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Abstract

Background & Aims: Hepatocellular carcinoma (HCC) develops in patients with
chronic hepatitis or cirrhosis via a stepwise accumulation of various genetic alterations.
To explore the genetic basis of HCC development in hepatitis C virus (HCV)-associated
chronic liver disease, we evaluated genetic variants that accumulate in non-tumor
cirrhotic liver.

Methods. We determined the whole-exome sequences of 7 tumors and background
cirrhotic liver tissues from 4 patients with HCV infection. We then performed additional
sequencing of selected exomes of mutated genes, identified by whole-exome
sequencing, and of representative tumor-related genes on samples from 22 cirrhotic
livers with HCV infection. We performed in vitro and in vivo functional studies for 1 of
the mutated genes.

Results: Whole-exome sequencing demonstrated that somatic mutations accumulated in
various genes in HCV-infected cirrhotic liver tissues. Among the identified genes, the
leptin receptor geneLEPR) was one of the most frequently mutated in tumor and
non-tumor cirrhotic liver tissue. Selected exome sequencing analyses détePRd
mutations in 12 of 22 (54.5%) non-tumorous cirrhotic livers. In vitro, 4 of 7 (57.1%)
LEPR mutations found in cirrhotic livers reduced phosphorylation of signal transducer
and activator of transcription 3 to inactivate LEPR-mediated signaling. Moreover, 40%
of Lepr-deficient (C57BL/Ksdib/db) mice developed liver tumors following
administration of thioacetamide, compared with none of the control mice.

Conclusion: Based on analysis of liver tissues samples from patients, somatic
mutations accumulate IbEPR in cirrhotic liver with chronic HCV infection. These
mutations could disrupt LEPR signaling and increase susceptibility to
hepatocarcinogenesis.
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Introduction

Chronic inflammation plays an important role in the development of various human
cancers. Indeed, many human cancers are closely associated with chronic inflammation,
such as Helicobacter pylori-associated gastric cancer and inflammatory bowel
disease-associated colorectal cahée®n the other hand, tumor cells are thought to be
generated by a stepwise accumulation of genetic alterations in various tumor-related
genes during the process of inflammation-associated carcinogéneBiuis, it is
reasonable to assume that somatic mutations latently accumulate in inflamed tissues
where the risk of tumorigenesis is high. Consistent with this hypothesis, several studies
demonstrated frequent somatic mutations in non-tumorous inflammatory tiésties
clarify the mechanisms of inflammation-associated carcinogenesis, it is important to
unveil the genetic alterations that occur in the inflamed tissues before tumor
development. The diversity of mutated genes and the low frequency of genetic
alterations compared with tumor tissues, however, are obstacles to revealing the
landscape of accumulated genetic aberrations in chronically inflamed non-tumorous
tissues.

Several possible molecular mechanisms have been proposed for the genetic
alterations occurring in the inflammatory condifioWe recently demonstrated that the
expression of activation-induced cytidine deaminase (AID), a DNA/RNA mutator
enzyme family member, links inflammation to an enhanced susceptibility to genetic
aberration during the development of various gastrointestinal and hepatobiliary
cancer¥*® One clear example of inflammation-associated cancer is human
hepatocellular carcinoma (HCC). HCC arises in the background of chronic
inflammation caused by hepatitis C virus (HCV) infectfoiwe showed that aberrant
AID expression triggered by HCV infection and the resultant inflammatory response
leads to the generation of somatic mutations in various tumor-related genes in the
inflamed liver tissuéé > The target genes of AlD-mediated mutagenesis in the
inflamed hepatocytes, however, remain unclear.

Recent advances in sequencing technology enabled us to reveal the whole picture of
human genome sequences in association with the risk of the development of a variety of

human diseases, including cané&rd’. Whole exome capture identified several



candidate driver genes in various human caﬁ%éorsAlthough deep sequencing on
tumor tissues provides the most comprehensive analysis of cancer genome, the genetic
alterations accumulated in chronically inflamed tissues might provide an additional
opportunity to clarify the early genetic changes required for carcinogenesis. In the
present study, we applied whole exome sequencing to not only the tumor but also
non-tumorous liver tissues infected with HCV, and found that somatic mutations of the
leptin receptor geneLEPR) latently underlies a subset of the cirrhotic liver tissues,

providing the putative genetic basis for HCV-associated hepatocarcinogenesis.



