [ 12q24.13 12q24.13
#41107 chr12 112699171 133810818 2029 07472 [ HNFIA 12024.13 12q24.33
#a1107 chr13 19748151 115090537 3346 0,939 [ RB1 13q12.11 13034

#41107 chr14 19378084 71478237 3278 08883 0 14q11.2 140242
#a1107 chria 71479811 71495463 6 13736 1 14q24.2 14q24.2
#a1107 chr1a 71500201 75276291 387 0,8248 [ 14q24.2 14g24.3
#4110T chria 75276659 75302041 12 1,1989 1 140243 140243
#a1107 chria 75321920 103470313 1635 0,8597 [ 14q24.3 14932.32
#41107 chr4 103474851 103803509 32 05102 -1 14032.32 1403232
#41107 chria 103804737 104518369 128 0,8092 [ 14032.32 1493233
#41107 chrid 104552149 105995651 264 05106 1 14032.33 1493233
#41107 chris 20740212 73585810 4726 0,8692 0 15q11.2 15q24.1
#a1107 chris 73590821 73660219 10 05673 [ 1524.1 15q24.1
#41107 chrls 73735606 73855587 8 1,2202 1 15024.1 150241
#a110T chris 73862627 82431091 879 0,753 [ 15024.1 159252
#41107 chris 82444285 82533677 1 1,1445 0 15252 150252
#a110T chris 82545074 90233835 562 0,801 0 15q25.2 15q26.1
#41107 chris 90245129 90258269 5 11258 [ 15261 150261
#41101 chrls 90260161 90809575 87 06636 0 15026.1 150261
#a1107 cheis 90814720 91147648 a6 0,968 o 15026.1 159261
#41101 chr1s 91150660 91185268 9 0,6909 [} 15626.1 150261
#a1107 chris 91290672 91354536 20 1,005 [ 15026.1 150261
#41107 chris 91358420 91504270 88 0,5901 o 15026.1 150261
#41107 chris 91504924 102462803 379 0,8609 0 15a26.1 150263
#a1107 chri6 97434 23091379 3055 0,6967 o AXIN1TSC2 16p13.3 16p12.2
#41107 chri6 23093819 23117580 9 11276 [ 16p12.2 16p12.2
441107 chri6 23119435 29395491 636 0,7477 0 16p12.2 16p11.2
#41107 chri6 29396989 29458235 9 09927 0 16p112 16p112
#41107 chri6 29465003 56782249 1389 0,754 0 BRD7. 16p11.2 16q13

#41107 chri6 56792508 56878466 2 1,0301 0 16a13 16q13

#a1107 chri6 56899288 58550479 403 06719 0 16913 16021

#a110T chri 58550772 58616752 2 1,0048 [ 1621 16021

#41101 chri 58617023 58713896 18 07143 [} 16021 16021

#a1107 chr16 58742136 65038659 32 1,0485 0 1621 16921

#41101 chri6 66413345 77327064 1642 07467 0 16a21 160231
#41107 chri6 77328922 77401479 15 11399 0 16a23.1 160231
#4107 chri 77465350 90142284 1005 06828 o 16023.1 169243
#41107 chr1? 193127 2344818 404 0,6959 [ 179133 17p133
#a1107 chr17 2367573 2585060 15 09474 [ 17p13.3 17p133
#41107 chra? 2593980 2930301 a7 055842 [ 17p13.3 17p133
#41107 chr1? 2934254 3427574 2 09415 0 17p133 17p13.2
#a1107 chr17 3430184 3716456 9 06555 o 17p13.2 17p13.2
441107 chr1? 3717696 3743446 10 1,01 0 17p13.2 17p13.2
#a1107 chr17 3746412 6503739 630 0,7043 o 17p13.2 17p13.1
#41107 chr1? 6510238 6526310 7 11509 [ 17p13.1 17p13.1
#a110T chr17 6528128 38545835 4308 07619 [ PS3 17p13.1 17q212
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#a1107 chr17 38546316 38569496 2 1,0852 o 17q21.2 17q212
#4110T chr1? 38572288 38721656 2 06619 [ 170212 17q21.2
#41107 chr1? 38785141 39165178 103 1,0012 [ 17q21.2 17q212
#41107 chr17 39183145 43176827 1145 0,7077 0 179212 17q21.31
#41107 chr1? 43180404 43190028 5 0,9945 0 17q21.31 17q21.31
#a1107 chr17 43190306 146926676 494 0,7525 o 17q21.31 17q21.32
#41107 chr17 46928495 46940284 8 11 0 1792132 17q21.32
#a1107 chr1? 46970799 47376030 65 0,7543 0 17q21.32 17q2132
#41107 chr1? 47388746 47481620 s 1,066 [ 172132 1792133
#41107 chr1? 47482460 74300551 2936 0,7803 [ 17q21.33 17g25.1
#a1107 chr17 74300993 74344636 1 1,0662 o 17q25.1 17q25.1
#41107 chr1? 74349699 74621950 64 0,6243 [ 17g25.1 170251
#a110T chr17 74622132 74865146 40 09235 [ 17q25.1 179252
#41101 chr1? 74868938 76046341 51 06844 0 17025.2 179253
#41107 chr1? 76060911 76098590 16 09753 0 17025.3 179253
#a1101 chr17 76099565 81052161 1098 06523 0 17q25.3 17q25.3
#41107 chr1g 158706 78005195 2931 09326 0 18p11.32 18023

#a1107 chri9 111138 4409328 1276 055579 EY STK11 19p13.3 19p133
#41107 chr19 4418045 4428774 s 1,0347 0 19013.3 190133
#4110T chr19 4429519 5594045 188 0,5992 0 19p13.3 19133
#41107 chr19 5595440 5616465 12 0,9603 o 19p133 19p133
#4110T chr1g 5621363 6680221 285 0,6298 0 19p13.3 19p133
#a1107 chr19 6681997 6686217 6 1,0519 o 19p13.3 19p133
#41107 chr19 6686835 9449932 725 06572 0 19p13.3 19p13.2
#a1107 chr19 9451819 9643561 23 1,0479 [ 19p13.2 19p132
141107 chr19 9644579 11373094 585 06516 [ KEAPL 19p13.2 19p13.2
#4110T chr1g 11407008 11436168 8 0,9701 [ 19p13.2 19132
#41101 chri9 11446185 19767881 2181 06553 [ 19p13.2 19p13.11
#41107 chr19 19768181 29698760 143 0,9855 0 19013.11 19q12

#41107 chr19 29703919 40030364 1587 0,6742 o 19012 199132
#a1101 chr19 40093216 40276556 19 09691 0 19q13.2 190132
#a1107 chr1g 40316540 40487155 57 06538 [} 19q13.2 199132
#41107 chr19 40504275 40595168 15 09618 [ 19q13.2 19q132
#41107 chr1g 40698279 44306500 811 06579 [ 19q13.2 19q13.31
#a1107 chri9 44339700 45016968 87 09312 o 19913.31 19q13.31
#41107 chr19 45017289 59082559 3222 06636 0 SEPW1TMEM160 19q13.31 1991343
#a1107 chr20 68379 21319704 1309 0,8446 [ 20p13 20p11.22
#41107 chr20 21321424 21369944 u 1,2502 1 201122 20p11.22
#41107 chr20 21376860 30309739 230 07142 [ 20p11.22 20q11.21
#4110 chr20 30345333 30382278 13 1,0919 o 20q11.21 20q11.21
#41107 chr20 30385263 62904763 3214 07359 0 DNAICS 20q11.21 20q13.33
#a110T chr21 45104483 48083380 583 0,589 0 219223 21223
#41107 chr21 45103207 45658349 1428 08758 0 219223 210223
#a1107 chr22 17443694 36013257 2014 07133 0 ZNRF3,CLDNS 2q111 22q123
#41107 chr22 17288796 19378084 15 1,0868 0 22q11.21 22q111
#41107 chr22 36052497 36357632 2 1,0228 0 22q123 22q123
#41107 che22 36424380 43204834 1126 0,6885 o 22q123 22q132
#41107 chr22 43206884 43243579 1 09483 0 22q132 22q132
#a1107 che22 43253154 45741395 25 06615 o 22q132 22q13.31
#41107 chr22 45745643 45804685 20 1,0054 o 221331 22q13.31
Ha110T chr22 45809394 46068002 28 0,6905 0 22q13.31 22q13.31
#a1107 chr22 46085688 46238964 10 1,049 o 221331 22q1331
#41107 chr22 46239550 51220669 598 05577 -1 22q13.32 22q1331 22q13.33
#a1107 chrx 200918 152105010 6116 09113 o RPSGKA3 Xp22.33 Xq28

#41107 chrx 152106662 153881655 543 05757 [ Xq28 Xq28

#a1107 chrX 153906513 155239777 136 0,9255 0 Xq28 Xq28

#41107 chry 150918 59342783 128 06972 [} Yp1132 Ya12

#a71T chrl 762224 249213866 17232 -0,0459 0 ARID1ARPL22,COL11AL 193633 1q44

#a71T chr2 40221 242842554 13340 -0,0279 [ ACVR2ANFE2L2,EPHALAPOB 20253 20373
#4717 chr3 239468 123022972 6746 -0,0396 0 CTNNB1,8AP1,PDE12 SETD2 30263 3a21.1
sa71T chr3 123036915 123071353 8 -0,3889 -1 3q21.1 3q21.1

#4711 chr3 123086820 197769154 4121 -0,0261 [ KLF15 3a21.1 3029

#a71T chrd 53291 190862085 7182 00164 0 ALB,FGA,GABRA2,IRF2 4p163 4q35.2
#4717 chrs 143266 180687559 7880 00227 [ ATP108,MEF2C,IL6ST,DOCK2 ADAMTS19, TERT 5p15.33 5q35.3
#4717 chré 203615 170891556 s011 -0,0285 0 COKNI1A EEF1AL,SPATSLVEGFA 6p25.3 6a27

#4717 chr? 195642 158935187 2044 -0,0501 [ MET 7p22.3 79363
#4717 chrg 183094 146280027 6109 -0,0313 0 SLURP1MYC 8023.3 84243
#a717 chrd 213464 139888074 6397 -0,0482 [ CDKN2A.TSC1,MTAP.PTPN3 9p24.3 99343
#4717 chrg 139888322 139905430 10 -0,6406 -1 9034.3 9934.3
#4717 chr9 139906382 141017498 287 01484 0 9034.3 99343
#a71T chr10 226000 135381590 6998 00327 [ PTEN 10p15.3 100263
#4717 chri1 193118 47361271 3164 005 0 11p15.5 11p112
#a71T chril 47362742 47374186 12 -0,4033 -1 11p11.2 11p112
#4717 chr1y 47376754 61534692 764 -0,0455 0 11p11.2 110122
#a71T chri1 61536762 61543848 6 -0,7842 1 11912.2 119122
#4717 chr11 61544836 63978199 482 -00794 [ 11122 119131
#4717 chril 63987062 63991393 8 -0,5691 -1 11013.1 110131
#4717 che1l 63992102 134257636 5131 -0,0578 o HMBS 119131 11925

#4717 chr12 208345 133810818 9752 -0,0462 0 ARID2,HNF1A COKN1B 12013.33 12q24.33
#4717 chr13 19752446 115091029 3215 00184 [ RB1 13q12.11 13034

#4717 chria 20201689 107282930 5490 -0,0407 o 14g112 14q32.33
#4717 chris 20450269 102389376 5760 -0,0452 0 15q11.1 150263
#a71T chri6 97088 90142284 6647 0,027 o AXINL,TSC2,8RD7 16p13.3 160243
#4717 chr1? 6088 18155828 2559 -0,0873 [ PS3 17p13.3 17p11.2
#4717 chr1? 18156693 18166105 9 04422 -1 17p11.2 17p112
#4717 chr1? 18166613 81052160 6927 -0,0874 0 170112 17q25.3
#4717 chrig 166802 77960704 2756 00174 0 18p11.32 18923

#4717 chri9 287612 59083958 8466 01424 0 KEAP1,SEPW1,TMEM160 19p133 19q13.43
#4717 chr20 68379 62906077 4265 -0,0628 0 DNAJCS 20p13 20q13.33
#4717 che21 9825921 48084620 1783 -0,0481 [ DYRKIA 21p112 210223
#4717 chr22 17061701 51179116 3460 -0,0903 0 ZNRF3,CLONS 22q11.1 2291333
#4717 chrx 2700138 154774846 5807 -0,029 0 RPSGKA3 Xp22.33 %q28

#4771 chrl 69550 52823520 6742 08283 0 ARIDIARPL22 1p36.33 1p32.3
#4777 chrl 52824068 52838950 13 1,0723 0 1p32.3 19323
#4777 chri 52840526 148252784 a219 0,7832 o COL1IALJAKLNRAS 10323 19212
#4777 chrl 145811947 228407163 7734 08161 [ 1q211 1g42.13
#4777 chr1 145816686 148253639 130 11186 1 10212 1q211
#4777 chrl 228412297 228459774 1u 04648 -1 1q42.13 1g42.13
#4777 chrl 228461111 249211681 1308 0,7817 0 1942.13 1944

#4777 chr2 41618 110585459 6495 0,799 o APOB,ALK 2p25.3 2q13

#4777 chr2 110585683 110663463 1 113 1 2q13 2q13

#4777 chr2 110843303 242814646 8412 07834 o ACVR2ANFE2L2,EPHAL 2q13 29373
#4777 chr3 361505 197765488 11634 08038 [ ETNNB1,BAPLKLF15,SETD2, FANCD2, TNFSF10,PIKICA 30263 3929