M aterialsand M ethods
Whole exome capture and massively-par allel sequencing

Massively-parallel sequencing was performed as described previou&ly
Fragmented DNA (more than 5ug) was used to prepare each DNA sequencing library.
The DNA libraries were prepared according to the instructions provided with the
lllumina Preparation Kit (lllumina, San Diego, CA). Whole exome sequence capture
was then performed using SeqCap EZ Human Exome Library v2.0 (Roche, Madison,
WI) according to the manufacturer's instructions. Cluster generation was performed on
the lllumina cluster station (using their TruSeq PE Cluster Kit v5). Paired-end sequence
for 2 x 76bp was done on the Illlumina Genome Analyzer lIx (using their SBS Kits v5).
Data collection and base-calling were performed using SCS v2.9/RTA 1.9 and resultant
data files were converted to the FASTQ format.
Selected exome capture and massively-parallel sequencing

Fragmented DNA (1ug) was used to prepare each DNA sequencing library. The DNA
libraries were prepared using TruSeq DNA Sample Prep Kits (lllumina) according to the
manufacturer’s protocol. Selected gene captlR53, CTNNBL, LEPR) was performed
using the SeqCap EZ Choice library (Roche) according to the manufacturer's
recommendations. Cluster generation and multiplexed paired-end sequencing for 2 x71
+ 7bp was performed as described above. Data collection and base-calling were
performed as described above, and demultiplexed using Illumina's CASAVA v1.8.2
software with the default settings.
Sequence data analysisand variant filtering.

This process is described in Supplemental Information, Supplemental Figure 1, and
Supplemental Figure 2.

Patients
Cell culture and Transfection
Immunoblotting analysis
Animals Experiments
These procedures and information are described in the Supplemental Information.



Results
Whole exome sequencing identified the mutation signature of synchronous HCCs

in patientswith chronic HCV infection.

To explore the genetic basis of HCV-associated hepatocarcinogenesis, we first
determined the whole exome sequences in matched pairs of HCC and background liver
tissues obtained from four patients with chronic HCV infection (Supplemental Table 1,
#1-4). Among them, three cases had multiple HCCs and one had a solitary HCC in the
liver. To compare the mutation signature in synchronous HCCs that developed in the
same background liver, we determined the whole exome sequences of two
representative HCCs in three cases and one solitary HCC in the remaining case (Figure
1). These seven HCCs from four patients comprised two well-differentiated and five
moderately-differentiated HCCs, and the background liver tissue showed the histologic
characteristics of cirrhosis. To subtract the normal variants of each individual from the
somatic mutations, we also determined the whole exome sequences of matched
peripheral lymphocytes in each patient.

On average, we generated approximately 3.1 gigabases of sequence per sample, 80.1%
of which were aligned with the human reference genome (Human Genome build 37.3),
and mean coverage in the targeted regions was 33.8-fold (Supplemental Table 2). The
variant filtering process is summarized in Supplemental Figure 1 and the overall error
rate in our current platform was confirmed to be less than 0.2%, as described
previously®. Overall, a total of 970 nucleotide positions in 768 different genes were
mutated at a frequency of more than 20% of reads in the 7 HCC tissues (Supplemental
Table 3). Among them, 79 genes were recurrently mutated in two or more tumor tissues
(Data not shown). These genes included representative tumor-related genes associated
with HCC such a3P53 (mutated in 2/7 tumors). Pathway analyses Kyoto Encyclopedia

of Genes and Genomes (KEGG, http://www.genome.jp/kegg/) revealed that metabolic
pathway-related genes were most frequently damaged in HCC tissues (5 of 7 tumors)
(Supplemental Table 4).

Interestingly, the mutation signature was remarkably different between the
synchronously developed HCCs in each individual (Figure 1). In patient #3, none of the
genes were commonly mutated in the two tumors examined, while 29 and 225 genes
acquired independent somatic mutations in each tumor, respectively. In contrast, 32
(64.0% of mutated genes of HCC #1 in patient #1) and 9 (24.3% of mutated genes of
HCC #1 in patient #2) genes were commonly mutated in the synchronously developed
HCCs of those patients, indicating that the synchronous HCCs that developed in patient



#1 or #2 shared a common pattern of genetic aberrations. These findings may suggest
that the synchronous tumors in patients #1 and #2 were derived from common
tumor-precursor cells or developed through intrahepatic metastasis, while the tumors in
patient #3 developed independently in a multicentric manner.

Somatic mutations accumulated in the cirrhotic liver with HCV infection.

Whole exome sequencing also revealed a large number of nucleotide alterations in
the non-tumorous cirrhotic liver tissues. In some cases, the total number of mutated
genes in non-tumorous liver was higher than those in tumor tissues, while the mutation
frequency in non-tumorous tissues tended to be lower than that in the matched tumor
tissues (Figure 2). Sorting Intolerant From Tolerant (SIFT) functional impact predictions
(http://provean.jcvi.org/index.php) revealed that the mean percentage of somatic
mutations predicted to be “damaging” in tumorous and non-tumorous tissues was 20.4%
and 13.1%, respectively, suggesting that somatic mutations that accumulated in
non-tumorous tissues included “passenger” mutations with less functional significance
more frequently than those that accumulated in tumor tissues (Supplemental Table 3).
We also identified a total of 448 indels in 7 HCC tissues (Supplemental Table 5), while
fewer indels were detected in all of the non-tumorous cirrhotic liver tissues examined
(Supplemental Table 6). Consistent with previous stiitliese found that one-third of
the mutations that accumulated in the exome sequences of HCC tissues were enriched
as C>T; G>A transition, followed by A>G T>C. Similar to tumor tissues, C>TG>A
transition mutations were most frequently detected in non-tumorous cirrhotic tissues
(Supplemental Figure 3).

The aim of this study was to identify the somatic mutations in the non-tumorous
HCV-positive cirrhotic liver that may contribute to tumorigenesis. Therefore, we
focused on the genes commonly mutated in both tumor and non-tumorous liver tissues
of the same individual. Because few genes commonly acquired somatic mutations with
a frequency of more than 20% both in the tumor and the matched non-tumorous liver
tissues, we selected potential somatic mutations in non-tumorous tissues that
represented more than 5% of the total reads for further evaluation (Supplemental Figure
1). The 5% threshold in non-tumorous liver was chosen because common
polymorphisms in each individual were excluded by determining the nucleotide changes
with a frequency of more than 5% in the matched normal samples, such as peripheral
lymphocytes® 23

Based on these criteria, nucleotide positions that were commonly mutated in both the
tumor (at a frequency of 20%< of reads) and the matched background liver (at a



frequency of 5%< of reads) of each patient were detected (Figure 1). Among them, we
focused on 40 mutations that result in amino acid changes (Supplemental Table 7), and
found that only two gened,EPR and ZNF408, were recurrently mutated with a
frequency greater than 5% of reads in non-tumorous cirrhotic livers from 2 of the 4
patients (listed as the top two genes of Supplemental Table 7). Of these two genes, we
focused orLEPR, whose mutations have been correlated with various human diseases,
such as obesity and metabolic disorffers

Identification of LEPR as the recurrently mutated gene in the cirrhotic livers with

HCV infection.

We designed a selected sequence capture system that enabled us to enrich the whole
exonic sequences of tHeEPR followed by deep-sequencing. In addition, selected
exonic capture of TP53 and CTNNBI1, the representative driver genes for
hepatocarcinogenedis®® 2°> was also performed on the same cohort. Accordingly, the
selected exonic sequencing was applied to 22 additional HCV-positive cirrhotic liver
tissues, 10 HCC tissues, and matched peripheral lymphocytes from 22 patients
(Supplemental Table 1, #5-26). Selected exome sequencing generated a mean coverage
of 996-, 1656-, and 2348-fold onEPR, TP53 and CTNNBL, respectively
(Supplemental Table 8). The variant filtering process is summarized in Supplemental
Figure 2 and we detected both high- (at a frequency of 20%< of reads) and low- (at a
frequency of 1-20 % of reads) frequency mutations separately.

High-frequency mutations ifP53 and CTNNB1 were detectable in 1/10 (10%) and
1/10 (10%) of the HCCs, respectively (Table 1), and these rates in the HCCs were
consistent with recent deep-sequencing sttdigs None of the non-tumorous liver
tissues possessed high-frequency mutations TP63 or CTNNB1, however
low-frequency mutations ofP53 and CTNNB1 were detected in 17/22 (77.3%) and
12/22 (54.5%) of the non-tumorous livers, respectively. These findings indicated that
somatic mutations in the representative cancer driver genes latently accumulated with a
relatively low-frequency in the cirrhotic livers with HCV infection.

Interestingly, we also found high- and/or low-frequency mutatiosEPR in both
tumor and non-tumorous liver tissues. Indeed, 9/10 (90%) tumors and 12/22 (54.5%) of
non-tumorous cirrhotic livers possessed high- and/or low-frequency mutatibES
(Table 1). Notably, some somatic mutations were commonly detected in different
positions of the same individual’s liver. For example, C1084T (Reference position:
65557165) mutations dfEPR were detected in the right-, left-, and caudate lobes of
one patient (Supplemental Table 1, #11), suggesting that some of the hot spots of the



acquired somatic mutations in th&PR gene are commonly present in hepatocytes of
the same liver underlying HCV infection. On the other hand, deep sequendiB§Rf

of non-cirrhotic HCV-associated chronic hepatitis-infected and normal liver tissues
revealed no mutations ihEPR of any of the hepatitis-infected or normal livers
(Supplemental Table 9). To confirm the somatic mutations presebERR in the
non-tumorous liver, we validated the candidate mutations by Sanger sequencing. For
this purpose, we determined the sequences of exons 9 andLHEPRfof at least 50
randomly picked clones that were amplified from the non-tumorous liver tissues of each
patient. Although it was difficult to detect all the low-frequency mutations using the
conventional cloning-sequencing method, we confirmed that somatic mutations were
recurrently accumulated IbEPR of non-tumorous cirrhotic liver tissues (Supplemental
Figure 4).