#a777 chra 53384 113202 7511 0,7768 [ 4p163 4p16.3
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#4777 chrs 92369 180794757 8584 0,787 o 1108, MEF2C,IL6ST,DOCK2 ADAMTS19,TERT APC, MAP18 5p15.33 5q353
#4777 chré 292550 34495187 2179 07471 [ 6p25.3 6p21.31
#4777 chré 34496537 34499471 6 1,2468 1 6p21.31 6p21.31
#4777 chré 34500253 170893528 6914 0,7887 0 CDKNIAEEFIALFRKVEGFA 6p21.31 6927
#4777 chr?. 193502 158937438 9157 0,7981 0 MET,HGF,EGFR KMT2C,BRAF,NUP205 7922.3 74363
#4777 chg 116555 146279474 6562 079 o MYC,RSPO2 8p23.3 8q24.3
#4777 chrg 14874 24925 10 1,0987 1 9024.3 9p24.3
#4777 chrd 117460 19378439 755 0,7801 0 9p24.3 9p22.1
#4777 chrg 19378811 19446348 8 1,1304 1 90221 9p22.1
#4777 chr9 19450541 141016186 7115 0818 0 CDKN2A,TSC1,NOTCH1,PTPN3 9p22.1 9q343
#4777 chri0 93526 135440158 8033 0,7951 [ PTEN 10p15.3 109263
#4777 chr11 193127 134257498 10963 0812 [ HMBS FGF19,IGF2,COKNIC ATM 11p15.5 11025
#4777 chr12 176326 133810818 11121 0,7984 [ ARID2,HNF1A,GLI1LKMT2D KRAS PTPRB. 12p13.33 12q24.33
#4777 chr13 19748151 115090537 3406 07849 0 RB1,MYCBP2 1301211 13034
#4777 chria 19378084 105995651 5838 07979 0 DICER1 149112 1493233
#4771 chris 20740212 102462803 6904 0,809 0 15q11.2 150263
#3777 chri6 97494 90142284 8279 08274 0 AXINL,TSC2,8RD7 16p13.3 160243
#4777 chr17 193127 36104703 4961 08151 o TPS3NFL 17p13.3 17012
#4777 chr1? 36285820 42852092 ns 0,8001 0 STAT3,ERBB2 17q12 17q21.31
#4777 chr1? 36285821 36287166 66 11272 1 17q12 17912
#4777 chr17 42852630 42854910 8 1222 1 1792131 17q21.31
#4777 chr1? 42855147 81052161 4882 08265 [ 17q21.31 179253
#4777 chrig 158706 78005195 2078 07742 o 18p11.32 18923
#4771 chr19 111138 59082559 11208 0,8098 0 KEAP1,CCNEL JAK3 KMT28, DNAJB1,PRKACA 19013.3 19q13.43
#4777 chr20 68379 62904763 am 0,8204 [ GNAS 20p13 2091333
#4777 chr21 45658349 45953687 1636 0,7892 [ 219223 210223
#4777 che21 45959609 46117485 17 0,5079 [ 210223 210223
#4771 chr21 46131389 48084246 367 08129 [ 219223 210223
#4771 chr22 19378084 51220669 4061 08273 0 ZNRF3NF2 22q11.21 2291333
#4777 chrx 200918 120012716 5067 07113 o RPSGKA3 Xp22.33 Xq24
#4777 chrx 120064205 120119012 2 1,0672 0 Xa24 Xa24
#a77v chrx 120182377 134928918 515 0,7015 [} Xq24 %q26.3
#4777 chrx 134856765 134930218 28 1,0739 [ Xa263 Xq263
#4777 chrx 134947481 153421889 817 0,7248 0 Xa26.3 %q28
#4777 chrx 153424346 153520465 23 1,0386 [} Xq28 Xq28
#4771 chrx 153524279 155239777 342 07585 [ Xa28 Xq28
#4771 chry 150918 59342783 127 08571 [ Yp11.32 ¥q12
#5331 chrl 69550 9833391 1289 06154 [ RPL22 1p36.33 1p36.22
#5337 chrt 9883746 10093740 21 088 [ 1p36.22 1p36.22
#5331 chrl 10132179 249211681 19068 0,6049 [} ARIDIACOL1IAL 1p36.22 1q44
#5331 chr2 41618 242814646 15102 05864 0 ACVR2ANFE2L2,EPHAS, APOB 20253 2a373
#5337 chr3 361505 197765488 11764 05875 0 CTNNB1,8AP1,PDE12 KLF15,SETD2 3p26.3 3029
#5331 chrd 53384 113242 7626 0,574 [ 4p163 4p163
#5337 chrs 92369 180794757 8692 05912 0 ATP108,MEF2C,IL6ST,DOCK2, ADAMTS19,TERT 5p15.33 54353
#5331 chré 292550 170893528 9806 05894 [ COKNIA EEFIAL SPATSLVEGFA 6925.3 6427
#5331 chr? 193502 124482939 6785 06152 0 MET 7922.3 7931.33
#5331 chr? 124487024 124493109 3 0,9194 1 703133 7931.33
#5331 chr? 124499088 158937438 2484 0,585 0 793133 7a36.3
#5331 chrg 116555 145279474 6644 05876 [} SLURP1,MYC 8p23.3 89243
#5331 chrg 14874 75407188 2305 0,5853 [ CDKN2A,MTAP 9024.3 992113
#5331 chr9 75420362 75450878 4 02213 -1 9q21.13 9q21.13
#5331 chrg 75516160 141016186 5671 0,6057 [} TSCLPTPN3 992113 9q34.3
#5331 chri0 93526 18827201 1022 06142 0 10p15.3 10p12.31
#5331 chrio 18828406 18874950 B 13626 1 10p12.31 10p12.31
#5331 chri0 18885197 135440158 7110 05915 [ PTEN 10p12.31 109263
#5337 chril 193127 47767777 3769 05883 [ 11p15.5 11p112
#5331 chr11 47772528 47808056 1 09216 1 110112 11p112
#5331 chr11 47809796 51411920 %8 0,5947 0 11p11.2 11p11.12
#5331 chril 55029766 55036766 s 1,1514 1 11q11 11911
#5331 chr11 55111170 134257498 7188 0,6045 0 HMBS 11q11 11625
#5331 chr12 176326 133810818 11258 0,6078 0 ARID2,HNF1A CDKN18 12p13.33 12q24.33
#5331 chr13 19748151 115090537 3468 05744 0 RB1 13q1211 13034
#5331 chria 19378084 105995651 5909 0,6029 0 14q11.2 14q32.33
#5331 chris 20740212 102462803 6998 0,5997 [ 15q11.2 150263
#5331 chri6 97494 90142284 8346 06399 [ AXINLTSC2,8RD? 16p13.3 160243
#5331 chea? 193127 6544475 1247 0,6579 [ 17p13.3 17p131
#5331 chr1? 6545114 6547883 4 02709 -1 17p13.1 17p131
#5337 chr1? 6553350 36977240 3964 06212 [ TPS3 17p13.1 17912
#5331 chr17 36981427 37006671 6 1,0434 1 17012 17q12
#5331 chr1? 37008921 81052161 6524 0,6342 0 17q12 179253
#5331 chr1g 158706 43604614 1834 05901 [ 18p11.32 180211
#5331 chrig 43619963 43708066 2 0,8353 0 18621.1 180211
#5337 chr1g 43796204 78005195 1174 0,5682 [ 18q21.1 18q23
#5331 chr19 111138 5729919 1544 06878 0 190133 19p133
#5331 chr1g 5733924 5776249 17 0,9816 1 19p13.3 19p133
#5331 chr19 5778537 56163954 9286 07011 [ KEAP1,SEPW1,TMEM160 19p133 19q13.42
#5331 chr19 56166495 56172480 5 0275 -1 19013.42 19q13.42
#5331 chr19 56173926 59082559 420 0,6433 o 19q13.42 19q13.43
#5331 chr20 68379 30137895 1565 05771 0 20013 20q11.21
#5331 chr20 30142591 30253821 12 0,8962 1 BCL2LL 20q11.21 20q11.21
#5331 chr20 30309739 62904763 2255 06219 o DNAJCS 2091121 20q1333
#5331 chr21 45658349 48084246 2054 06027 0 21223 21q22.3
#5331 che22 19378084 51220669 a110 0,6304 o ZNRF3,CLDNS 22q11.21 22q1333
#5331 chrx 200918 48830651 2036 0,5996 [ RPS6KA3 Xp22.33 Xp11.23
#5337 chrX 48831644 48844572 14 0,8847 0 Xp11.23 Xp11.23
#5331 chrx 48846072 155239777 4552 0,585 [} Xp1123 Xq28
#5337 chey 150918 59342783 555 0,5867 0 ¥p11.32 Yq12
#6231 chrl 717420 33134894 3196 02244 0 ARIDIARPL22 1p36.33 1p35.1
#6231 chrl 33135125 33147455 7 01143 [ 1p35.1 1p35.1
#6237 chr1 33149635 159860325 8131 0,143 [ coL11a1 1p35.1 19232
#6231 chri 159863017 159921553 17 0,443 1 1a23.2 1a232
#6231 chri 159922172 249149602 5985 0,1362 0 1q232 1q44
#6231 chrl 249149795 249211681 7 0,449 1 1944 1q44
#6231 chr2 41602 243037096 13813 0122 0 ACVR2ANFE2L2.EPHA4 APOB 20253 29373
#6231 chr3 361504 197847544 10647 01334 o CTNNB1,BAP1,PDEL2 KLF1S,SETD2 3p26.3 3929
#6237 chrd 53383 190946966 7234 0,09 [ ALB,FGA,GABRAZ,IRF2 4p163 49352
#6231 chrs 143251 180687764 7921 01218 [ ATP108,MEF2C,IL6ST,DOCK2, ADAMTS19,TERT 5p15.33 5q35.3
#6231 chré 140294 170892713 9130 01321 [ CDKN1A EEF1AL SPATSLVEGFA 6025.3 6427
#6237 chr? 195642 158935187 8092 0,143 [ MET 79223 79363
#6231 chrg 163585 146279464 5762 0118 [} SLURPLMYC 80233 89243
#6231 chr9 117444 141071146 6753 0,1642 0 CDKN2A,TSC1,MTAP,PTPN3 9024.3 99343
#6231 chrio 93566 32751620 1625 01216 [ 10p15.3 10p11.22
#6231 chr10 32751960 32974952 15 -0,1993 By 10p11.22 10p11.22
#6237 chri0 32978035 37438592 133 ,0735 [ 10p11.22 10p11.21
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#6237 chrio 37438740 37488685 15 -0,1988 L 10p11.21 10p11.21
#6231 chrio 37490207 135491232 5505 01478 [ PTEN 10p11.21 100263
#6231 chr11 193811 45992792 2661 0,1654 [ 11p15.5 11p112
#6231 chril 46001274 46105728 5 0229 1 11p112 11p11.2
#6231 chr11 46321599 63398727 1504 01816 0 11p112 119123
#6231 chr1l 63400533 63419432 7 01117 o 119131 119131
#6231 chril 63419979 134320599 4835 01759 0 HMBS 11q13.1 11625

#6237 chr12 68386 110565902 8045 0,136 0 ARID2,COKN1B. 12p13.33 12q24.11
#6231 chr12 110566844 110646965 15 01248 [ 1292401 12q24.11
#6237 chr12 110655939 133779065 1929 0,1994 0 HNFIA 12q24.11 12q24.33
#6231 chr13 19042028 115090536 3419 o1 [ RB1 13q11 13934

#6231 chr14 19110319 106236157 5549 0,1365 [ 149112 1493233
#6237 chrid 106236463 106237595 4 06126 -1 14032.33 14932.33
#6231 chri4 106304722 107283203 120 0211 0 14032.33 1493233
#6231 chr1s 20083862 28499559 337 01527 0 15q11.1 150131
#6231 chris 28501214 28518094 1 04644 1 15q13.1 15q13.1
#6231 chris 28520085 63579683 2958 01318 0 15q13.1 150222
#6231 chris 63594607 63631080 6 0,4247 o 15q22.2 15q22.2
#6231 chris 63632565 79088963 1403 0,162 0 15022.2 150251
#6237 chrls 79170577 79189366 12 01472 0 15q25.1 159251
#6231 chrls 79215397 102389374 1240 0,1916 o 15251 150263
#6237 chri6 81841 1889347 338 02741 [ AXINL 16p13.3 16p13.3
#6231 chri6 1891897 1918135 10 -0,0623 o 16p13.3 16p133
#6231 chri6 1927389 55532265 3108 0,1946 0 TSC2,8RD7 16p13.3 169122
#6237 chri6 55536730 55616917 16 -0,0443 [ 16q12.2 169122
#6231 chri6 55690728 90162029 2597 02124 [ 16q12.2 16024.3
#6237 chr17 11293 81052160 9104 0,1986 [ s3 17p13.3 170253
#6231 chrig 47960 77960703 2811 0,1097 [} 18p11.32 18923

#6231 chr19 182713 59093463 7255 02314 0 KEAP1,SEPW1.TMEM160 19p13.3 1991343
#6237 chr20 68379 5528386 a8 02229 [ 20p13 20p123
#6231 chr20 5538670 5560715 13 -0,0369 0 200123 20p123
#6231 chr20 5564947 62934540 3532 01887 [} DNAJCS 20p123 2091333
#6231 che21 9483381 48084222 1822 01612 [ DYRKIA 21p112 210223
#6231 chr22 16101435 51207918 3186 02238 [ ZNRF3,CLONS 2q11.1 22q1333
#6231 chrx 2700137 154774831 5817 0,1301 o RPSGKA3Z Xp22.33 Xq28

#6231 chry 10011790 28584969 7 0,0468 [ Yp112 Ya11.23
#7507 chr1 721657 31418261 3652 0,1409 [ ARIDIARPL22 13633 1p35.2
#7501 chrl 31423042 31528222 16 0,4492 [ 1p35.2 1p352
#7507 chrt 31532236 36039088 559 0,1703 [ 19352 1p343
#7501 chrl 36040575 36060460 6 01775 1 1p34.3 1p34.3
#7501 chri 36068620 150483520 5910 02675 0 COL11AL 1p34.3 1q21.3
#7507 chr1 150484120 150532308 18 -0,0668 -1 10213 19213
#7501 chrl 150532973 249212472 ms 02503 [ 10213 1q44

#7507 chr2 40221 241870446 13193 02757 0 ACVR2ANFE2L2,EPHAL,APOB 20253 29373
#7501 chr2 241871823 241905587 9 02731 -1 2037.3 2037.3 29373
#7501 chr2 241922371 242946533 242 0,197 0 2637.3 29373
#7507 chr3 239470 38524787 1924 0,2569 o 30263 3p222
#7501 chr3 38537892 38548402 5 06099 1 3p22.2 3p222
#7507 chr3 38564685 196730870 8918 02532 o CTNNB1,BAP1,PDE12 KLF1S,SETD2 3p22.2 3929

#7501 chr3 196733513 196754704 12 -0,0767 -1 3a29 3929

#7501 chr3 196770516 197769162 m 0,3065 0 329 3929

#7501 chrd. 53201 190947577 6954 03118 o ALB,FGA,GABRAZ IRF2 4p16.3 4q35.2
#7501 chrs 140602 141380964 5590 03058 0 MEF2C,IL6ST.ADAMTS19,TERT 5p15.33 5q313
#7501 chrs 141382740 141385800 3 02313 -1 56313 5313
#7501 chrs 141387414 156723730 956 02472 [ 50313 Sa333
#7507 chrs 156729850 156738730 5 01781 -1 5033.3 59333
#7501 chrs 156741411 180687559 1362 02118 0 ATP108,00CK2 5033.3 5a353
#7501 chré 203615 170892714 9178 02715 0 COKN1A EEF1A1,SPATS1VEGFA 6p25.3 6427

#7507 chi? 195642 65422479 2835 02337 [ 79223 791121
#7501 chr? 65425861 65557032 19 -0,1837 -1 7q11.21 7q11.21
#7507 chr7 65557596 158937319 5662 02449 [} MET 7q11.21 79363
#7501 chrg 190866 37641778 1721 02522 0 80233 8p11.23
#7501 chrg 37672449 37700667 14 01677 -1 8p11.23 8p11.23
#7501 chrg 37703248 38270536 110 02715 [ 8p11.23 8p11.23
#7501 chrg 38271492 38275818 7 -0.107 -1 8p11.23 8p11.23
#7501 chrg 38277152 142186774 3602 03172 [ myc 8p1123 8q243
#7501 chrg 142190899 146280815 675 0,04 0 SLURPL 8a24.3 84243
#7507 chr9 214910 141017498 m7 02148 [ CDKN2A,TSC1,MTAP.PTPN3 9924.3 99343
#7501 chr10 226000 88277586 3671 02598 0 10p15.3 10923.2
#7501 chr10 88414530 88452310 19 -0,0512 -1 10q23.2 109232
#7501 chr10 88459415 99639482 1006 02795 [ PTEN 10q23.2 10924.2
#7501 chr10 99640077 99656706 s -0,2509 -1 10024.2 10024.2
#7507 chrio 99661328 135439464 2522 02363 [ 10q24.2 109263
#7501 chr11 193118 63755839 4683 0,2094 0 11p15.5 110131
#7507 chri1 63756162 63919814 10 0,101 1 11q13.1 119131
#7501 chr11 63953094 134856548 5522 02109 [ HMBS 11q13.1 11625

#7501 chr12 208345 49920264 3614 02742 0 ARID2,COKN18. 12013.33 12q13.12
#7507 chr12 49934798 49950206 10 -0,2037 1 12913.12 12q13.12
#7501 chr12 49950430 54792431 963 0.1883 0 12q13.12 12q13.13
#7507 chr12 54793485 54796038 8 01375 1 12q13.13 12q13.13
#7501 chr12 54796800 133196073 5835 0,252 o HNFIA 12q13.13 12q24.33
#7501 chr12 133196300 133197894 6 03137 -1 12q24.33 12024.33 12q24.33
#7501 chr12 133198515 133811687 159 01572 o 12924.33 12q2433
#7507 chr13 19600450 115091029 3095 0,3087 [ RB1 13q12.11 13034

#7507 chria 20201689 107283203 5961 0,2461 0 14q11.2 1493233
#7501 chris 20170066 102389376 6299 02395 0 15q111 150263
#7507 chri6 9709 50324469 3989 0,1477 0 AXIN1TSC2 16p133 169121
#7501 chri6 50326661 50338852 7 0,193 -1 16q12.1 16012.1
#7507 chri6 50339455 90161144 3409 0,1705 [ BRD7 16q12.1 160243
#7507 chr17 6088 81052160 10417 0,1698 [ PS3 17p13.3 179253
#7501 chr1g 117194 77941018 2745 02998 [} 18p11.32 18023