LEPR mutations found in HCV-positive cirrhotic liver resulted in the disruption of
downstream signaling.

Selected exome sequencing detected low-frequency mutations at a total of 650
nucleotide positions dfEPR in 12 of 22 (54.5%) HCV-positive cirrhotic liver tissues.
Although the nucleotide changes were unevenly distributed throughout the lviiriRe
exonic sequences, we detected 67 nucleotide alterations at the immunoglobulin (1g)
domain ofLEPR, 38 of which (56.7%) were recurrently mutated in two or more patients
(Figure 3A). Among them, non-synonymous mutations that caused the amino acid
changes were detected at 62 of the 67 (92.5%) nucleotide positions, and 10 of the 62
were also mutated in at least one HCC tissue examined in this study. Histologic
examination revealed no significant association between the present&P&t
mutations and the level of fatty changes in the liver tissue (Data not shown).

To explore the functional relevance DEPR mutations detected in HCV-positive
cirrhotic liver tissues, we randomly selected sel&#®Rs with a mutated Ig domain
from 62 non-synonymously mutateédEPRs, and examined the downstream signaling
properties of the mutatddEPR in vitro.

Accordingly, we subcloned the mutateBPRs and constructed expression plasmids
encoding those mutahEPRs (Figure 3B). We first confirmed that only a small amount
of endogenous LEPR expression was observed in both HEK293 and HepG2 cells
(Supplemental Figure 5) and that the induction of the phosphorylation of STAT3 by
wild-type LEPR in the presence of recombinant human leptin (Figure 3C). In contrast,
four of seven (57.1%) mutations in the Ig domairLBPR resulted in the reduction or
loss of STAT3 phosphorylationn vitro (Figure 3C). To clarify the functional



significance ofLEPR mutations, the cell proliferation rate was determined in HepG2
cells expressing either wild-type or mutatdePRs that were identified in HCV-positive
cirrhotic liver tissues using the lentivirus sysfénthreguIation of cyclin D1 and/or E
transcripts as well as enhanced cell proliferation were observed in the cells with
expression of the mutatddEPR gene compared with wild-type cells, while there was

no difference in the expression levels and subcellular localization between wild-type
and mutated LEPR protein (Supplemental Figure 6). These findings indicate that some
of the somatic mutations that latently accumulated in the Ig domalfcPR of the
cirrhotic liver tissue might cause dysfunction of LEPR-mediated signaling in the cells
with those somatic mutations.

L EPR dysfunction enhanced susceptibility to tumorigenesis.

To determine the functional relevance of LEPR dysfunction on liver cancer
development, we examined whether disruption of the LEPR gene contributes to liver
tumorigenesis using a genetically altered mouse model, Lepr-deficient
C57BL/KsJdb/db mouse @b/db mouse)’. Thioacetamide (TAA), a putative carcinogen,
is well established to induce liver fibrosis and tumorigenesis in a murine ¥hddels,
we conducted an assay to evaluate whether LEPR insufficiency alters the effects of
TAA-mediated tumorigenesis. Accordingly, TAA was prepared at a concentration of
0.02%, a relatively low dose compared to carcinogenic’damed administered to mice
in the drinking water for 24 weeks. The body weight ofdbielb mice was about twice
that of their lean littermates, awmity/db mice had hepatomegaly even after normalizing
the liver weight to the body weight (Figure 4A). Histologic examination revealed the
accumulation of lipid within individual hepatocytes in tf@db mouse liver, a typical
feature of steatosis (Figure 4A).

After administering TAA, the blood levels of alanine aminotransferase were
substantially elevated ib/db mice compared with those of control mice (Supplemental
Table 10). Consistently, histologic examination revealed that inflammatory activity was
more severe in the liver ab/db mice than that in the liver of control mice (Figure 4B).
None of the control mice receiving TAA treatment showed tumorigenesis 24 weeks after
TAA administration. In contrast, macroscopic liver nodules developed in 4 of 10 (40%)
db/db mice that received the same dose of TAA during the same observation period
(Table 2). Histologic examination revealed that tdlwdb mice with liver nodules
developed well-differentiated HCC (Figure 4C). In addition, the remaining nodules that
developed indb/db mouse liver showed features of hepatocyte hyperplasia. These
findings suggest that Lepr-deficiedit/db mice had high susceptibility to TAA-induced



ACCEPTED MANUSCRIPT

liver tumorigenesis.



Discussion

Tumor cells are considered to be generated by a stepwise accumulation of genetic
alterations in tumor-related genes during the process of inflammation-associated
carcinogenesis. Several studies have reported that epithelial tissues exposed to chronic
inflammation accumulate genetic alterations in tumor-related genes before the onset of
tumorigenesizs 8 Given that chronic inflammation induces somatic mutations, it is
reasonable to assume that critical genetic alterations that contribute to tumorigenesis
might emerge in chronically inflamed epithelial cells. Using whole exome sequencing,
we demonstrated here that considerable levels of somatic mutations accumulate not only
in tumors but also in the non-tumorous liver of patients with HCV-related cirrhosis.

Whole exome sequencing on synchronously developed HCCs demonstrated a
remarkable difference in the mutation signature in each case. In two cases, more than
20% of the mutated genes were commonly present in two tumors that developed in the
same background liver, suggesting that these tumors were derived from a common
origin or developed through intrahepatic metastasis. In contrast, the tumors that
developed in the remaining case shared no common mutations, suggesting independent
development in a multicentric manner. The data obtained from the latter case are
consistent with those of a recent study in which no common somatic mutations were
identified in the two pairs of multicentric HCCs that developed in the same background
livers'®. Taken together, these findings suggest that comprehensive whole exome
sequencing on synchronously developed HCCs would permit distinction of the
carcinogenic process between tumors that develop in a multicentric manner and that
develop through intrahepatic metastasis.

Interestingly, we found that in some cases the total number of mutated genes of
non-tumorous liver tissues was larger than those of the matched tumor tissues, possibly
due to the abundance of heterogeneous accumulation of passenger mutations in the
non-tumorous liver tissuds The observation that the frequency of mutations at each
nucleotide position in the non-tumorous tissues tended to be lower than those in the
matched tumor tissues may lend support to such a possibility. Notably, somatic
mutations in the representative tumor-related gemB53 and CTNNB1, were also
latently accumulated in the cirrhotic liver tissues. It is unknown whetheMR58
and/or CTNNB1 mutations detected in non-tumorous tissues were derived from the
clinically-undetectable small nest of cancer cells or premalignant hepatocytes, however,
it is possible that these latent genetic alterations in tumor driver genes contribute to the
development of HCC in the background of chronic liver disease.



Among the various mutated genes in the cirrhotic liver tissue, we ideritieR as the

one of the most recurrently mutated genes. Indeed, we confirmed a total of 650
low-frequency mutations of theEPR gene in 12 of 22 (54.5%) patients with HCV
infection by using selected exome sequencing. At present, it is not clear why a large
number of mutations accumulate in thEPR gene of non-tumorous cirrhotic liver in
patients with chronic HCV infection. One possibility may be thatitBEBR gene is

highly sensitive to AlD-mediated mutagenesis in hepatocytes, because we recently
observed that AID activation in cultured hepatoma-derived cells preferentially caused
somatic mutations in theEPR gene (Supplemental Table 11). On the other hand, close
attention must be paid to the fact that only low-frequency mutations were detected in the
LEPR gene in tumor tissues, consistent with the reported cancer genome database
(ICGC dataset version12; http://dcc.icgc.org/web/). In general, tumor-specific driver
mutations in tumor tissues are characterized by the high frequency mutations (e.g.,
20%< nucleotide changes of total reZds" ). In this regard, the frequency of any
mutation in theLEPR gene observed in the tumor tissues was less than 20% in our cases.
Thus, the genetic changes in LEPR are unlikely to be direct driver mutations for HCC,
but rather might play some role in the development of HCC in HCV-infected inflamed
liver by providing a pathophysiologic background for hepatocarcinogenesis by
modifying the cell proliferation activity.

Leptin is a circulating hormone secreted by adipocytes and regulates energy
homeostasi. Leptin acts through binding to the extracellular domain of specific
membrane receptor LEPR, which belongs to a family of class | cytokine reé&ptors
The extracellular domain of LEPR comprises two canonical cytokine receptor
homology domains, Ig and fibronectin Ill domains, and the Ig domain is essential for
the formation of the hexameric complex and for receptor actiVAtitm the present
study, we confirmed that 67 mutations were present in the Ig domaifERR in
cirrhotic liver, and more than half of the mutations were recurrently mutated in two or
more patients. Notably, more than 90% of those nucleotide alterations that accumulated
in the Ig domain oLEPR were non-synonymous mutations. Furthermore, we revealed
that several non-synonymous mutations that appeared in the Ig domaiBPBf
impaired signaling to STAT3 in response to leptin, causing the dysregulation of leptin
signaling in the cells with those mutations. Sequencind ERR gene in patients with
severe early onset obesity revealed that the extracellular region of the LEPR has a
variety of mutations in those patiefitsA functional study of missense mutations in the
LEPR found in severely obese patients also revealed that mutated LEPR has impaired
signaling to STAT3, which is consistent with their inability to activate pathways



involved in the reduction of food intaKe Together, these findings suggested that
somatic mutations in theEPR gene might provide the genetic basis for developing
metabolic dysregulation in hepatocytes during hepatocarcinogenesis.