#7507 chrig 107510 59083958 9626 0,109 0 KEAP1,SEPW1,TMEM160 190133 19q13.43
#7501 chr20 68379 62906077 4528 0,188 0 DNAJCS 20013 20q13.33
#7507 chr21 9825922 48084620 1859 02181 0 DYRKIA 21p112 219223
#7501 che22 17060842 24528888 915 0,1087 o CLDNS 22q111 22q11.23
#7507 chr22 24698258 24761522 1 04377 [ 22q11.23 22q11.23
#7501 chr22 24765236 45732250 2375 0,1449 [ ZNRF3 22q11.23 22q1331
#7501 chr22 45736512 45804684 20 0,4072 [ 2201331 22q1331
#7507 chr22 45809418 51219140 576 0,0671 0 22q1331 22q1333
#7501 chrx 2700138 49098548 1972 02715 [} RPSGKA3 Xp22.33 Xp1123
#7507 chrX 49099404 49105675 9 -0,2016 1 Xp11.23 Xp11.23
#7501 chrx 49107417 51640936 12 02726 o Xp11.23 Xp11.22
#7501 chex 51641249 52677378 6 -0,0809 By Xp11.22 Xp11.22
#7507 chrx 52681349 154774846 3866 02574 [ Xp11.22 %q28
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#7571 chrl 69550 249211681 20304 06618 [ ARIDIARPL22,COL11ALJAK1,NRAS | 1p36.33 1qa4
#7571 chr2 41618 242814646 15037 06698 [ ACVR2ANFEL2,EPHAS APOB ALK | 2253 20373
#7571 chr3 361505 197765488 une 06711 ) FTNNB1,BAP1,KLF15,SETD2,FANCD2, TNFSF10,PIK3CA 39263 3q29
#7571 chrd 53384 13202 7594 0,696 [ 4p16.3 4p163
#7571 chrs 92369 180794757 8649 0,6691 0 108, MEF2C,ILEST,DOCK2, ADAMTS19, TERT, APC, MAP18 5p15.33 5435.3
#7571 chrs 292550 117150079 7094 06552 o CDKNIAEEF1ALFRK,VEGFA 60253 6q22.1
#7571 chrg 117198550 117593637 2 02028 1 6a22.1 6a22.1
#7571 chr 117609810 117645537 10 0,5867 [ 6a22.1 6q22.1
#7571 ches 117647482 117725517 2 01954 -1 6a22.1 6a22.1
#7571 chr 117730775 170893528 2613 0,6668 [ 6a22.1 6q27
#7571 che? 193502 158937438 9235 06615 [ MET,HGF,EGFR,KMT2C, BRAF,NUP20S 70223 79363
#7571 chrg 116555 146279474 6612 06679 0 MYC.RSPO2 80233 8q24.3
#7571 chrd 14874 141016186 7946 0,6606 [ CDKN2ATSC1,NOTCH1,PTPN3 99243 99343
#7577 chr10 93526 135370294 8093 0,667 0 PTEN 109153 100263
#7571 che10 135370616 135373626 6 1,0887 2 100263 109263
#7571 chr1o 135378997 135440158 s 06815 [ 10926.3 100263
#7571 chril 193127 134257498 11028 0,656 0 HMBS,FGF19,IGF2,COKNIC,ATM 11p15.5 11625
#7571 che12 176326 133810818 11210 0,6667 [ ARID2, HNF1A,GLI1KMT2D,KRAS PTPRE 12p1333 12q2433
#7571 che13 19748151 115090537 3449 06716 0 RBLMYCBP2 1301211 13q34
#7571 chria 19378084 104433107 5584 0,659 [ DICER1 14q11.2 1493233
#7571 chr1a 104436918 104450898 3 11162 2 14032.33 1403233
#7571 chrie 104462115 105995651 288 06257 0 1403233 1493233
#7571 chels 20740212 102462803 6943 06637 [ 15q11.2 150263
#7571 che16 97494 90142284 8326 06511 [ AXINLTSC2,8RD7 16133 160243
#7577 che17 193127 81052161 11692 0,6561 0 TPS3,STAT3,ERBB2,NFL 17133 179253
#7571 chr1g 158706 78005195 3022 06676 [ 18p11.32 1823
#7571 che19 111138 59082559 11244 0,6383 0 KEAP1,CCNE1,JAK3 KMT2B,DNAJB1,PRKACA 199133 19q13.43
#7577 chr20 68379 62904763 4813 101 1 GNAS BCL2LL ZNF217,2013.33 20013 20q13.33
#7571 che21 45658349 48084246 2031 0,6508 0 21223 210223
#7571 che22 19378084 51220669 4095 06493 o ZNRF3,NF2 2q1121 22q13.33
#7571 chrx 200918 155239777 6822 0,6001 0 RPSGKAZ X922.33 Xq28
#7577 chey 150918 59252516 18 0,4603 [ Yp1132 Yq12
#7571 chry 59272417 59342783 12 07472 [ Ya12 Ya12
#835T chrl 861348 249212472 19263 -10751 [ ARIDIARPL22,COL11AL 1p36.33 1q44
#8351 chr2 a0221 242842554 14692 -10726 [ ACVR2ANFE2L2,EPHAAAPOB 2253 29373
#8351 chr3 239470 197769162 1873 -10763 0 CTNNB1,BAP1,PDE12.KLF15,SETD2 30263 3q29
#8357 chrd 53291 190947044 7735 -1,0695 [ ALB,FGA,GABRA2,IRF2 4p16.3 49352
#8351 chrs 140602 180687559 8651 1,0709 [ ATP108,MEF2C,ILEST,DOCK2 ADAMTS19, TERT 5p15.33 5035.3
#8357 chr 203615 68598996 5143 -10792 0 CDKN1A SPATS1,VEGFA 60253 6q12
#8357 ches 69348939 93967210 51 -15062 -1 EEFIAL 6a12 6q16.1
#8357 chrb 93967909 167608890 3440 10738 [ 616.1 6q27
#8357 chrs 167704934 168070076 16 -1,5068 -1 6a27 6q27
#8351 ches 168187893 168764159 n -2,0972 -1 6a27 6q27
#8357 chrs 168910680 170866070 120 -1,5087 - 627 6q27
#8351 ches 170871100 170892714 u -1,0903 [ 627 6q27
#8351 chr? 193386 158937319 9196 -1,0631 0 MET 79223 79363
#8351 chrg 190866 146280815 -10766 [ SLURP1,MYC 80233 8q243
#8351 chrg 213465 141070232 10757 [ COKN2A,TSC1,MTAP,PTPN3 90243 99343
#8357 che10 226000 135438930 -10726 [ PTEN 109153 109263
#8351 chr11 193118 134856548 1,0807 [ HMBS 11p15.5 11025
#8357 chr12 208345 133811687 -1.0865 0 ARID2,HNF1A CDKN1B 1201333 12q2433
#8351 che13 19600450 115091029 -10658 [ R81 13q1211 13q34
#8357 cheid 20201689 107283203 -1.0745 0 14q11.2 14q32.33
#8357 cheis 20170066 102389376 -1,0867 [ 15q111 150263
#8357 chr1e 96492 90161144 -1,0816 0 AXINLTSC2,8RD7 16p13.3 160243
#8357 che1? 6088 81052160 -1,0804 0 53 179133 179253
#8357 chr1g 17194 77960704 -1,0592 [ 181132 1823
#8357 chr19 281462 53083958 10731 0 KEAP1SEPW1.TMEM160 199133 13q13.43
#8351 che20 68379 62906077 -10721 [ DNAICS 20013 20q1333
#8351 che21 9825922 48084620 -1,0665 0 DYRKIA 21p11.2 210223
#8357 ch22 17060842 51219140 -10738 [ ZNRF3,CLDNS 2q11.1 22q13.33
#8351 chrx 2700138 154774846 -1,069 [ RPSGKAZ X922.33 Xq28
#8731 chrl 762325 249212472 02675 [ ARIDIARPL22,COL1IAL 1p36.33 1984
#8731 chr2 40221 242842554 02698 [ ACVR2ANFE2L2 EPHAA,APOB 2253 29373
#8731 chr3 239470 197769162 02735 0 CTNNB1,BAP1,PDE12.KLF1S,SETD2 3p263 3q29
#8731 chrd 53291 190947044 027173 [ ALB,FGA,GABRA2,IRF2 ap163 49352
#8737 chrs 140602 180687559 02731 0 ATP108,MEF2C,IL6ST,DOCK2, ADAMTS19,TERT 5p15.33 5035.3
#8731 chr 203615 92231416 02706 [ COKN1A EEF1AL SPATSLVEGFA 69253 6415
#8731 chrs 93951498 105736700 0,609 1 6a16.1 6q21
#8731 chr 105770558 170892714 0215 0 6a21 6q27
#8731 chr? 195642 158937319 -0,2685 [ MET 70223 7a363
#8731 chrg 190866 146280815 -0,2689 0 SLURP1,MYC 80233 8q24.3
#8737 chrd 214910 141017498 -0,2648 [ CDKN2ATSC1MTAP,PTPN3 99243 90343
#8731 che10 226000 135438930 2635 -0,2674 [ PTEN 10p15.3 100263
#8737 chrit 193118 134856548 10613 -0,2642 [ HMBS 11p15.5 11025
#8731 che12 208345 133811687 11140 02715 [ ARID2,HNF1A COKN1B 12013.33 1202433
#8731 chr13 19600450 115091029 3375 -0.2767 [ RB1 1301211 13a34
#8731 cheia 20201689 107283203 6306 02738 [ 14q112 14q32.33
#8731 chr1s 20170066 102389376 6593 -0,2661 0 15q11.1 150263
#8731 che16 95492 90142284 7558 02577 [ AXINLTSC2,8RD7 16p13.3 160243
#8731 che17 6088 81052160 10619 02568 [ Ps3 17p13.3 179253
#8731 che1g 117194 77960704 2956 02703 0 18p11.32 18023
#8731 che1g 281462 59083958 9716 02455 [ KEAPL,SEPW1,TMEM160 190133 19q13.43
#8731 chr20 68379 29652196 1447 02639 0 20013 20q11.21
#8737 che20 29845513 62906077 3240 0,008 0 DNAICS 20011.21 20q13.33
#8731 che21 9825922 2291297 167 0254 [ 21p11.2 21211
#8731 chr21 26946324 48084620 1778 -0,607 -1 DYRK1A G.DSCAM,TMPRSS2,PTTGY| 210213 219223
#8731 che22 17060842 51219140 3935 02511 [ ZNRF3,CLDNS 2q11.1 2291333
#8731 chrx 2700138 154774846 4699 02802 [ RPSGKAS | | xon3 Xq28
#8737 chry 2655318 23762108 150 03081 [ | | E7STEN Y¥q11.223
Abbreviations:
iL=Gain, Normal, Loss
LRR=LogR ration

Bayard Q, et al. Gut 2020;0:1-10. doi: 10.1136/gutjnl-2019-319790
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y Table 6: ROS1 and FRK fusions from RNAseq
Sample | Diagnosis | Fus type |™-9°" | chri | post hg3s |%™-9"| oz | pos2 hgas s‘i‘:‘;::is"g ‘j:f:;“r:g ?szrvoués Oncolise 5 CIOMANS | Oncafilte B OCMANS
#1439T | HCA | TRANS |PLEKHMAS| chri2 | 19348520 | FRK chré | 115968739 11 Yes | 0.99928 Tﬁj‘:mﬁ:’:ﬁ"’ SH2 domain{Domain]
#835T HCA | TRANS | MIA3 chrl | 222660315 | FRK chr | 115968739 58 Yes | 0.99928 Tz’;ﬁz‘;‘;‘;‘g;:"‘sﬁ SH2 domain{Domain]
#2227 HCA TRANS | MIA2 chr14 39327023 FRK chré 115968739 14 Yes | 0981333 Tﬁj:‘;‘;":;"w‘:"‘s::e] SH2 domain[Domain]
#8737 HCA | TRANS | LMO7 chri3 | 75853310 FRK chr6 | 115968739 25 Yes | 0.99928 Tﬁj:;’:‘;‘;‘::"‘sﬁ SH2 domain{Domain]
#4717 HCA | TRANS | SEG16B | chrl | 177936297 | FRK chi6 | 116060149 9 Yes | 0.946629 Tﬁﬁ:‘in‘;";'ce;’w‘:"‘s‘:‘see! S homology:2
#1343T | HCA | TRANS | RBP4 chri0 | 93600392 | ROS1 chr6 | 117321394 60 Yes | 0911829 T;";j:’elg‘;';'::"‘sﬁ
#1343T HCA TRANS | RBP4 chr10 93600392 ROS1 chré 117324415 205 Yes |0911829 Tz’q:i:‘;‘;";‘;‘;:"‘s:? F'b{l‘l”;cr:“:'i;”’e
#375T HCA INV PLG chré | 160741418 | ROS1 chré | 117324415 | 284 Yes 0999594 | YOS sn"e[A'ct'N:‘";‘f]' Fibronecin tipd
#2729T | HCA INV PLG chr6 | 160718839 | ROS1 chr6 | 117324415 | 21 Yes: |0.90e050;| Tpsnepeaisinkinase; | Frenactn: ps
#477T | HCA | TRANS | RBP4 | chrl0 | 93593822 | ROS1 chis | 117321394 2 Yes | 0911829 T:';i?:,.‘;’,‘ﬁ:,: ety ]
#7447 HCA INV PLG ch6 | 160741418 | ROS1 chr6 | 117324415 | 360 Yes | 0999594 Tﬁj:“:g‘:j;;:"‘::] F'bl'l‘l’["‘;cr"::'i’:y”e
#533T HCA | TRANS | APOB chr2 21040937 | ROS1 chi6 | 117320030 | 500 Yes | 0911829 Tﬁj‘:;’;’&;‘g:"‘;:ﬁ
#533T HCA | TRANS | APOB chr2 21040937 | ROS1 chré 117326414 | 414 Yes |0911829 Tﬁj:‘;’;":;‘;:‘"s:fl 'ol",m[;’;‘;‘;g'l‘?g‘;'r‘:;:z‘;n
#4110T | HCA INV PLG chié | 160741418 | ROS1 chié | 117324415 | 147 Yes | 0999594 T;"c:jg'gn‘:[‘;‘:t'::"‘:‘f] ﬁb{l‘l’['l';"r:'a‘-i;"’“
#757T | HCA INV PLG chré | 160741418 | ROS1 chis | 117324415 | 21 ves: |/ogossas| Yo poiehkinese, | FRvenecth. bpe

Abbreviations:

HCA=Hepatocellular Adenoma

FRK=Fyn Related Src Family Tyrosine Kinase
ROS1=ROS Proto-Oncogene 1, Receptor Tyrosine Kinase
PLEKHAS5=Pleckstrin Homology Domain Containing A5
MIA2=Melanoma Inhibitory Activity 2

MIA3=Melanoma Inhibitory Activity 3

LMO7=LIM Domain 7

SEC16B=SEC16 Homolog B, Endoplasmic Reticulum Export Factor
RBP4=Retinol Binding Protein 4

PLG= Plasminogen

APOB-=Apolipoprotein B

TRANS=Translocation

INV=Inversion

Bayard Q, er al. Gut 2020;0:1-10. doi: 10.1136/gutjnl-2019-319790
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2. Annex 2: Supplementary data Article 4

Supplementary Information

Cyclin A2 and El genomic alterations define a specific subclass of

hepatocellular carcinomas
Bayard et al.

Supplementary Figures

Supplementary Figure 1. Consequences of viral insertions in CCNA2 gene

Supplementary Figure 2. Deletions associated with CCNA2 deregulation

Supplementary Figure 3. Cyclin E1 overexpression induced by viral insertions and
structural rearrangements

Supplementary Figure 4. Mutational signature analysis of CCN-HCC

Supplementary Figure 5. SNP array analysis of focal duplications in CCN-HCC from the
TCGA series

Supplementary Figure 6. Characteristic copy-number profile of CCN-HCC

Supplementary Figure 7. Examples of intra-chromosomal templated insertions and
templated insertion cycles involving several chromosomes

Supplementary Figure 8. RS1 breakpoint hotspots involving highly expressed liver enzymes
Supplementary Figure 9. Binomial regression modeling of rearrangement breakpoint density
Supplementary Figure 10. Rearrangements affecting 7ERT promoter region in CCN-HCC
Supplementary Figure 11. Modulation of TERT expression by different types of genomic
alterations.

Supplementary Figure 12. Rearrangement signatures identified in the pan-cancer series
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Supplementary Figure 1. Consequences of viral insertions in CCNA2 gene

Five AAV2 and 1 HBV insertions were identified in CCNA2 in the LICA-FR series. Precise
insertion boundaries were identified by WGS or viral capture, and RNA-seq reads were
aligned on the chimeric sequence. Here, the different transcripts predicted by Cufflinks are
represented for each case, ordered by transcript abundance. Predicted functional elements
(Transcription initiator, splice and poly-A sites, Kozak sequence, initiator and terminator
codons) are annotated on the chimeric DNA sequence, and the predicted protein sizes
resulting from the translation of each transcript are annotated on the right. Only the most
abundant abnormal transcripts were represented in Fig. 1c.
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Supplementary Figure 2. Deletions associated with CCNA2 deregulation

a Focal deletion of CCNA2 exons 1 & 2 identified in TCGA tumor TCGA-BC-A217.

b Deletions identified in 3 TCGA tumors linking CCNA2 downstream region with the highly
expressed genes ALB, AFP and ADHG.
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Supplementary Figure 3. Cyclin E1 overexpression induced by viral insertions and
structural rearrangements

a Western blot analysis of cyclin E1. Tumors with viral insertions or structural
rearrangements are compared with tumors without CCNE alteration and non-tumoral liver
controls.

b Tumor FR-2141T displays both an AAV?2 insertion in CCNE! regulatory region and a high-
level amplification of the locus. The top panel displays the coverage log-ratio along
chromosome 19 in this tumor. The bottom panel displays the coverage of WGS reads aligned
to the chimeric sequence of CCNE! locus including AAV?2 insertion together with structural
rearrangement breakpoints. It shows that the most strongly amplified region includes CCNE!
regulatory region, and in particular the locus of AAV?2 insertion.
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Mutational signatures (COSMIC nomenclature)

B 1 (ubiquitous clock-like signature)

B 4 (polycyclic aromatic hydrocarbons)
5 (ubiquitous clock-like signature)

M 12 (liver specific, unexplained)
16 (liver specific, increased by male gender, alcohol consumption and smoking)
283 (unexplained signature found in a single hypermutated tumor)

M 24 (aflatoxin B1)

Supplementary Figure 4. Mutational signature analysis of CCN-HCC

a Comparison of the number of single-nucleotide variants (SNVs), indels and structural
rearrangements in CCN-HCC vs others (LICA-FR data, 45 WGS). Red line represent median.
b Contribution of the different mutational signatures known to be operative in liver cancers to

the mutational burden of CCN-HCC and other HCC.
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Supplementary Figure 5. SNP array analysis of focal duplications in CCN-HCC from the
TCGA series.

Focal deletions (<200 kb) were quantified across 334 tumors from the TCGA series as a
surrogate marker of the RS1 signature, and compared between CCNA2-activated, CCNEI-
activated and other HCC. The middle bar, median; box, interquartile range; bars extend to 1.5
times the interquartile range.
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Supplementary Figure 6. Characteristic copy-number profile of CCN-HCC

a Typical copy-number profile of a CCN-HCC, showing hundreds of focal gains scattered

throughout the genome.

b Proportion of focal gains in each CCN-HCC attributed to each rearrangement mechanism.
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Supplementary Figure 7. Examples of intra-chromosomal templated insertions and inter-
chromosomal templated insertion cycles involving several chromosomes

a Intra-chromosomal templated insertions appear as couples of inversions (left) or deletion
and duplication (right) depending on the orientation of aberrant junctions.

b Example of inter-chromosomal templated insertion involving 3 different chromosomes.
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Supplementary Figure 8. RS1 breakpoint hotspots involving highly expressed liver
enzymes

The density of RS1 breakpoints, replication timing, RNA-seq expression, H3K27Ac and
ROADMAP chromatin states are displayed for 3 representative hotspots involving the very
highly expressed liver enzymes albumin, alcohol dehydrogenases and hydroxysteroid 17-Beta
dehydrogenases.
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Supplementary Figure 9. Bmomial regression modeling of rearrangement breakpoint density
a Regression coefficients of the 17 genomic features used to predict the density of signature

RS1 breakpoints.

b Correlation between the number of observed RS1 breakpoints per 500 kb bin and the
expected number predicted by the binomial regression model. Left: Within 4933 bins without
any cancer gene used as training set. Right: Within 761 bins containing cancer genes (test
set). The bin corresponding to TERT promoter region is highlighted in red.
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Supplementary Figure 10. Rearrangements affecting 7ERT promoter region in 350 HCC
genomes

a Summary of rearrangement breakpoints in 7ERT regulatory region. Each arrow indicates a
rearrangement breakpoint. The color indicates the rearrangement signature of the most likely
causal process. Breakpoints occurring in CCN-HCC are represented above the scheme. Those
occurring in other HCC are represented below.

b Functional consequences of structural rearrangements affecting 7ERT regulatory region in
CCN-HCC. Chromatin states and H3K27 acetylation in normal adult liver (top) are compared
with predicted chromatin states and H3K27 acetylation resulting from the 18 structural
rearrangements of TERT regulatory regions identified in CCN-HCC. H3K27Ac chromatin
immunoprecipitation sequencing (ChIP-seq) signal were obtained from the ROADMAP
consortium. The color code of chromatin states is the same as in Supplementary Fig. 8
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Supplementary Figure 11. Modulation of 7ERT expression by different types of genomic
alterations.