In the present study, we demonstrated for the first time dbatb mice with
disruption of the Lepr gene were more susceptible to developing hepatic inflammation
as well as TAA-mediated tumorigenesis than wild-type mice. Consistent with our
findings, a previous study reported an increased incidence of hepatocyte hyperplasia in
leptin-deficient ob/ob mice, a model for nonalcoholic fatty liver diseHseTaken
together, it is strongly suggested that dysregulation of LEPR signaling has a role in
hepatic tumor development, but the mechanism of how the leptin signaling deficiency
contributes to an enhanced inflammatory response and tumorigenesis is currently
unknown. It should be noted that bathyob mice anddb/db mice are characterized by
hepatic steatosis, and steatosis is well recognized as a common histopathologic feature
of the chronic HCV-infected liver. Epidemiologic studies revealed that fatty liver
disease may be a common underlying pathology in patients witi$f&@nd steatosis
is an important cofactor in accelerating the development of hepatic fibrosis and
inflammatory activity® * contributing to the progression of HCC in HCV-related
chronic liver diseadé In the present study, we found no correlation between the
prevalence of LEPR mutations and the histologic feature of fatty changes in
HCV-positive cirrhotic liver tissues. On the other hand, previous studies demonstrated
that leptin can oppose the action of insulin-induced signaling by reducing the
phosphorylation of insulin receptor substrate-1 in human hepati¢®c¥llfn addition,
it was shown that leptin suppresses HCC via activation of the immune response,
suggesting the tumor-suppressing function of leptin-mediated sigfralifigus, we
speculate that dysregulation of leptin signaling in the liver might be involved in the
neoplastic process of patients with HCV-related chronic liver damage. Because somatic
mutations iNLEPR are limited to a small proportion of cells in cirrhotic liver tissue and
the TAA-mediated liver inflammation model does not fully recapitulate HCV-associated
chronic liver disease, further analysis is required to determine whether dysregulation of
LEPR-mediated signaling caused h¥PR mutations contributes to the enhanced
inflammatory response or tumorigenesis in patients with HCV-related chronic liver
damage.

In conclusion, we showed that various somatic mutations latently accumulate in the
non-tumorous cirrhotic liver of patients with HCV infection. The findings that ERR
gene was recurrently mutated in cirrhotic liver provide a novel putative link between the
inflammation-mediated genetic aberrations, the dysregulation of leptin-signaling, and



the development of HCC in patients with HCV-related chronic liver disease. The gene
catalogue identified in the HCV-infected chronically damaged liver might contain the
putative driver gene associated with tumor initiation as well as the gene that provides
the genetic basis for the development of HCC. Thus, further studies are required to
identify the genetic alterations that contribute to tumor development in chronically
inflamed liver underlying chronic HCV infection.
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Figurelegends

Fig. 1 Schematic diagram showing the number of mutated genesin tumors, and the

number of genes commonly mutated in both tumor and the matched non-tumor ous

liver tissues.

Patients #1, #2 and #3 had synchronously developed HCCs, and patient #4 had a
solitary HCC. Venn diagrams represent the number of mutated genes in each HCC
tissue determined by whole exome sequencing. The numbers of genes commonly
mutated in the synchronously developed multiple HCCs were 32, 9, and 0 in patients #1,
#2, and #3, respectively. Among the mutated genes in HCC (at a frequency of 20%< of
reads), the number of genes commonly mutated in both HCC and matched

non-tumorous background liver (at a frequency of 5%< of reads) is shown in shaded

circles.

Fig. 2 Number of mutated genes and the distribution of mutation frequency in

tumor and non-tumorous cirrhotic liver tissues.

The number of mutated genes (upper) and the distribution of mutation frequency
(lower) detected by whole exome sequencing in each sample are shown (at a frequency
of 20%< of reads). Patients #1, #2, and #4 had more mutated genes in non-tumorous
liver tissue than those in HCC, while the mutation frequency at each nucleotide position
in the majority of non-tumorous cirrhotic liver tissues was less than 30%. NT denotes
non-tumorous cirrhotic liver.

Fig. 3 Distribution of mutations in the LEPR sequence in HCV-positive cirrhotic

liver tissues.

(A) Schematic diagram of the LEPR gene (top) and the immunoglobulin (lg)
domain (middle). Mutated positions in the Ig domain are indicated by the black
triangles. A total of 38 of 67 (56.7%) mutated nucleotide positions of the Ig domain
were recurrently mutated in two or more HCV-positive cirrhotic liver tissues.
Frequencies of non-synonymous (black circle) and synonymous (gray diamond)
mutations at each nucleotide position of the Ig domain of each sample are shown
(bottom). Non-synonymous mutations were detected at 62 of the 67 nucleotide
positions.

(B)(C) HEK293 cells were transfected with constructs encoding wild-type or
representative various mutateé#PRs that were identified in HCV-positive cirrhotic
liver tissues. Control: empty vector (B) Immunoblotting was performed on the lysate of



the cells expressing either wild-type or a mutated Ig domain (D332Y, V333A, Y426X,
and V427M) of theLEPR gene using anti-Myc antibodies. (C) After transfection, the
cells were treated with or without recombinant leptin protein. Total protein was isolated
and immunoblot analysis was performed using anti-phospho-STAT3 (upper panels) and
anti-total-STAT3 (lower panels).

Fig. 4 Tumors developed in db/db mice treated with thioacetamide (TAA).

(A) Representative macroscopic (left) and microscopic (right) images (hematoxylin
and eosin (H&E) stain) of the liver fromdh/db mouse and a littermate control mouse
without TAA administration. The liver of thdb/db mouse is enlarged and yellowish
compared with the control (yellow arrowheads). Histologic analysis of the liver tissue of
db/db (ii, iv) and control (i, iii). (original magnification, 4x for upper panels, 10x for
lower panels)

(B) Microscopic images (H&E stain) of control (i, iii) amib/db mice (ii, iv) with

TAA for 24 weeks. In thedb/db mice, inflammatory cell infiltration was extensively
observed in the liver tissues underlying prominent steatosis (ii, iv). (original
magnification, 4x for upper panels, 20x for lower panels)

© Microscopic images (H&E stain) of nodules that developeditfib mice
treated with TAA for 24 weeks (i-vi). Liver cancers developed in divialb mice (i, ii

and iii, iv). Arrowheads indicate hepatocyte hyperplasia (v, vi). (original magnification,
4x for left panels, 10x for right panels)
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Supplemental Figure 1. lkeda et al.
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Supplemental Figure 6. lkeda et al.

£& ESEE
LEPR —_— LT . REU
Tubulin ——— . . | o] 575D
CTR WT  D332Y V333A Y428X V42TM
Leptin -+ -+ - + - + + - +

Phosphorylated
STAT3

Total STAT3 |_...__.__. — T |4sem

C P<0.0§

7

/7

T
A ——_—_“"

)

Absorbance

N
\
§
1\
\
N

2.

WT

Y426X

D332y

V427M

V333A

B CTR WT D332Y
' B E ‘-’
QY 2 Iy 3 4 1
& 7
— t} .
V333A Y426X VA27TM
f v
61" B X ; i
2 #» 3
xR IRAY | S
# ) 4 ¥ . -
ie o o b 4

D

LEPR

cyclin E
B-actin

Supplemental Figure 6. Effect of wild-type or mutated LEPR expression on the cell proliferation
of HepG2 cells. Expression of either wild-type or mutant LEPRs in HepG2 cells was induced using a
lentivirus system?6. LEPR complementary DNA fragments were inserted into the viral vectors, followed
by the production of lentiviral stocks in HEK293 cells. HepG2 cells were cultured in virus-containing
medium for 48h, serum starved for 8h, treated with 100ng/mL recombinant human leptin (Sigma-



Table 1. Number of tumor tissues and non-tumorous cirrhotic liver tissues with somatic mutations
at high (upper) and low (lower) frequencies in 7P53, CTNNBI, and LEPR.

LEPR TP53 CTNNB1
High-frequency mutations (20%<)
Tumor (n=10) 0
Non-tumor (n=22) 1* 0 0
Low-frequency mutations (1-20%)
Tumor (n=10) 9 8 9
Non-tumor (n=22) 12* 17 12

*One patient had both high- and low-frequency mutations in LEPR.



Table 2. Incidence of hepatic nodules in C57BL/Ksd-db/db (db/db) and misty (control) mice after 24

or 30 weeks treatment with TAA.

db/db control
24 weeks (n=10) (n=10)
Male/Female 8/2 8/2
Tumor formation
Total 4* (40%) 0 (0%)
HCC 2 0
Hepatocyte hyperplasia 3 0
30 weeks (n=7) (n=10)
Male/Female 3/4 7/3
Tumor formation
Total 6* (86%) 4 (40%)
HCC 1 0
Hepatocyte hyperplasia 6 4

Numbers of animals that developed hepatocyte hyperplasia and/or hepatocellular carcinoma (HCC) are shown.