The expression of 7ERT is shown in the 3 data sets as a function of the type of alteration
identified in TERT promoter. Only samples with both whole genome and RNA sequencing
were considered. No HBV insertion in 7ERT was identified among the 48 TCGA samples
with whole genome sequencing.

NT: non-tumor liver sample; none: HCC without 7ERT alteration identified; mut: HCC with
TERT promoter mutation; SV: HCC with structural rearrangement affecting 7ERT promoter;
HBV: HCC with HBV insertion in 7ERT promoter. The middle bar, median; box,
interquartile range; bars extend to 1.5 times the interquartile range.
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Supplementary Figure 12. Rearrangement signatures identified in the pan-cancer ICGC

series

a Non-negative matrix factorization (NMF) metrics used to determine the optimal number of
signatures. With 9 signatures, we obtain good cophenetic coefficient and dispersion score.
b Frequency of the 38 structural rearrangement categories in the 9 signatures.
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Supplementary Table 1: Clinical annotations for the 160 samples of the LICA-FR series

Largestthodulel

LastBurvivali

Sample CCNA2{E1 CCN;"-\Z/EI Gender Age l-\IcohoIE Hepatitist Hepatitist MetabolicZ FibrosisZ Edmons diametera Yascl{larE LastBurvivalBtatus delay®
alteration alterationype intake B C syndrome stage on@rade invasion
(mm) (months)

BCB307T None NA M 59 no yes no no F4 Il 30 no death@romiiverancer 33
BCM257T  CCNE1 AAV2 M 53 yes no no no Fa4 n-v 30 no death#romiverancer 29
BCM269T None NA M 67 no yes no no F4 n-1v 26 no deathHromiiveritancer 23
CHCO18T None NA F 35 no yes no no F2-F3 n-1v 170 yes death@romiiverancer 35
CHCO51T None NA F 69 no no yes no F4 n-v 60 no death@romiiverancer 54
CHC1010T None NA F 53 yes no no no FO-F1 n-v 100 no alivevithoutlelapse 56
CHC1040T None NA M 73 yes no no no F2-F3 n-1v 160 yes aliveBvith@elapse 36
CHC1041T None NA M 69 no no no no FO-F1 Il 100 no alive@vithout@elapse 36
CHC1052T None NA M 75 yes no no no F2-F3 n-v 130 yes alive@vithout@elapse 1

CHC1053T None NA M 74 yes no no no Fa4 n-v 35 yes death#romfiverancer 20
CHC1055T  CCNE1 amplification M 68 yes no no no F2-F3 n-1v 200 yes deathHromiiveritancer 6

CHC1061T None NA F 79 no no no yes FO-F1 Il 150 yes alive@vith@elapse 40
CHC1137T None NA M 57 no no yes no F4 n-v 60 yes  deathdromthertiology 8

CHC1148T None NA M 69 yes no no no FO-F1 Il 90 yes death#romfiverancer 15
CHC1180T None NA M 65 yes no no no F2-F3 I-1l 30 no alive@vithout@elapse 89
CHC1183T  None NA M 60 no no no no F2-F3 -1l 180 no death#romidiverancer 49
CHC1185T None NA M 53 yes yes no no F4 n-v 30 no alive@vithout@elapse 92
CHC1207T None NA M 60 yes no no no FO-F1 Il 210 yes alive@vithout@elapse 66
CHC1208T None NA M 47 no yes no no F4 n-1v 60 yes death#romiiveritancer 11
CHC1210T None NA F 44 no yes no no F2-F3 n-1v 70 no alive@vithout@elapse 23
CHC1211T None NA F 32 no yes no no FO-F1 n-v 130 no alive@vithout@elapse 82
CHC121T None NA M 67 yes no no yes FO-F1 Il 120 no death#rom®thertiology 110
CHC129T  CCNA2 AAV2 F 62 no no no no FO-F1 Il 130 yes deathHromiiveritancer 5

CHC1530T None NA M 64 yes yes no no F2-F3 n-1v 75 yes death@romiiverancer 16
CHC1534T  None NA M 67 yes no no no F2-F3 -v 55 no alive@vithoutitelapse 53
CHC1539T None NA M 45 no no yes no F4 n-1v 32 yes alivelvithout@elapse 59
CHC1545T None NA M 77 yes no yes no F4 I-Il 40 no death#romfiveritancer 37
CHC1548T None NA M 55 no yes no no F4 n-v 25 no alive@vithout@elapse 87
CHC1568T None NA M 71 no yes no no F4 n-v 30 yes  deathrom@®ther@tiology 45
CHC1594T CCNE1  Rearrangement@egulatory@egion F 76 yes no no no FO-F1 Il 100 yes  death@romither@tiology 25
CHC1598T None NA F 76 no yes no no FO-F1 n-1v 90 yes alive@vithout@elapse 61
CHC1602T None NA M 71 no no no no FO-F1 Il 75 yes death 88
CHC1600T None NA M 69 yes no no no FO-F1 Il 80 yes alive@vithout@elapse 66
CHC1704T None NA M 43 no yes no no F2-F3 n-1v 140 yes alivelvithout@elapse 34
CHC1603T None NA M 78 yes no no no Fa4 n-1v 50 yes deathHromfiveritancer 14
CHC1604T None NA M 57 no no no no F2-F3 n-v 18 no alive@vith@elapse 67
CHC1616T None NA F 77 no no yes no F4 n-v 100 no death#romiiverancer 46
CHC1626T None NA M 75 yes no no yes FO-F1 n-1v 100 yes deathfromiivertancer 51
CHC1629T None NA M 64 yes no no no FO-F1 Il 70 yes death 69
CHC1715T None NA M 72 yes no no no FO-F1 Il 60 no alive@vithout@elapse 69
CHC1717T None NA M 50 no yes no no F4 I-1 55 yes alive@vith@elapse 25
CHC1731T None NA F 55 no no no no FO-F1 Il 110 no alivelvithout@elapse 21
CHC1725T None NA F 83 no no yes no F2-F3 I-Il 60 yes alive@vithout@elapse 11
CHC1754T None NA M 34 no yes no no F2-F3 n-v 170 yes death@romiiverancer 5

CHC1732T None NA M 49 yes no yes no F4 H-1v 60 yes death@romiiver@ancer 10
CHC1736T None NA M 58 no yes no no F4 n-1v 45 yes deathHromiiveritancer 3

CHC1737T None NA M 73 no no no yes F2-F3 n-1v 32 no aliveBvith@elapse 61
CHC1739T None NA M 55 yes no no yes F4 n-v 50 no death@romither@tiology 19
CHC1741T None NA M 57 yes no no no F4 I-1 32 no alive@vith@elapse 60
CHC1742T None NA M 67 no no no no FO-F1 n-1v 33 yes deathHromiivertancer 17
CHC1744T None NA M 50 no yes yes no Fa4 n-1v 70 yes death@romiiveritancer 28
CHC1745T None NA F 69 no no yes yes F4 n-v 60 yes  death@romither@tiology 14
CHC1746T None NA M 75 no no no no F2-F3 -1v 40 yes alive@vith@elapse 65
CHC1747T None NA M 54 yes no yes no F4 n-1v 40 yes deathHromiiveritancer 27
CHC1749T None NA M 66 no yes no no FO-F1 n-1v 150 yes alive@vithout@elapse 12
CHC1753T None NA M 65 no no yes no F2-F3 n-v 25 no alive@vith@elapse 112
CHC197T None NA M 73 yes no no no F2-F3 H-1v 130 yes alive@vith@elapse 68
CHC1756T None NA M 73 yes yes no no F4 n-1v 45 yes aliveBvith@elapse 144
CHC1757T None NA M 41 yes no no yes F4 I-Il 12 no alive@vithout@elapse 66
CHC1763T None NA M 75 yes no no yes FO-F1 n-v 60 no death@romther@tiology 21
CHC1994T  CCNE1 HBV M 57 no yes no no FO-F1 n-v 190 yes alive@vith@elapse 52
CHC2048T CCNE1  Rearrangement@egulatory@egion M 65 yes no no no FO-F1 n-1v 100 yes deathHromiiveritancer 21
CHC2043T None NA F 21 no no no no FO-F1 n-1v 50 no alive@vithout@elapse 67
CHC2103T None NA M 57 yes no yes no FO-F1 H-v 28 yes death 49
CHC2111T None NA F 56 no no no no FO-F1 I-i 60 no alivevithout@elapse 61
CHC2112T  CCNA2 AAV2 F 48 no no no yes FO-F1 n-1v 190 yes  deathBromther@tiology 13
CHC2128T  CCNA2 AAV2 F 53 no no no yes FO-F1 Il 200 yes alive@vithout@elapse 45
CHC2113T None NA M 61 yes no no no FO-F1 n-v 90 no death@romther@tiology 57
CHC2115T None NA M 75 yes no no yes FO-F1 n-v 100 yes death#romiver@ancer 17
CHC2206T  CCNA2 AAV2 M 90 no no no no FO-F1 n-1v 40 no alivelvithout@elapse 41
CHC2132T None NA M 57 no no no yes FO-F1 n-1v 180 no alive@vithout@elapse 51
CHC2135T None NA F 57 yes yes no yes FO-F1 H-v 25 no death 36
CHC2141T  CCNE1 AAV2 M 74 yes no no no F2-F3 H-v 65 no death 16
CHC218T None NA M 69 no no no yes FO-F1 n-1v 130 yes deathHromiiveritancer 2

CHC2200T None NA M 69 no no no yes FO-F1 n-1v 110 yes alive@vith@elapse 40
CHC1591T  CCNE1 AAV2 M 60 no no no yes FO-F1 n-v 120 yes death@romiiverancer 46
CHC2207T CCNE1  Rearrangement@egulatory@egion M 49 no no no no FO-F1 n-v 90 yes alive@vith@elapse 51
CHC2208T  CCNE1 AAV2 M 53 no no no no FO-F1 n-1v 20 no alive@vithout@elapse 31
CHC2210T None NA M 66 no no no yes FO-F1 H-v 50 yes death 43
CHC2415T None NA M 68 no no no yes FO-F1 n-v 180 yes alive@vithout@elapse 36
CHC2443T None NA M 74 yes no no yes FO-F1 -1v 438 yes death 24
CHC2448T None NA M 82 no no no yes FO-F1 I-Il 75 yes  death@romither®tiology 26
CHC2449T  CCNA2 fusion M 81 no no no yes FO-F1 n-1v 90 no alive@vith@elapse 45
CHC2491T None NA M 66 yes no no no F4 n-v 30 yes  death@rom@®ther@tiology 86
CHC2538T None NA F 76 no no no yes F2-F3 Il 40 no alive@vithEelapse 37
CHC2539T None NA F 41 no no no no FO-F1 n-1v 160 yes aliveBvith@elapse 35
CHC253T None NA M 67 no no no yes F4 n-1v 80 yes  death@rom@ther@tiology 0

CHC2558T None NA M 70 yes no no yes FO-F1 Il 30 no alive@vith@elapse 34
CHC2560T None NA M 74 no no no yes FO-F1 Il 70 no alive@vithoutlelapse 28
CHC2686T None NA F 52 no no no no FO-F1 n-1v 110 yes alive@vithout@elapse NA
CHC2687T None NA M 76 no no no yes FO-F1 H-v 120 yes NA NA
CHC2691T None NA M 68 yes no no yes FO-F1 n-iv 60 no NA NA
CHC2695T None NA M 94 no no no no FO-F1 - 83 no NA NA
CHC2696T None NA M 66 yes no no no FO-F1 H-1v 110 yes NA NA
CHC2697T  CCNA2 fusion M 64 yes no no no FO-F1 n-1v 110 yes death 11



Largesthodulel

References

LastBurvivalt

Sample CCNAZ{EI CCN{\Z/EI Gender Age /.\Icoholm Hepatitist bolicZ FibrosisZ Edmons diameterd \.Iascu.larE LastBurvivalBtatus delay
intake B C syndrome stage on@rade invasion
(mm) (months)

CHC2706T None NA M 70 yes no no no F4 n-1v 50 yes alive@vith@elapse 35
CHC2707T None NA W 79 no no no no FO-F1 -1l 30 yes aliveWvithout@elapse 33
CHC2844T None NA W 55 no no no no FO-F1 -1l 120 yes aliveWvithout@elapse 21
CHC2899T None NA W 52 no no yes no F4 n-1v 62 yes alive@vith@elapse 30
CHC3029T None NA F 54 no no yes no F4 n-1v 70 yes alive@vith@elapse 26
CHC302T None NA W 72 no no yes no F2-F3 -1l 45 no alive@vithout@elapse 66
CHC304T None NA W 77 yes no no no FO-F1 n-1v 180 yes death#romiiver@ancer 22
CHC306T None NA W 68 no no yes no F4 -1l 20 no aliveWvithout@elapse 65
CHC309T None NA F 69 no no yes no F2-F3 n-1v 20 yes  death#romthertiology 2

CHC313T  CCNA2 AAV2 F 43 no no yes no FO-F1 n-1v 130 yes death#romiiver@ancer 11
CHC314T None NA W 71 yes no yes no F2-F3 -1l 45 no aliveWvithout@elapse 60
CHC320T None NA W 65 yes no yes no F4 "-1v 35 no deathfrom®thertiology 1

CHC322T None NA W 74 yes no no no F4 n-1v 40 no death#romiiver@ancer 21
CHC3238T  None NA F 58 no no no no FO-F1 -v 160 no death@romiiver@ancer 7

CHC327T None NA W 63 no no yes no F4 -1l 25 no deathfromthertiology 5

CHC3618T None NA W 53 no yes no no FO-F1 n-1v 130 no death#romiiver@ancer 1

CHC3619T None NA W 66 no no yes no F4 -1l 50 yes death@romiiver@ancer 15
CHC3620T None NA W 35 no yes no no F4 n-1v 40 yes alive 15
CHC3621T None NA W 55 yes no no no F4 n-1v 60 yes alive 11
CHC3624T  None NA M 64 no no no no F4 -v 60 no alive 21
CHC3626T None NA W 82 yes no no no F4 -1l 160 no death#romiiver@ancer 7

CHC3627T None NA W 55 no no yes no F4 -1l 63 no death@romiiver@ancer 20
CHC3628T None NA W 86 no no no yes F4 -1l 20 no alive 24
CHC3631T None NA W 85 yes no no no FO-F1 -1l 130 no death@romiiver@ancer 2

CHC3633T None NA W 70 yes no no yes F4 n-1v 110 yes death@romiiver@ancer 1

CHC3638T None NA M 84 no no no yes FO-F1 Hi-v 65 no alive 28
CHC3641T  CCNE1 AAV2 ™M a7 no no no yes FO-F1 I-1 140 no alive 29
CHC3643T None NA W 53 no yes no no FO-F1 n-1v 200 no death#romiiver@ancer 9

CHC3644T None NA ™M 50 yes no no no F4 Hi-v 100 yes NA NA
CHC3647T None NA W 56 no no yes no F4 n-1v 50 yes  deathdrom®thertiology 11
CHC3650T None NA F 67 no no yes no F4 n-1v 110 no death#romiiver@ancer 1

CHC3716T None NA F 53 no no yes no F4 n-1v 20 no death@romiiver@ancer 4

CHC3788T None NA Y 58 no yes no no F4 n-1v 28 yes alive@vith@elapse 16
CHC3798T  CCNA2 HBV F 51 no yes no no F2-F3 n-v 120 yes NA NA
CHC3825T None NA ™M 74 no yes no no F2-F3 Hi-v 43 yes NA NA
CHC3864T None NA W 69 yes no no no F4 -1l 32 no aliveWvithout@elapse 13
CHC3880T CCNA2 fusion F 32 no no no no FO-F1 NA 80 yes death@romiiver@ancer 34
CHC3894T None NA ™M 56 yes no no no FO-F1 Hi-v 160 yes alive 69
CHC3914T None NA ™M 68 no yes no no F4 NA 40 no alive 10
CHC4041T None NA F 64 no no yes no F2-F3 n-1v 120 yes death@romiiver@ancer 0

CHC4042T  None NA F 58 no no no no FO-F1 -l 80 no death@romiiver@ancer 4

CHC4043T None NA M 72 no no no yes FO-F1 Hi-v 50 no alive 11
CHC4046T None NA W 58 yes no no yes F2-F3 n-1v 90 no death#romiiver@ancer 8

CHC4049T None NA M 42 no yes no no F4 Hi-v 25 yes alive 22
CHC4051T None NA W 72 yes no no no FO-F1 "-1v 190 no death#romiiver@ancer 8

CHC4055T None NA W 62 no no yes no F4 -1l 35 yes death#romiiver@ancer 38
CHC429T None NA F 64 no no no no FO-F1 n-1v 45 yes alive@vith@elapse 65
CHC432T None NA M 70 yes no no no F2-F3 -1l 70 yes death#romiiver@ancer 34
CHC433T None NA W 70 yes no no yes FO-F1 -1l 180 yes death#romiiver@ancer 16
CHC609T None NA W 60 yes yes no yes F2-F3 n-1v 50 yes alive@vith@elapse 50
CHC614T None NA M 61 no no no yes FO-F1 n-1v 30 yes  deathdromithertiology 12
CHC736T None NA M 77 no yes no no FO-F1 "-1v 160 yes alive@vithout@elapse 61
CHC793T None NA W 61 no no no no FO-F1 n-1v 80 yes death#romiiver@ancer 37
CHC794T None NA W 73 no no no no FO-F1 n-1v 160 yes death#romiiver@ancer 6

CHC796T None NA W 76 yes no no no F2-F3 -1l 48 no aliveWvithout@elapse 31
CHC884T None NA W 75 yes no no no F2-F3 n-1v 130 yes aliveWvithout@elapse 54
CHC889T None NA W 71 no no no yes F2-F3 -1l 85 yes  deathdrom®thertiology 1

CHC891T None NA F 73 no no no no F4 "-1v 45 yes death#romiiver@ancer 17
CHC892T None NA F 72 no no no no FO-F1 -1l 55 no alive@vith@elapse 49
CHC898T None NA W 71 no no no no F2-F3 "-1v 80 yes death#romiiver@ancer 47
CHC900T None NA W 41 yes no yes no F4 -1l 17 no aliveWvithout@elapse 110
CHC909T None NA W 70 no no no no FO-F1 n-1v 210 yes alive@vithout@elapse 37
CHC912T None NA W 78 yes no yes no FO-F1 n-1v 60 yes death#romiiver@ancer 26
CHC961T  CCNA2 fusion M 57 yes no no no FO-F1 n-1v 190 yes death@romiiver@ancer 17
CHC985T None NA W 55 yes no no no F4 -1l 25 no deathdrom®thertiology 2
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Supplementary Table 2: Main clinical characteristics of the LICA-FR, TCGA and ICGC-]JP
cohorts. For each clinical characteristic, % are given as proportion of samples with

available data.

LICA-FREZLOHORTEn=160)

Age Mediandrange] 66[21-94]
Gender M 126[79%)
F 34321%)
Etiology Alcohol 63H39%)
Metabolic@isease 37d23%)
HCV 30d19%)
HBV 30619%)
Largestthodule@iameterdmm) Mediandrange] 67012-210]
Fibrosis§yMETAVIRBcore) FO-F1 75047%)
F2-F3 32020%)
F4 53033%)
Edmonson@rade 111 48[30%)
n-1v 11070%)
Not@letermined 2
Vascularinvasion yes 93[58%)
no 67042%)
TCGAEOHORTHn=334)
Age Median@range] 61416-90]
Gender M 224[67%)
F 110633%)
Etiology Alcohol 106[32%)
NAFLD* 1906%)
HCV 52016%)
HBV 86[26%)
Fibrosisflshak®core) OBFENoFibrosis 85{36%)
1,2B@ortalFibrosis 3515%)
3,48FibrousBpeta 28{12%)
SENodular@FormationZndd@ncompletelirrhosis I4%)
6@&EstablishedTirrhosis 78{33%)
Not@letermined 99
Histological@rade G1 50f15%)
G2 16048%)
G3 113334%)
G4 TH2%)
Not@letermined 4
Vascularnvasion Macro 14@5%)
Micro 80[29%)
None 186[66%)
Not@letermined 54
*NAFLD:@MNon-AlcoholicFattyiiveriisease
ICGC-JPEEOHORTHN=257)
Age Mediandrange] 68431-86]
Gender M 196[76%)
F 61[24%)
Etiology Alcohol@>60g@eriay) 33[14%)
Hcv 147857%)
HBV 76[30%)
TumorBizedmm) Median@range] 30[8-300]
LiverHibrosisdNewA@nuyamalassification) 0 1134%)
1 28d11%)
1-2 1205%)
2 53021%)
3 61024%)
4 92036%)
Edmonson@rade | 2148%)
-1l 1174%)
Il 149758%)
1I-111 43017%)
1] 30d12%)
\% 201%)
Not@letermined 1
Vascularnvasion yes 86[{34%)
no 169466%)
Not@letermined 2
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Supplementary Table 6: Significantly enriched and depleted driver genes in CCN-HCC.

LICA-FRBERIES

Gene %Alteration %lteration Fisher's@®xact g-value
in@CCN-HCC in@thertHCC test@p-value
PTEN 0,50 0,078571 0,000004 0,000110
RB1 0,70 0,178571 0,000009 0,000110
TERT@®romoter 0,21 0,688525 0,000160 0,001331
CTNNB1 0,00 0,407143 0,001321 0,008255
TP53 0,50 0,378571 0,004942 0,024708
TCGABERIES
%@lteration %E@lteration Fisher's@®xact
Gene in@CCN-HCC in@therHCC test@p-value q-value
PTEN 0,500000 0,084967 0,000000 0,000002
CDKN1A 0,392857 0,055556 0,000001  0,000004
RB1 0,571429 0,169935 0,000001  0,000004
FGA 0,357143 0,124183 0,000013  0,000066
CTNNB1 0,000000 0,316993 0,000549  0,002306
TERT@romoter* 0,464286 0,715686 0,009426  0,034562

*TERT@BromoterBcreeningvailableforfl86@umors.
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Supplementary Table 7: Contribution of rearrangement signatures to the genomes of
350 tumors from the LICA-FR, TCGA and ICGC series

CCNA2/E1 # of events # of events # of events # of events # of events # of events
% CCNA2/E1 5 i < % 3 % ®
Sample Series oleratin alteration attributed to attributed to attributed to attributed to [ dto [ dto
type gl e RS1 RS2 RS3 RS4 signature RS5 signature RS6

CHC2449T LICA-FR CCNA2 fusion 572 0 0 0 0 0
CHC1594T LICA-FR CCNE1 N 524 41 39 163 0 0
TCGA-BC-A217 TCGA CCNA2 del_ex12 459 0 113 0 0 0
CHC961T LICA-FR CCNA2 fusion 455 0 42 62 0 0
RK107 ICGC-JP CCNA2 HBV 424 42 48 60 43 0
CHC129T LICA-FR CCNA2 AAV2 414 0 0 0 32 0
TCGA-PD-ASDF TCGA CCNA2 fusion 408 44 72 0 0 0
CHC3798T LICA-FR CCNA2 HBV 363 24 0 0 29 0
CHC313T LICA-FR CCNA2 AAV2 316 29 0 50 0 0
CHC2112T LICA-FR CCNA2 AAV2 293 81 54 119 0 0
CHC2697T LICA-FR CCNA2 fusion 276 0 0 0 36 0
RK285 ICGC-JP CCNA2 fusion 275 23 0 0 54 0
CHC2207T LICA-FR CCNE1 sV 262 32 0 91 34 0
TCGA-BW-ASNO TCGA CCNE1 sV 215 69 0 122 0 0
HX32 ICGC-JP CCNE1 AAV2 208 29 0 0 0 0
CHC2141T LICA-FR CCNE1 AAV2 199 57 0 92 0 0
TCGA-FV-A495 TCGA CCNA2 sV 190 39 76 88 0 0
CHC2048T LICA-FR CCNE1 SV 188 31 0 0 0 0
TCGA-BC-A216 TCGA CCNA2 fusion 171 96 38 80 60 0
CHC1994T LICA-FR CCNE1 HBV 123 39 15 18 13 0
CHC2208T LICA-FR CCNE1 AAV2 110 27 0 0 35 0
RK126 ICGCJP WT NA 95 0 0 0 68 0
TCGA-DD-A4NA TCGA WT NA 89 57 0 0 18 0
CHC2115T LICA-FR WT NA 65 18 0 0 123 0
RK111 ICGC-JP WT NA 60 96 0 20 0 0
TCGA-DD-A1EB TCGA WT NA 56 175 0 0 0 0
TCGA-ED-A459 TCGA WT NA 56 0 211 0 42 0
RK172 ICGC-JP WT NA 55 0 103 10 0 0
CHC218T LICA-FR WT NA 46 29 0 0 488 0
CHC322T LICA-FR WT NA 43 13 0 53 30 0
CHC912T LICA-FR WT NA 39 0 0 122 281 0
RK023 ICGC-JP WT NA 34 18 0 0 105 0
RKO79 ICGC-JP WT NA 30 0 29 15 0 6
CHC909T LICA-FR WT NA 29 0 0 0 38 0
TCGA-G3-A25T TCGA WwT NA 28 0 0 0 69 14
CHC2200T LICA-FR WT NA 27 145 34 21 23 0
CHC304T LICA-FR WT NA 26 9 0 30 82 0
TCGA-FV-A496 TCGA WT NA 26 254 0 20 0 0
RK211 ICGC-JP WT NA 26 118 31 36 16 0
RK326 ICGC-JP WT NA 26 0 12 0 10 0
RKO83 ICGC-JP wT NA 24 0 0 0 82 0
RK187 ICGC-JP WT NA 24 8 0 19 18 0
RK263 ICGCJP WT NA 24 0 0 0 4 0
RKO70 ICGCJP WT NA 23 217 0 42 0 0
CHC314T LICA-FR WT NA 22 20 0 104 11 0
TCGA-DD-A1E) TCGA WT NA 22 13 11 69 8 8
CHC2443T LICA-FR WT NA 20 12 20 53 22 0
RKO19 ICGC-JP WT NA 20 48 105 150 0 0
RK162 ICGC-JP WT NA 20 S 0 4 4 0
RK191 ICGCIP WT NA 19 0 39 0 6 0
RK027 ICGC-JP WT NA 18 18 0 35 58 0
RK207 ICGC-JP WT NA 18 19 32 0 52 0
CHC1754T LICA-FR WT NA 17 0 89 50 30 11
TCGA-G3-A25S TCGA WT NA 17 0 128 65 20 15
RK229 ICGC-JP WT NA 17 2 0 4 4 0
TCGA-DD-A3A7 TCGA WT NA 16 35 43 47 29 0
TCGA-DD-A4NE TCGA WT NA 16 0 28 93 17 0
HX27 ICGC-JP WT NA 16 0 0 0 11 0
RK115 ICGCIP WT NA 16 0 0 2 10 6
CHC320T LICA-FR WT NA 15 14 16 5 42 0
TCGA-BW-ASNP TCGA WT NA 15 13 0 66 16 0
RK026 ICGCIP WT NA 15 0 0 0 15 4
RKO30 ICGC-JP WT NA 15 26 7 17 31 38
RK062 ICGC-JP WT NA 15 2 0 12 2 0
RK157 ICGC-JP WT NA 15 5 0 5 21 6
RK256 ICGCJP CCNE1 HBV 15 19 18 33 6 0
RK280 ICGC-JP WT NA 15 77 0 10 10 0
TCGA-FV-A23B TCGA WT NA 14 0 37 31 0 0
RKOO1 ICGCJP WT NA 14 5 0 9 18 3
RK046_2 ICGC-JP WT NA 14 0 6 8 44 0
RK128 ICGC-JP WT NA 14 0 0 89 0 0
CHC2103T LICA-FR WT NA 13 0 0 15 20 0
RK228 ICGC-JP WT NA 13 20 0 9 22 5
RK261_2 ICGC-JP WT NA 13 11 15 26 54 47
CHC1704T LICA-FR WT NA 12 0 0 30 101 0
TCGA-CC-5261 TCGA WT NA 12 0 0 42 19 0
TCGA-DD-A1EI TCGA WT NA 12 0 156 43 0 11
TCGA-CC-A1HT TCGA WT NA 12 11 0 22 44 0
RK257 ICGC-JP WT NA 12 4 0 8 3 0
CHC1598T LICA-FR WT NA 1 7 18 33 10 0
HX28 ICGCIP WT NA 11 0 30 119 0 0
RKO75 ICGC-JP WT NA 11 11 0 39 61 0
RK224 ICGC-JP WT NA 1 0 52 75 0 0
RK266 ICGCJP WT NA 11 40 0 0 39 0
CHC433T LICA-FR WT NA 10 0 0 11 54 6
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Number of RS1 events and association with CCNAZ2/E1
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3. Annex 3: Article 5
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carcinoma with fibrolamellar-like features and activated PKA
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Background & Aims: DNAJB1-PRKACA fusion is a specific driver
event in fibrolamellar carcinoma (FLC), a rare subtype of hepa-
tocellular carcinoma (HCC) that occurs in adolescents and young
adults. In older patients, molecular determinants of HCC with
mixed histological features of HCC and FLC (mixed-FLC/HCC)
remain to be discovered.

Methods: A series of 151 liver tumors including 126 HCC, 15 FLC,
and 10 mixed-FLC/HCC were analyzed by RNAseq and whole-
genome- or whole-exome sequencing. Western blots were per-
formed to validate genomic discoveries. Results were validated
using the TCGA database.

Results: Most of the mixed-FLC/HCC RNAseq clustered in a
robust subgroup of 17 tumors, which all had mutations or
translocations inactivating BAP1, the gene encoding BRCA1-
associated protein-1. Like FLC, BAP1-HCC were significantly
enriched in females, patients with a lack of chronic liver disease,
and fibrotic tumors compared to non-BAP1 HCC. However, pa-
tients were older and had a poorer prognosis than those with
FLC. BAP1 tumors were immune hot, showed progenitor features
and did not show DNAJB1-PRKACA fusion, while almost none of
these tumors had mutations in CTNNB1, TP53 and TERT promoter.
In contrast, 80% of the BAP1 tumors showed a chromosome gain
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of PRKACA at 19p13, combined with a loss of PRKAR2A (coding for
the inhibitory regulatory subunit of PKA) at 3p21, leading to a
high PRKACA/PRKAR2A ratio at the mRNA and protein levels.
Conclusion: We have characterized a subgroup of BAPI-driven
HCC with fibrolamellar-like features and a dysregulation of the PKA
pathway, which could be at the root of the clinical and histological
similarities between BAP1 tumors and DNAJB1-PRKACA FLCs.

Lay summary: Herein, we have defined a homogeneous sub-
group of hepatocellular carcinomas in which the BAP1 gene is
inactivated. This leads to the development of cancers with fea-
tures similar to those of fibrolamellar carcinoma. These tumors
more frequently develop in females without chronic liver disease
or cirrhosis. The presence of PKA activation and T cell infiltrates
suggest that these tumors could be treated with PKA inhibitors
or immunomodulators.

© 2019 Published by Elsevier B.V. on behalf of European Association
for the Study of the Liver.

Introduction

Fibrolamellar carcinoma (FLC) is a rare subtype of hepatocellular
carcinoma (HCC) mostly diagnosed in adolescents and young
adults. It was originally defined by specific histological features
of both the tumor cells and their stroma, with the presence of
abundant fibrosis arranged in a lamellar fashion around deeply
eosinophilic large neoplastic hepatocytes, frequent central scar
and calcifications."* FLCs define a specific subgroup of HCC since
they have peculiar clinical features compared to classical HCC,
such as a young age at onset between 10 to 35 years old, a
balanced sex ratio, an absence of underlying liver disease or risk
factors and a better prognosis, with 80% survival at 5-years after
resection.” Biologically, FLCs show a high number of mito-
chondria and progenitor features, suggesting that the tumor cells
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are blocked at a specific stage of differentiation with hepato-
cellular (HEPAR1), biliary (CK7) and CD68 co-expressed
markers.”> In 2014, Honeyman and colleagues discovered a
specific 400 kb chromosome deletion at chromosome 19 in FLC
leading to a recurrent chimeric DNAJB1-PRKACA gene fusion.”
DNAJB1 encodes HSP40, a member of the heat shock protein
family, while PRKACA codes for the cAMP-dependent protein
kinase (PKA) catalytic subunit alpha; the chimeric gene results in
PRKACA catalytic domain overexpression and subsequent PKA
activation. In addition, rare FLC without DNAJB1-PRKACA fusion
were identified in patients with Carney disease due to PRKARIA
germline mutations that also led to PKA activation and a similar
phenotype.” In contrast, PKA activation is only rarely identified
in HCC (<1% GNAS mutations) or in cholangiocarcinoma (around
6% of GNAS mutations and rare fusions of PRKACA, PRKACB and
PRKAR1B).%*

Frequently, FLC diagnosis can be difficult and tumors with
histological features of both HCC and FLC have been described as
mixed-FLC/HCC.'"®""* In comparison with FLC, mixed-FLC/HCC
patients were older, all above 35 years, and had a poor prog-
nosis. Moreover, transcriptomic analyses showed a different
profile of expression in the mixed-FLC/HCC and a lack of DNAJB1-
PRKACA fusion."”'* Therefore, mixed-FLC/HCC should be better
defined in the phenotypic/molecular diversity of liver tumors, in
particular to identify similarities and differences with FLC of the
young and other HCC subtypes.'

In this study, to identify specific molecular driver(s) of the
mixed-FLC/HCC subgroup of tumors, we performed an integrated
genomic analysis using RNA sequencing (RNAseq) and whole-
genome- or whole-exome sequencing (WGS/WES) of 151 liver
tumors classified as HCC, FLC and mixed-FLC/HCC by patholog-
ical review.

Material and methods

Patients and tumors

We assembled a series of 151 patients (LICA-FR cohort) enriched
with 15 FLC, 10 mixed-FLC/HCC cases and including 126 HCC
controls;*'® genomic data (WGS or WES and RNAseq) and data
from pathological review were available for all cases (see below).
The study was approved by the local Ethics Committee (CCPPRB
Paris Saint-Louis IRB0O0003835), and informed consent was ob-
tained in accordance with French legislation for all patients.
Tumor and corresponding non-tumor samples were frozen at
-80°C after tumor resection and all tumor samples were primary
tumors except 8 samples collected at relapse; clinical features
are summarized in Table 1. For validation, we used 345 tumors
(339 HCC, 4 FLC, 2 mixed-FLC/HCC) from the TCGA (The Cancer
Genome Atlas) cohort,'® whose clinical features are also
described in Table 1.

Pathological review

Multiple slides of the same tumor were reviewed by at least 2
liver pathologists for several histological criteria previously
described' """ including: tumor differentiation (WHO grade and
Edmonson grade), vascular invasion (microscopic), tumor ar-
chitecture (macrotrabecular, microtrabecular, pseudoglandular),
abundant fibrous stroma (>20%), steatosis, histological patterns
(scirrhous, macrotrabecular massive), lymphocytic inflammation
(>20%), tumor invasion (biliary tract, perineural) and clear cell
presence. HCC containing at least 1 area with FLC-like features
were annotated as mixed-FLC/HCC as previously described'
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(Fig. S1). For the TCGA cohort, histological features were
reviewed by at least 2 liver pathologists from the virtual slides
available online via cBioPortal (http://www.cbioportal.org/).
Tertiary lymphoid structures were annotated on hematein-
eosin-safran slides as in'**” for a subset of the LICA-FR cohort
(55 tumors) and all tumors from the TCGA cohort.

Genomic sequencing

A total of 151 tumors and their corresponding non-tumor tissues
were sequenced by WES (n = 115 including 43 new cases) or
WGS (n = 36 including 3 new cases) as previously
described.”"** For samples without WGS, targeted analysis of
TERT promoter was performed with Sanger (n = 100) and/or
miSeq (n = 38) sequencing as previously described,” while BAP1
was re-sequenced with miSeq technology in 24 samples (the list
of primer sequences is provided in Table S1). Copy number
analysis was performed as previously described”” and manually
corrected with the help of the GAP tool.”

RNAseq and transcriptomic analyses

mRNAs were extracted from 151 tumor (including 64 new cases)
and 3 non-tumor tissues and sequenced using lllumina TruSeq or
[llumina TruSeq Stranded mRNA kit, libraries were sequenced by
IntegraGen (Evry, France) on an Illumina HiSeq 2,000 or 4,000
paired-end 75 bp or 100 bp reads as previously described.”
Fastq files were aligned to the reference human genome
GRCh38 using TopHat2.”® Reads mapping to multiple locations
were removed and we used HTSeq*® to obtain the number of
reads associated with each gene in the Gencode v27 database,
restricting reads to protein-coding genes, pseudogenes, anti-
sense and lincRNAs (n = 58,288). We used the Bioconductor
DESeq2 package®’ to import raw HTSeq counts for each sample
into R statistical software and applied variance stabilizing
transformation to the raw count matrix to obtain an expression
matrix without variance-mean dependence (vst matrix). FPKM
scores (number of fragments per kilobase of exon model and
millions of mapped reads) were calculated by normalizing the
count matrix for the library size and the coding length of each
gene. We used the area under the ROC curve (AUC) to identify
and remove 2,404 genes with a significant batch effect (AUC
>0.95 between one sequencing project and others). Unsuper-
vised hierarchical clustering was done using Cosine distance and
Ward method on most 5,000 differentially expressed genes from
the vst matrix as previously described.”*

Tumors were classified in the G1-G6 classification as previ-
ously described for the LICA-FR cohort*® and the TCGA cohort.””
We used the Bioconductor limma package™ to test for differen-
tial gene expression between 2 groups of RNAseq samples of
interest. All genes expressed in at least 5 samples (FPKM>0) were
considered for the differential expression analysis. We applied a
q-value threshold of <0.05 to define differentially expressed
genes. We used an in-house adaptation of the gene-set enrich-
ment analysis (GSEA) method’’ to identify gene sets from the
MSigDB (v. 6.0) database overrepresented among up- and
downregulated genes. Single sample GSEA scores were calcu-
lated as gene-set variation analysis (GSVA) enrichment scores,
using the GSVA package.*”

The relative abundance of immune and stromal cell infiltra-
tion within tumors was assessed through microenvironment cell
population (MCP) scores computed with the MCP-counter
method®” adapted to RNAseq data (exp matrix) after filtering
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Table 1. Clinical, histological and molecular features of tumors stratified by molecular alterations.
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LICA-FR TCGA*
Non-BAP1/ Non-BAP1/
fusPRKACA BAP1 tumors fusPRKACA tu- fusPRKACA BAP1 tumors fusPRKACA
tumors (n = 118) (n=18) mors (n = 15) tumors (n = 323) (n=16) tumors (n = 6)
n/N (%) n/N(%) p n/N(%) p n/N (%) n/N(%) p n/N(%) p
Histological Diagnosis

HCC 116/118 (98)  10/18 (56) **#it# 0/15(0) 323/323 (100) 16/16 (100) #HH 0/6 (0) i

FLC 0/118(0)  2/18 (11)  *###  13/15(87) it 0/323 (0) 0/16 (0) # 46 (67) i

mixed-FLC/HCC 2118 (2) 6/18 (33) = 2/15(13) 0/323 (0) 0/16 (0) 2/6 (33) it
Age at sampling (years) 64 (18-90)  51(27-73) **### 26 (17-36) fif 61(20-90) 61 (44-77)  ### 22(17-35) i
Female gender 23/118 (19)  12/18 (67) = 9/15(60) if 92/323 (28)  12/16 (75) = 3/6(50)
Alcohol intake 47/116 (41)  5/16 (31) 0/12(0) 107/304 (35)  3/14 (21) 1/4(25)
Hepatitis B 39/118 (33) 1/17 (6) ¢ 0/12(0) 1 102/304 (34)  2/14(14) 0/4 (0)
Hepatitis C 15/116 (13) 0/15 (0) 0/12 (0) 47/304 (15) 1/14(7) 0/4 (0)
Without etiology 14/118 (12) 8/16 (50)  **“## 12/12(100) HF 67/300 (22) 7/13 (54) % 3/4(75) I
Non-tumor liver histology™* *1i4*t

FO-F1 52/118 (44)  16/17 (94) 15/15 (100) 92/192 (48)  9/12 (75) 5/5 (100)

F2-F3 36/118 (31) 1/17 (6) 0/15 (0) 29/192 (15)  2/12(17) 0/5 (0)

F4 30/118 (25) 0/17 (0) 0/15 (0) 71/192 (37) 112 (8) 0/5 (0)
Abundant fibrous stroma 32/115(28)  13/18(72) ***#  15/15(100) 36/323 (1)  6/16(38) * 4667
Tumor steatosis 19/100 (19)  10/15(67)  ***##  2/13(15) 105/323 (33)  12/16 (75) = 1/6(17)
Biliary Tract Invasion 2/104(2)  5/16 (31) 1/13 (8) 7/323(2)  2/16 (13) 0/6 (0)
Perineural invasion 0/104 (0) 2/15(13) * 2/13 (15) I 0/323 (0) 1/16 (6) * 1/6 (17) I
Macrotrabecular massive 13/114 (11) 0/13 (0) 0/15 (0) 62323 (19) 1/16 (6) 0/6 (0)
Scirrhous pattern 9Mm7(8)  3/18(17) 0/13 (0) 5/319 (2) 0/16 (0) 0/6 (0)
Lymphocytic inflammation 23/10(21) 1/15(73)  ***## 1/12 (8) 70323 (22)  8/16 (50) * 2/6(33)
Boyault transcriptomic class P s e

Gl 1318 (11)  14/18 (78) 3/15 (20) 41/292 (14)  10/16 (63) 1/6 (17)

G2 17118 (14) 1/18 (6) 0/15 (0) 46/292 (16) 1/16 (6) 0/6 (0)

G3 28/118 (24) 1/18 (6) 3/15 (20) 29/292 (10) 0/16 (0) 1/6 (17)

G4 22/118 (19)  2/18 (11) 9/15 (60) 83/292(28)  3/16 (19) 3/6 (50)

G5 21/118 (18) 0/18 (0) 0/15 (0) 17/292 (6) 0/16 (0) 0/6 (0)

G6 17118 (14) 0/18 (0) 0/15 (0) 76/292 (26)  2/16 (13) 1/6 (17)

BAPI altered 0/118 (0) 18/18 (100) ***## 0/15 (0) 0/323(0) 16/16 (100) ***##H# 0/6 (0)
CTNNB1 mutated 41/118 (35) 1/18 (6) * 115(7) ¢ 92/323 (28) 1/16 (6) 0/6 (0)
TP53 mutated 47/118 (40) 2/18 (11) 5 0/15(0) 107/323 (33) 3/16 (19) 0/6 (0)
TERT altered 63/116 (54) 0/17 (0) = 2/14(14) I 89/169 (53) 0/8 (0) *  2/4(50)
DNAJB1-PRKACA fusion 0/118 (0) 0/18 (0) #1515 (100) 0/323 (0) 0/16 (0) ### 6/6 (100) i

FLC, fibrolamellar carcinoma; HCC, hepatocellular carcinoma.
Wilcoxon test, trend 3 test, x> test and Fisher exact test were used respectively for continuous, ordinal, categorical and binary data.
*BAP1 vs. non-BAP1/fusPRKACA; #BAP1 vs. fusPRKACA; HfusPRKACA vs. non-BAP1/fusPRKACA.

H##HE, 777, T p <0.001; #4#, *%, 3T p <001; #,°, 1 p <0.05.
“For the TCGA series, only 1 or 2 slides were available for histological review.

out genes expressed in hepatocytes (the detailed list of genes
used for each population is available in Fig. S2).

Immunoblotting

Proteins were extracted from frozen tissues samples using
modified Laemmli lysis buffer (50 mM Tris pH = 6.8, 2% SDS, 5%
glycerol, 2 mM DTT, 2.5 mM EDTA/EGTA) supplemented with 2x
phosphatase and protease inhibitor cocktail (#78444, Thermo
Fisher Scientific, Waltham, MA, USA), 2 mM Nas;VO, (#P0758S,
BioLabs, Ipswich, MA, USA) and 10 mM NaF (#674141, Sigma
Aldrich, St. Louis, MO, USA), homogenized by Qiagen TissueLyser
II and boiled for 10 min. Protein concentration was measured
with the BCA assay kit (Pierce Biotechnology, Rockford, IL, USA).
Equal amounts of protein were deposed on polyacrylamide gel
(Bio-Rad, Hercules, CA, USA), separated by electrophoresis,
transferred on 0.2 pm nitrocellulose membrane (Bio-Rad) and
incubated at 4°C with the following primary antibodies: anti-
BAP1 (sc-28383 c4, Santa Cruz Biotechnologies, Dallas, TX,
USA), anti-PKA-Cy (ab76238, Abcam, Cambridge, UK) and anti-
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PKA-R2 (ab32514, Abcam, Cambridge, UK) at 1:10,000 dilution.
Anti-mouse (#7076, Cell Signaling) or anti-rabbit (#7074, Cell
Signaling) 1gG horseradish peroxidase (HRP) linked secondary
antibodies were used at 1:2,000 dilution. Proteins were detected
using SuperSignal West Pico Plus kit (#34580, Thermo Fisher
Scientific) and the signal was captured by the ChemiDoc XRS
system. Quantification was done by measuring the intensity of
each band using Image Lab software (Bio-Rad) and normalized
by the Ponceau whole lane charge evaluated with Image] soft-
ware (National Institute of Health, Bethesda, MD, USA).

Immunohistochemistry

Immunohistochemistry was performed on formalin-fixed
paraffin-embedded tumor tissues with the Leica Bond auto-
mated stainer. The percentage of EpCAM positive tumor cells was
assessed in 52 tumors from the LICA-FR series stained with an
EpCAM monoclonal antibody (Dako, Santa Clara, California,
Clone Ber-Ep4, dilution 1/50). Quantitative scores of infiltration
by T cells and B cells were assessed in 41 tumors with antibodies
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against CD3 (Dako, Clone F7.2.38, dilution 1/50) and CD20 (Dako,
Clone L26, Dilution 1/500) respectively, with a separate estima-
tion of positive cells within the tumor stroma and within the
tumor parenchyma.

Statistical analysis

For statistical analysis of gene expression data, R version 3.3.2 (R
Development Core Team, R: A language and environment for
statistical computing. R Foundation for Statistical Computing,
Vienna, http://www.R-project.org) and Bioconductor version 3.4
were used. Wilcoxon, Fisher or y? statistical tests were applied
with respect to the type of variable. Survival analysis was per-
formed in patients treated by RO liver resection (n = 112) as
previously described® including 5 patients with FLC without
good quality RNAseq data available. We assessed overall survival
defined by the interval between surgery and death (whatever the
cause), and survival curves were represented using the Kaplan-
Meier method compared with the Log-Rank test. Univariate
analysis was performed using the Cox model. A p value <0.05 was
considered significant.

Data availability
The sequencing data of the LICA-FR cohort reported in this paper
have been deposited to the EGA (European Genome-phenome
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Archive) database (RNAseq accession [EGAS00001002879],
[EGAS00001001284] and [EGAS00001003837]; WES accessions
[EGAS00001000217], [EGAS00001001002], [EGAS00001003063],
[EGAS00001000679] and [EGAS00001003837]; WGS accessions
[EGAS00001002408], [EGAS00001000706], [EGAS00001002888]
and [EGAS00001003837]), through the ICGC (International
Cancer Genome Consortium) data access committee. The
sequencing data from the TCGA cohort were retrieved from
http://www.cbioportal.org/.

Results

FLC and mixed-FLC/HCC cluster into 2 distinct transcriptomic
subgroups of tumors

We performed RNA sequencing of 151 liver tumor samples which
included 126 HCC, 15 FLC and 10 mixed-FLC/HCC, defined by
pathological review (Fig. S1) and with clinical features described
in Table 1. Out of 15 FLC, 13 clustered together with 2 mixed-FLC/
HCC in a robust subgroup of 15 tumors (Fig. 1). Interestingly, all
15 patients in this cluster were young (age min = 17 years; max =
36 years, mean = 26 years) and all the tumors harbored the
DNAJB1-PRKACA fusion (Fig. 1). Six out of the 8 remaining mixed-
FLC/HCC clustered in a second group of tumors also including 2
FLC and 9 HCC (Fig. 1). This cluster of 17 tumors highly enriched

Molecular group

Histological diagnosis
DNAJB1-PRKACA fusion
BAP1

Molecular group
[ Normaliiver (n = 3)

[ Non-BAP1/us (n=118)
Bl BAPT (n=18)

Normal liver histology
Fibrotic stroma

Tumor steatosis

Biliary tract invasion
Perineural invasion
Lymphocytic inflammation

llIIlI [ |

Wl FusPRKACA (n = 15)
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Normal fiver (n = 3)

[ Hee (n=126)

[ Mixed-FLC/HCC (n = 10)
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B F2F3(n=37)

G1G6 classification
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TP53
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Fig. 1. FLC cluster together and are divided between BAP1-driven and DNAJB1-PRIKACA-driven tumors. Hierarchical clustering based on the expression of the
5,000 genes with the higher variability in RNAseq analysis of 151 liver tumors and 3 non-tumor-liver samples. The top heatmaps show clinical, histological and
molecular annotation of the samples, while the lower heatmap shows the expression pattern of the 5,000 genes. FLC, fibrolamellar carcinoma; RNAseq, RNA

sequencing. (This figure appears in color on the web.)
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Table 2. Detailed BAP1 alterations in the 18 patients from the LICA-FR series.

Case# Gender Age Histological Etiology / background Non-tumor BAP1 genomic BAP1 protein BAP1 copy
Diagnosis liver alteration (GRCh37, chr3) change number
variation
#794T° M 73 HCC Hemochromatosis FO-F1 52443600del E31fs Focal del
#1010T F 53 HCC Alcohol FO-F1 52436869_52436870delinsAA  K637* Focal del
#3894T M 56 HCC Alcohol FO-F1 52443876C>A E7* Focal del
#3907T M 39 HCC Alcohol FO-F1 52441270del A167fs Focal del
#2135T F 57 HCC Alcohol { HBV [ NASH  FO-F1 52441301del + 52436304T>G  N157fs + *730C
#2211T F 37 HCC Chronical intrahepatic ~ FO-F1 52439814_52439830del VLEANR295fs"” Focal del
obstructive cholestasis
#228T M 48 HCC Without etiology FO-F1 52440294 _52440295insTT Q253fs Focal del
#1182T F 51 HCC Without etiology FO-F1 52442618 _52442627del PA42fs (splice) large del
#800T M 73 HCC Without etiology F2-F3 52441229del F181fs Chr3p del
#141T F 67 HCC Without etiology FO-F1 52441252T>C Y173C Focal del
#412T F 51 FLC na. Homozygous del
#411T F 65 FLC Alcohol FO-F1 Homozygous del
#3919T F 54 mixed-FLC/HCC n.a. FO-F1 Inversion (3;3) Frameshift fusion Focal del
#4211T F 40 mixed-FLC/HCC Without etiology FO-F1 Translocation t(2;3) Frameshift fusion Chr3p del
#026T F 38 mixed-FLC/HCC Without etiology FO-F1 52439136del P370fs" Focal del
#255T F 39  mixed-FLC/HCC Without etiology FO-F1 52441473T>C + 52443758G>A  K127E + G13G (splice) Focal del
#187T M 27 mixed-FLC/HCC Without etiology FO-F1 52441991_52441992del K120fs” Focal del
#906T F 50  mixed-FLC/HCC NASH FO-F1 52443580del K38fs Focal del

FO-F1: no fibrosis; F2-F3: mild fibrosis; F4: cirrhosis.

FLC, fibrolamellar carcinoma; HCC, hepatocellular carcinoma; NASH, non-alcoholic steatohepatitis; n.a., not available.
“Of note, patient #794T was found outside the cluster of 17 BAPI altered tumors (Fig. 1) but was later included in the group of BAP1 tumors for further analysis.
b3 mutations were not detected in the first analysis of whole exome sequencing data but were later identified in target sequencing of BAP1 with a higher depth.

in mixed-FLC/HCC was located in proximity to the FLC cluster,
but patients were older (age min = 27 years; max = 73 years,
mean = 51 years) including the 2 FLC that developed at 51 years
and 65 years. Interestingly all 17 of these tumors lacked the
DNAJB1-PRKACA fusion but showed alterations in the BAP1 gene.
Only 1 HCC mutated for BAP1 (#794T), without FLC features, was
outside this FLC/HCC cluster. Finally, only 2 mixed-FLC/HCC, not
mutated for BAP1 nor harboring DNAJB1-PRKACA fusion, were
distributed outside the 2 clusters (Fig. 1).

In agreement with the tumor suppressor function of BAP1 in
various tumor types,'®?**’ BAPI alterations were predicted to
inactivate the gene either by somatic mutations (9 frameshift, 2
nonsense, 1 splice site, 2 missense and 1 nonstop), by gene fusion
in 2 cases (DAG1-BAP1 in #3919T and a complex event leading to
both BAP1-LINCO1460 and RAB3GAP1-BAP1I fusions in #4211T, see
Fig. S3), or by homozygous deletion in 2 tumors (Table 2). In all
tumors, BAP1 alterations were biallelic with 2 mutations in 1
case (#2211T) or a deletion of the second allele of BAP1 (Table 2).

Since no FLC carrying the DNAJB1-PRKACA fusion showed
BAP1 alterations, we define 3 distinct groups of tumors: altered
for BAP1 (BAP1 tumors), with DNAJB1-PRKACA fusion (fusPRKACA
tumors) or without either alterations (non-BAP1 /fusPRKACA tu-
mors), as represented in Fig. 1 (Molecular group annotation).

BAP1 altered hepatocellular carcinomas show distinct clinical
and histological features

In our cohort (LICA-FR), patients with BAP1 tumors (n = 18) were
younger (median 51 years) than patients with non-BAP1/
fusPRKACA tumors (n = 118, median 64 years, p = 0.006) but
older than patients with fusPRKACA tumors (n = 15, median 26
years, p = 3.3e-6, Fig. 2A). Compared to non-BAP1/fusPRKACA
tumors, BAP1 tumors were more frequent in females (67% vs.
19%, p = 9.7e-5), in non-fibrotic liver (FO-F1), and in patients
without known etiologies of HCC (50% vs. 12%, p = 0.0008,
Fig. 2C-E and Table 1). Patients with BAP1 tumors had similar
overall survival as those with non-BAP1/fusPRKACA HCC,
whereas patients with fusPRKACA HCC had a better prognosis

(p = 0.02 in log-rank test, Fig. 2B). All of these clinical relations,
except younger age, were also found in the TCGA cohort that
included 16 BAP1 tumors and 6 fusPRKACA tumors out of 345
HCC (Fig. 2A-E and Table 1). Of note, a 67-year-old female patient
in TCGA harbored both a DNAJB1-PRKACA fusion and a BAP1
mutation in the tumor and was excluded from the statistical
analysis.

BAP1 tumors were enriched in mixed-FLC/HCC (6 out of 18),
characterized by an abundant fibrous stroma (72%), intratumor
steatosis (67%), biliary tract invasion (31%), perineural invasion
(13%), and a high lymphocytic infiltration (73%) (Fig. 1 & 2F-],
Table 1). Tertiary lymphoid structures were frequently identified
in BAP1 tumors (70%) ranging from simple aggregate up to sec-
ondary follicles harboring a clear germinal center as previously
described in HCC? (Fig. 2K). The MCP-counter method*” applied
to RNAseq data showed a high component of the microenvi-
ronment in BAPI tumors, enriched in T and B lymphocytes,
endothelial cells and myeloid dendritic cells when compared
with non-BAP1/fusPRKACA tumors (Fig. 2L, Fig. S2). In accor-
dance with these results, CD3 immunohistochemistry revealed a
higher infiltration of T cells in the stroma of BAP1 tumors
compared to non-BAP1/fusPRKACA tumors (Fig. 2M,N). Infil-
trated CD20" B cells were also observed within BAP1 tumors but
in levels comparable to non-BAP1/fusPRKACA HCC (Fig. 20 and
Fig. S2). In the TCGA cohort, we confirmed that BAP1 tumors
were highly fibrous, steatotic, enriched in perineural invasion
and with frequent lymphocytic infiltration organized in tertiary
lymphoid structures (Fig. 2F-K and Table 1).

BAP1 tumors demonstrate a specific genomic profile with
frequent PRKACA gain and PRKARZ2A deletion

Analysis of the profile of gene mutations and chromosome al-
terations in BAP1 tumors showed a significant exclusion from
alterations in the 3 most frequent drivers of HCC, namely TERT
promoter, CTNNBI and TP53* (Fig. 1 and Table 1). This exclusion
was confirmed in the TCGA cohort and also observed in DNAJB1-
PRKACA fusion tumors (Fig. 1 and Table 1). In contrast, BAP1
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Fig. 2. Clinical and histological features of BAP1, fusPRKACA and non-BAP1/fusPRKACA tumors. (A) Distribution of age at surgery. (B) Kaplan-Meier plot
showing the overall survival in the LICA-FR series. (C-E) Repartition of female gender (C), absence of liver disease etiology (D) and non-tumor liver histology
(F2-F3: mild fibrosis; F4: cirrhosis) (E). (F-K) Histological review of abundant fibrous stroma (F), tumor steatosis (G), biliary tract invasion (H), perineural
invasion (I), lymphocytic inflammation (J) and tertiary lymphoid structures (K). (L) T cell score calculated with the MCP-counter method applied to RNAseq
data of the LICA-FR series. (M) Quantification of T cell abundance in tumor stroma with immunohistochemistry in a subset of tumors from the LICA-FR series.
(N, O) Representative images of CD3 (N) and CD20 (O) staining in BAP1 tumors (#411T and #412T respectively), showing the aggregation of T and B
cells within aggregate type tertiary lymphoid structures. Wilcoxon test, trend > test, Fisher exact test and Log-rank test were used respectively for
continuous (A, L), ordinal (C, K), binary (B, D, F-J) and survival data (E): ***p <0.001, **p <0. 01, *p <0.05. MCP, microenvironment cell population; RNAseq, RNA
sequencing. (This figure appears in color on the web.)

tumors were slightly enriched in RB1, KMI2D, ATM and ALB
mutations (n = 3 for each gene, Fig. 1) but these associations did
not reach significance.

In order to find alternative driver events associated with BAP1
alterations in HCC, we compared the frequency of copy number
alterations between the 3 molecular groups of tumors. In 15 out

Journal of Hepatology 2020 vol. 72 | 924-936

of the 18 BAP1 tumors (83%) we identified a specific recurrent
chromosome gain at the 19p13 locus centered on the PRKACA
gene found in only 6% of the non-BAP1/fusPRKACA tumors (p =
3e-12) and in none of the fusPRKACA tumors (Fig. 3A-B). In
addition, deletions at chromosome 3p21 identified in the BAP1
tumors encompassed both BAP1 and PRKAR2A (coding for
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Fig. 3. Alternative copy number alterations activate the PKA pathway in BAP1 tumors. (A) Frequency of copy number alterations in the 3 molecular groups of
HCC. (B) Heatmap representation of copy number alterations and relative gene expression for PRKAR2A, BAP1, PRKACA and DNAJB1 assessed by RNAseq. Statistical
comparisons with exact Fisher test (copy number alterations) and Wilcoxon test (gene expression): *BAP1 vs. non-BAP1/fusPRKACA, #BAP1 vs. fusPRKACA,
{fusPRKACA vs. non-BAP1/fusPRKACA. (C) Comparison of single sample GSEA scores for the gene set GO: Activation of PKA activity between the 3 molecular
groups of tumors. (D) Westem-blot of BAP1, PKA-R2 and PRKACA in normal liver samples (NTL, n = 3) and in different liver tumors: BAP1 (n = 6), non-BAP1/
fusPRKACA (n = 4), fusPRKACA (n = 4). In fusPRKACA tumors, the higher mass of the bands stained by the PRKACA antibody corresponds to the already
described DNAJB1-PRKACA chimeric protein. Bottom image represents Ponceau coloration. (E-H) Quantification of protein expression of BAP1 (E), PKA-R2 (F),
PRKACA (G) and of relative PKA activation measured by the ratio between PRKACA and PKA-R2 (H), compared with Wilcoxon test. ***, ##, {f p <0.001; **,
## p <0.01; *p <0.05. GO, gene ontology; GSEA, gene-set enrichment analysis; HCC, hepatocellular carcinoma; NTL, non-tumor liver; RNAseq, RNA sequencing.
(This figure appears in color on the web.)
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PKA-R29, a negative regulatory subunit of the cAMP-dependent
protein kinase PKA) genes distant by 3.5 Mb (94% vs. 4% in
non-BAP1/fusPRKACA tumors, p = 2e-16, Fig. 3A-B and Fig. 54). In
agreement with these findings, RNAseq data showed signifi-
cantly lower PRKAR2A and higher PRKACA gene expression in
BAP1 tumors compared to non-BAP1/fusPRKACA tumors and
these results were confirmed at the protein level (Fig. 3B,D-F). A
significantly increased ratio of PRKACA to PKA-R2 proteins,
reflecting PKA activity, was monitored in both BAP1 and fusPR-
KACA groups of tumors compared to non-BAP1 /fusPRKACA HCC
(Fig. 3H). Accordingly, PKA activity assessed by single sample
GSEA was increased in both BAP1 and fusPRKACA tumors
(Fig. 3C). These results suggest that like FLC with DNAJB1-PRKACA
fusion, the PKA pathway is activated in BAP1 tumors but via an
alternative mechanism associated with PRKACA chromosome
gains and PRKAR2A deletions (Fig. S4).

BAP1 and fusPRKACA tumors share common proliferation
and differentiation programs, distinct from other
hepatocellular tumors

At the transcriptomic level, 78% of the BAP1 tumors were clas-
sified in the G1 subgroup of HCC, known to be associated with
progenitor features,'”** compared to only 11% of the non-BAP1/
fusPRKACA tumors (p = 9.5e-9) and 20% of the fusPRKACA FLC
and these results were confirmed in TCGA (63% vs. 14%, p = 7.0e-
5, Table 1). Single sample GSEA revealed that BAP1 and fusPR-
KACA tumors were highly enriched for stem cell and neuronal
features, vasculature development, extracellular matrix and
epithelial-mesenchymal transition compared to non-BAP1/
fusPRKACA HCC (Fig. 4A). FusPRKACA tumors appeared to be
less proliferative than non-BAP1/fusPRKACA tumors, as illus-
trated by lower levels of cell cycle genes such as CCNB1, PCNA or
BIRC5, while the tendency toward lower proliferation in BAP1
tumors did not reach significance (Fig. 4B).

Interestingly, expression of the 3 TGF- ligands was increased
in both BAP1 and fusPRKACA tumors (Fig. 4B), together with an
enrichment in the signature of TGF-B signaling in fibroblasts
(Plasari TGFb1 Targets 10hr Up, Fig. 4A). In contrast, a signature
of TGF-B activation in hepatocytes defined by Coulouarn et al.*®
was not retrieved in BAP1 nor fusPRKACA tumors, suggesting
that activation of the TGF-B pathway in fibroblasts but not in
tumor hepatocellular cells could be at the root of the fibrotic
phenotype in both groups of tumors.

In accordance with the enrichment in stem cell features
detected by GSEA, BAP1 and fusPRKACA tumors shared high
expression of hepatic stem cell genes such as EPCAM, VIM or
THY1 (CD90) (Fig. 4B). Immunohistochemistry performed on a
subset of tumors confirmed the higher percentage of EpCAM-
positive progenitor cells within both BAP1 tumors and fusPR-
KACA tumors while this staining was absent in most non-BAP1/
fusPRKACA tumors (Fig. 4C, D). Furthermore, we also monitored
high expression of markers of the common hepato-pancreatic
progenitor’®“® such as PDX1 or SOX17 (Fig. 4B), 2 markers
which have previously been detected by immunohistochemistry
in most FLC samples.” Among the differentiation markers, we
observed a significant decrease of hepatocyte-specific genes ALB,
PROX1 or HNF4A and a significant increase of cholangiocyte-
specific gene KRT7 in fusPRKACA compared to BAP1 or non-
BAP1/fusPRKACA tumors (Fig. S5). Also, several markers of
pancreatic lineage were overexpressed in BAP1 and/or fusPR-
KACA tumors, but at various levels in the 2 groups of tumors. For

Journal of Hepatology 2020 vol. 72 | 924-936

References

JOURNAL
OF HEPATOLOGY

instance, among the pancreatic markers, high expression of
PDX1, PAX6, PAK3, and MNX1 was identified in BAP1 and fusPR-
KACA tumors while NEUROG3 (NGN3), INSM1 (IA-1), PTFIA,
TRIM50, GP2 and TGIF2 overexpression was restricted to BAP1
tumors and only fusPRKACA tumors overexpressed the pancre-
atic/neuroendocrine gene PCSK1 (Fig. 4B and Fig. S5). Other
neuroendocrine genes such as CALCA, NTS, DNER or SSTR5 were
overexpressed with different patterns in the 2 groups of tumors
(Fig. S5). Moreover, we observed a high expression of genes
coding for proteins involved in neural infiltration and guidance,
such as neuron guide molecules (NGF, NTF3, BDNF) and their
binding receptors expressed on neurons (TrkA-C (NTRK1-3) and
p75NTR (NFGR), Fig. S5), possibly accounting for the enrichment
in perineural invasion in both BAP1 and fusPRKACA tumors
(Fig. 21). In line with a possible neural infiltration, other neuron
expressed receptors such as UNC5A-D were found significantly
overexpressed in BAP1 or fusPRKACA tumors (Fig. S5).

Lastly, the higher expression of the hepato-pancreatic
progenitor marker PDX1 and the lack of expression of pancreatic-
committed progenitor markers such as IA-1 or PTF1A in fusPR-
KACA compared to BAP1 tumors, suggest a hepato-pancreatic
progenitor-like program in fusPRKACA tumors and a more
pancreatic-engaged program in BAP1 tumors (Fig. 4B and Fig. 5).

Discussion

In this study, we showed that BAP1 alterations delineate a spe-
cific subgroup of HCC with common clinical, histological and
molecular features (Fig. 5A). BAP1 is a deubiquitinating enzyme
active in both the cytosol, where it controls the stability of
different proteins, and in the nucleus, where it targets H2A his-
tones as part of the polycomb group repressive deubiquitinase
complex, which is involved in development and stem cell plu-
ripotency.’'** BAP1 is described as a tumor suppressor since it is
lost in different tumors including cholangiocarcinoma (around
25%) and HCC (around 5%).'°**37 However BAP1 was recently
shown to also have an anti-apoptotic role in the liver,"> which
could explain our observation of an increased expression of BAP1
in HCC compared to normal liver (Fig. 3B,D-E). Here, we found
that the BAP1 tumors include most of the mixed-FLC/HCC tu-
mors and show several clinical and histological similarities with
the classical FLC together with a common PKA pathway
activation.

Fibrolamellar features in liver tumors are already known to be
related to PKA activation through 3 different mechanisms: (i) the
DNAJB1-PRKACA fusion in FLC," (ii) inactivating mutations in
PRKAR1A in rare FLC developed in Carney complex patients’ and
(iii) activating mutations in GNAS (leading to production of cAMP
and subsequent activation of PKA) identified in rare hepatocel-
lular adenomas characterized by fibrolamellar-like patterns.**
Here, we discovered a fourth mechanism of PKA activation in
BAP1 tumors resulting from recurrent gains of PRKACA and de-
letions of PRKAR2A, encoding respectively a catalytic subunit and
an inhibitory regulatory subunit of PKA, with consequences at
the mRNA and protein levels (Fig. 3 and Fig. S4).

An important characteristic of the DNAJB1-PRKACA and BAP1
tumors is their age distribution starting with FLC in the second
and third decade, then BAP1 HCC occurring before non-BAP1/
fusPRKACA HCC (Fig. 5A). This gradient could be related to the
cell of origin of the malignant transformation since FLC has been
proposed to originate from the biliary tree stem cell,” a recently
discovered hepato-pancreatic progenitor,””*" in agreement with
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the web.)

the hepato-pancreatic progenitor phenotype we identified in increase in stemness marker expression, e.g. E°CAM or PROM1.**
both fusPRKACA and BAP1 tumors (Fig. 5B). BAP1 loss may Similarly, CRISPR-based loss of BAPI in human liver organoids
promote a dedifferentiation towards a progenitor phenotype increases the expression of progenitor markers while reducing
since BAPI1 silencing in the Huh7 HCC cell line induces an markers of liver function and ultimately epithelial homeostasis,
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possibly via a direct regulation of transcription by BAP1 through
its known role in the polycomb deubiquitinase complex.*” In the
TCGA cohort, the unique patient with HCC harboring both
DNAJB1-PRKACA fusion and BAP1 inactivation was old (67 years
old), suggesting that the progenitor phenotype induced by BAP1
loss could be required for the oncogenic effect of PKA activation
in an old liver. This is in line with our observation of a co-
occurrence of BAP1 inactivation and PKA activation through
copy number alterations. Remarkably, 2 independent teams
recently reported the presence of DNAJB1-PRKACA fusions in rare
pancreatic and biliary neoplasms, thus reinforcing the link be-
tween the oncogenic activation of PKA and the hepato-
pancreatic progenitor lineage, while challenging the exclusivity
between FLC and the DNAJB1-PRKACA fusion.**°

Of note, HCC usually lacks lymph node involvement or peri-
neural invasion, commonly found in other epithelial tumors such
as pancreatic adenocarcinomas*”** or cholangiocarcinoma.”**’
Conversely, there is a high rate of lymph node metastasis in
FLC (up to 70%)”" and here we identified an enrichment of per-
ineural invasion in BAP1 and fusPRKACA tumors across the 2
series (Table 1). This enrichment could be a consequence of the
overexpression of genes encoding neuron guide molecules (NGF,
NTF3, BDNF) that allow the recruitment and growth of neurons
expressing axonal guidance receptors (TrkA-C, p75NTR, UNC5A-
D, see Fig. S5).

Strikingly, BAP1 tumors are never mutated in the TERT pro-
moter (in both LICA-FR and TCGA cohort) while this alteration is
found in 30-60% of HCC.'** This could also be a consequence of
the progenitor state of the tumor cells associated with BAP1 loss,
since in vitro experiments suggest that BAP1 overexpression can
repress TERT transcription®” and progenitors cells are supposed
to maintain their telomeres throughout replication without
requiring mutations. This would also explain the exclusion be-
tween DNAJB1-PRKACA fusion and TERT alteration, following the
hypothesis that the cell of origin of FLC is a progenitor.”

While it has been suggested that endocrine/pancreatic fea-
tures were specific of FLC and not found in mixed-FLC/HCC,"
here we show that both fusPRKACA and BAP1 tumors express
high levels of neuroendocrine and pancreatic markers but with
different patterns (Fig. S5). These different profiles of expression
could reflect different stages of differentiation along the hepato-
pancreatic lineage in the 2 groups of tumors, as a consequence of
their different cell of origin, as discussed above (Fig. 5B). More-
over, an association between neuroendocrine features and
abundant fibrous stroma has already been described.™

Interestingly, BAP1 mutations are recurrently identified in
several tumor types including uveal or cutaneous melanoma,
mesothelioma, renal cell carcinoma, mesothelioma and lung
cancers.”” In 2013, a pan-cancer study defined a typical
morphology of BAP1-mutated cells as “rounded or polygonal cell
shape with abundant amphophilic or eosinophilic cytoplasm”.”®
Interestingly, these features are also retrieved in FLC' as well as
in BAP1 liver tumors (in both FLC and HCC components). This,
along with the abundant fibrous stroma, hinders the distinction
between BAP1 and fusPRKACA tumors based solely on histology
in our cohort of tumors and in other reports.'”*” These obser-
vations argue for the use of molecular characterization to
distinguish BAP1 tumors not only from the fusPRKACA FLC but
also from scirrhous HCC, another type of highly fibrous liver
tumor usually not mutated in BAP1 (Fig. 1 and Table 1). However,
it is worth noting that the detection of BAP1 mutations is

934

References

Hepatic and Biliary Cancer

challenging due to the high level of stromal contamination: in
our series, 3 out of the 15 BAP1 mutations were not found at first
in the analysis of whole exome data, but were later detected in
target sequencing of BAP1 with a higher depth.

From a clinical perspective, our observations of similarities
between fusPRKACA and BAP1 tumors may be in favor of
developing common therapeutic strategies. Indeed, the over-
activation of PKA in both groups of tumors argues that poten-
tial future treatments targeting PKA, if successful in FLC, could be
repositioned to also combat BAP1 tumors. From a therapeutic
perspective, the 2 groups of tumors could benefit from anti-
angiogenic drugs such as sorafenib’® due to their common
enrichment in markers of angiogenesis and endothelial cells
(Fig. 4A and Fig. S2). Of note, a link between BAP1 alterations and
angiogenesis was also recently described in uveal melanoma.””
Finally, as BAP1 HCC are highly infiltrated by lymphocytes
(Fig. 2]), a feature also described in BAPI-mutated peritoneal
mesothelioma,”” they can be considered as good candidates for
immunotherapy. Of note, despite this higher lymphocytic infil-
tration, we did not monitor a difference in the tumor mutational
burden of BAP1 tumors compared to non-BAP1/fusPRKACA tu-
mors, while both groups of tumors had more mutations than
fusPRKACA tumors (Fig. S2B).

In conclusion, we characterized a new molecular subgroup
of HCC, driven by BAP1 loss of function and PKA activation in the
context of hepato-pancreatic progenitor de-differentiation, asso-
ciated with a specific pathological subtype of tumors, including
abundant fibrous stroma, steatosis, lymphocyte infiltration,
perineural and biliary tract invasion, which develop mainly in
female patients without cirrhosis or chronic liver disease.
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Mixed-FLC/HCC are defined as HCC containing at least one area with FLC features.
Examples of distinct histological HCC subtypes (scirrhous, macrotrabecular massive,

steatohepatic) as well as pseudoglandular pattern are shown.



References

A Endothelial cels Tcells B cels Cytotoxic lymphocytes B SNV burden
14 — . s : e ssig
12 s 10 10 | 10 : = Ter
10 0 8 ‘ ‘ 8 1e+3 ‘ 6
s Y <i> ? 6 ‘ : AA 6 4!} ?’ 1e+2
6 i : 2 1 fet
NK cells Neulroﬂuls Myelcl'd dendritic cells Indel burden
10 — 12 = {08 m non tumor liver s
- 10 et __non-BAP1/ o
i ; 8 8 , 'fusPRKACA
6 | n 6 l 5 1 n A W BAP1 Te+1
I —
5 ‘P 0 4 6“ 4 ') W fusPRKACA
2 2 2 1e+0
C i non—BAPﬂfusPRKACA i BAP1 i fusPRKACA
group
G1G6

Gene expression

High

el

KIRDA - 7
e m M'b'ﬂ it F
FOMES b
[E17 t*l f K]
D88 1 l! | | aF

b 4! |

| I

D CD3" in tumor CD20" in tumor
stroma stroma

T 200 B

150
I 0 100
¢ 50| (4

n=28 9 4 n= 24 9 4

Fig. S2. RNAseq analysis of immune infiltrate
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small insertions and deletions (indel, bottom). (C) Detailed expression of immune
related genes used for determining Microenvironment Cell Populations scores in all
samples of the LICA-FR cohort, ordered by molecular group, G1-G6 and CD45
expression. (D) Quantification of CD3* T cells and CD20* B cells abundance in tumor
stroma. Wilcoxon test: ***p-val < 0.001, **p-val < 0. 01, *p-val < 0.05.
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PKA (cAMP-dependent protein kinase) is composed of regulatory subunits (encoded
by genes PRKAR1A/B and PRKAR2A/B) which normally repress the catalytic subunits
(encoded by PRKACAI/B/IC). When cAMP bounds to the regulatory subunits, the
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Table S1. Primers used for BAP1 sequencing in miSeq technology.

Amplicon name Exon | Forward primer sequence w/o adapter | Reverse primer sequence w/o adapter
BAP1_Ex01_AmpO01ix1 | exon01 CCATCCGGCCTCCCCAG GCCGTCGCGCCTTGG
BAP1_Ex01_Amp01x2 | exon01 AGGGAGAAAAGGCTCTTACCGA GTTGTCTGTGTGTGGGACTGAG
BAP1_Ex01_Amp02x1 | exon01 CCCGACCCTCCCCTTC CTCAGTCCCACACACAGACAAC
BAP1_Ex01_Amp02x2 | exon01 CTCAGTCCCACACACAGACAAC CCCCTCTTCCCTTCGCCC
BAP1_Ex01 Amp03x1 | exon01 GGGCGAAGGGGAGGGAC CGCCCAGCACTTCCCG
BAP1_Ex01 Amp03x2 | exon01 ACCTGCGCCCAGCACT GCGCTCGAAGGCGAAC
BAP1 Ex02 AmpOix1 |exon02 | TGAGGAAAGGAAAGCAGTAGGGA GCTGGGGAGGCCGGAT
BAP1_Ex02_Amp01x2 | exon02 GGTCGTAGATCTCCTCCACTTG CCCACCCAGGCCTCTTCA
BAP1 Ex02_ Amp02x2 | exon02 ATGAATAAGGGCTGGCTGGAG CGATGAGGAAAGGAAAGCAGTA
BAP1_Ex03_Amp01x1 | exon03 TAGGGTTCCTGGCACTGTCTTC CTTTTCTCCCTGCCGGACC
BAP1_Ex03_Amp01x2 | exon03 GCGGGCACTCAGAGAGCAA GTCAAGGGGGTGCAAGTGG
BAP1_Ex03_Amp02x2 | exon03 CAGCACTCTGGGTGTAAGGGG AGCCTTTTCTCCCTGCCGG
BAP1_Ex04_AmpOix1 | exon04 CCCTCCAAACAAAGCACAGAGT TCTTCTCCCCTTTGGCTGATCT
BAP1 Ex04 Amp01x2 | exon04 CTTGGTGGATGATACGTCCGTG TACCCACTGGATATCTGAGGACA
BAP1_Ex04_Amp02x2 | exon04 CCTGGTGGGCAAAGAACATGTT CGCAGTGCAAAGGATTAATGGG
BAP1_Ex05 Amp01x1 | exon05 GCTGTGAGCCAGGATGAAGG CTTGCAGTGAGGGGTGCTG
BAP1_Ex05 AmpO1x2 |exon05 | ACAATCATTTGAAAAAGAAACAGCCT GTGCTCCTGAACTGCAGCAG
BAP1_Ex05_Amp02x2 | exon05 GCTGAAACCCTTGGTGAAGTCC TGCTCTGGATCCCCATTCTTGA
BAP1_Ex06_Amp01x1 | exon06 AGGTGGCGTGGCTCGG CCTCCAGGCTGCTCTCTGAAG
BAP1_Ex06_Amp01x2 | exon06 CATGGTCCGCACTGCACTAAG CAATGCCCCGGAGTTGGC
BAP1_Ex06 Amp02x2 | exon06 CCTACTCCCACCCCACATCAG TGCTCTCTGAAGCTTTGCCTTC
BAP1_Ex07_AmpO01x1 | exon07 CTAGGAGGTAGGCAGAGACACC TTGGGCCCTGACTCTGTTTTTC
BAP1_Ex07_AmpO01x2 | exon07 GTGAAACCCCAGCCAGAGC CCACTTTGTCAGCTATGTGCCT
BAP1_Ex07_Amp02x2 | exon07 TGGTCAATGGGGTAGACCTTCA TAATAGCCATGCCAGGTGTGTG
BAP1_Ex08 AmpO01x1 | exon08 CACCTGGATACTCTCTGTCCCT CTGGCTCAACTGCTCTTCTCTG
BAP1_Ex08 AmpO01x2 | exon08 TGAGAACCCATGATCTAAGCCTGA GACGAGGAGTGGACAGACAAGG
BAP1_Ex08 Amp02x2 | exon08 CCAGAGAGTAGAACAGGGCAGG CTGGCTCAACTGCTCTTCTCTG
BAP1_Ex09 Amp01x1 | exon09 AATGCAGGGAGGGTTGGGC CTGCTCTCACGGCTGCG
BAP1_Ex09 Amp01x2 | exon09 GTGGTTAGCTGAAGCCCAGATC GCAGGATCAAGTATGAGGCCAG
BAP1 Ex09 Amp02x2 | exon09 CTGCTGCAGAGCCTCTAGTACT CTGCCAGGATATCTGCCTCAAC
BAP1_Ex10_AmpO01x1 | exon10 CTCTGAGGTCCACAAGAGGTCC TTTCTCCTCTGAGCCCTGGATT
BAP1_Ex10_Amp01x2 | exon10 CTCTCCCTCTACCTTCTGACGG TCCAAGTCAGCCAGCAACAAG
BAP1_Ex10 Amp02x2 | exon10 CCTGTGTGGTTGCCCTCAGA TTTAAGGTAGAAGCCCGGGTCT
BAP1 Ex11 AmpO01ix1 | exon1l AGTAGAGAATCCTGCAAGGGTG TGGAGATCCTACTGGAGGTCCT
BAP1 Ex11 AmpO1x2 | exonil ATCAGGCAGAGGAACCTAGCAA GCTAGTGGTGAAGCCTCCAGG
BAP1_Ex11_Amp02x2 | exon1l GATTGTCTAGAAAGGCCGGCAG CTTCTCTGGGAAGTGCTGGTTC
BAP1_Ex12_Amp01x1 | exon12 ATGGGATCCGAAGCACCTAGAA GCAGCACTTGTTTGTAACTGCC
BAP1_Ex12_Amp01x2 | exon12 CAGCCCCATCATGCCAGC ACCCCAGCAGTACTCAGATGAT
BAP1_Ex12_Amp02x2 | exon12 CCTAAGGGCAGAGTTGGTGTTC TCTCTGGCTGTGAGTGTCTAGG
BAP1 Ex13 Amp01x1 | exon13 CAAGTGGCCAGTGAGCCAG CAATGAGAGTACAGACACGGCC
BAP1_Ex13_Amp01x2 | exon13 GGAACCCTTCCCACCCTCTG CCCACATCTCCAAGGTGCTTTT
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BAP1_Ex13_Amp02x1 | exon13 GAAAGCACTGCCGATCTCAGAG CCGTTCCCTTGCTTCACATCTT
BAP1_Ex13_Amp02x2 | exon13 TGTAGCGTATGCAGTCAACACG GCTGAGAAGCTCAAAGAGTCCC
BAP1_Ex13_Amp03x2 | exon13 GGACAGAGGAATTGAGAGGTCCT AGCATGGCTAGTTCAAGTTGCT
BAP1_Ex14_ AmpO1x1 | exon14 GGCCTTACCCTCTGCCAGG GTGTCCTGCACTCTGATGATTT
BAP1 Ex14 Amp01x2 | exon14 CCACCCAACCCAGAAAGTCTTC CAGCCCAGTGGAGAAGGAGG
BAP1_Ex14_Amp02x2 | exon14 GTGAGTATTTCTCCCCACTCAAGG CACTGGCCACTTGGTGCAC
BAP1 Ex15 Amp01ix1 | exon15 CGGGAGAGGCCAGATCAGG TTTGTTGCTGGCCCGCC
BAP1 Ex15 AmpOi1x2 | exon15 ACTCATCGTAGTTGTGGGTCCT GTGGAGGCTGAGATTGCAAACT
BAP1_Ex15 Amp02x2 | exon15 GCAACTGGAGAAATCACCCACC CTGCTCATCCTTGCCTCTAGCT
BAP1_Ex16_Amp01x1 | exon16 CAAGGTCTGCTCAAGCCTCAG TTTCTCCAGTTGCCTGATCTGG
BAP1_Ex16_Amp01x2 | exon16 CCTCAGGCCAGGAGCTGAG AGGACCCACAACTACGATGAGT
BAP1_Ex16_Amp02x2 | exon16 GGGCATTCCAGTTAAGACAGCA TTTCTCCAGTTGCCTGATCTGG
BAP1 Ex17_Amp01x1 | exon17 AGCCTCCATATCTCAGGCCAG GACCTGATGCCAAGGGGTAATG
BAP1_Ex17_Amp01x2 | exon17 ATTCCAAGGATCTCTGGCCCAA AGCAGGCCCCTTTATCTGTACA
BAP1 Ex17 Amp02x1 | exon17 CCATGGGGCTGTGTTGGG CTCTGTCCAGCCCCTCAGTATT
BAP1_Ex17_Amp02x2 | exon17 CTAGAGGGGTCAAGCTGTGCTC AGCTCTTCCTGCTACTCCAGTT
BAP1_Ex17_Amp03x1 | exon17 CCTATAAGCAACCCTGTCTCTGC CCAGTGGGGTTGGGGTGA
BAP1 Ex17 Amp03x2 | exon17 GCTCCAACGGGTTGTCTTGATC GCTGTTCAAGACTGCTCTCCAT
BAP1_Ex17_Amp04x1 | exon17 ACAAGGAAGACAGTTCACAGGC GTCCTTGTATCATGCCACGGTC
BAP1_Ex17_Amp04x2 | exon17 GGACAGAGACCTAGAGCCCAAT TGTAAGGAAGCCAGGTCTTCTCT
BAP1_Ex17_AmpO05x1 | exon17 CTGGTGGCTGGGGCTAGAG GAGGTACTGCAGCTTCCTCCA
BAP1_Ex17_AmpO05x2 | exon17 CTACTCCCAACCCAGCCCAG TCTATTTTTCTGGGCTCCAACC
BAP1 Ex17 AmpO06x1 | exon17 AATATATATTCTGCTGCCCAGGC CTGCAGCCCACTCTTGCC
BAP1_Ex17_Amp06x2 | exon17 CAGGACAGCTCCTAGGAGAGAA CTGGGAATGGGAGGAACCAGG
BAP1_Ex17_Amp07x1 | exon17 GGACTCTCCAGCTGGGACTATT TCAAGGGTCTCTACCTCTTCGC
BAP1_Ex17_Amp07x2 | exon17 GATGCTGCCTCCTGAGCACTAT GTCAGCATCGGCCGGC
BAP1 Ex17 Amp08x2 | exon17 TCAGGGCCAGCAGTCCTC CTGAGGGCCGTGTCCTTCAG

Adapter sequences were as follow:
Forward: CTACACGACGCTCTTCCGATCT
Reverse: CTCCACCGATAAATATTAGCCCGT