*One db/db mouse developed both HCC and hepatocyte hyperplasia.



Supplemental Table 1. Clinical features of 4 patients who underwent whole exome

sequencing and 22 patients who underwent selected exome sequencing.

AFP® DCP: Histological
Case Age Gender BMI= Md or Se
(ng/ml) (mAU/mL) gradef
Whole exome sequencing

#1 51 M 23.3 16 185 M Wel

#2 58 F 22.3 103 7 M Mod

#3 55 F 26.7 779 881 M Mod

#4 53 M 22.3 34 85 S Mod

Selected exome sequencing

#5 65 M 25.2 17 7 M Mod

#6 49 F 21.6 149 107 M Mod

#7 40 M 25.7 24 50 M Mod

#8 50 M 25.0 16 23 M Mod

#9 57 F 23.4 8 30 M Mod
#10 56 F 22.8 5 929 M Mod
#11 53 M 18.6 30 31 M Mod
#12 65 F 29.7 6 1,877 S Mod
#13 57 M 19.0 19 167 S Wel
#14 76 M 21.8 75,363 37,784 M Por
#15 64 M 18.7 177 8 - -
#16 57 M 25.5 45 68 - -
#17 54 F 25.9 <3 10 - -
#18 50 M 22.3 585 61 - -
#19 60 F 21.3 434 72 - -
#20 57 M 25.0 15 8,310 - -
#21 56 M 19.0 15 383 - -
#22 49 F 21.8 38 227 - -
#23 59 M 25.6 6 12 - -
#24 49 M 23.2 4 320 - -
#25 37 M 22.2 4 13 - -
#26 51 M 20.5 3 90 - -

a‘ body mass index, b: a-fetoprotein, c: des-y-carboxy prothrombin, d: multiple HCCs, e: solitary HCC, f: Wel; well

differentiated HCC, Mod; moderately differentiated HCC, Por; poorly differentiated HCC



Supplemental Table 2. Overview of whole exome sequencing data of 4 HCC patients

with HCV infection. Whole exome sequencing was performed on tumor tissues,

non-tumorous cirrhotic liver tissues, and matched peripheral lymphocytes from each

patient. Total reads, aligned reads, aligned sequences (bp), median read depth, and

number of target regions, which were 1%, 8%, 20%, and 30x or more coverage depth read,

are shown.
Tumor (n=7) Non-tumor (n=4) Lymphocytes (n=4)

Total reads 44,323,036 41,920,372 38,661,394
Aligned reads 40,046,800 33,742,449 31,595,571
Aligned sequence(bp) 2,824,088,514 2,384,058,470 2,221,753,713
Median read depth 40.2 31.9 27.4

1x  Coverage 31,560,125 32,343,635 30,935,484

8x  Coverage 24,724,702 23,432,758 23,549,909
20% Coverage 17,707,636 15,000,474 16,272,508
30% Coverage 13,599,418 11,752,775 12,527,511




Supplemental Table 3. List of 970 nucleotide positions in 768 genes that were mutated

at a frequency of more than 20% of reads in 7 HCC tumors of 4 cases.

Reference Allele Amino acid
Gene Chr= CDSP Coverage Functiond Case
Position change change®

AGRN 875083 1 26 20 A <C NS D #2
LOC728661 1487244 1 8 18 G <T NS N #3
CDC2L2 1540787 1 3 43 T <C NS N #4
PANK4 2331358 1 18 32 T <C NS N #4
KIAA0562 3645675 1 7 67 T <C S N #4
CHD5 5928578 1 24 54 C <T S N #2
PTCHD2 11319504 1 7 23 G <C NS N #4
PLOD1 11750469 1 4 22 G <T NS N #4
PRAMEF1 12595752 1 3 170 G <A S N #4
PRAMEF1 12596087 1 3 93 Cc <T NS D #4
PRAMEF11 12625168 1 5 48 G <A S N #4
PRAMEF11 12628397 1 3 38 cC <7 S D #4
PRAMEF11 12628415 1 3 36 C <T S N #4
HNRNPCL1 12647885 1 1 143 T <C S N #4
PRAMEF7 12717626 1 1 27 A <G S N #4
PRAMEF9* 13064237 1 1 26 G <A NS N #2
PRAMEF9* 13064255 1 1 35 G <A NS D #2
PRAMEF18 13117381 1 1 27 G <A NS N #4
ARHGEF10L 17547108 1 1 109 T <G S N #4
PLA2G2D 20082054 1 3 56 T <C NS N #4
HSPG2 21856574 1 5 77 C <A NS N #4
CELA3A 21973988 1 6 105 T <G NS N #4
CELA3A 21976308 1 7 49 G <A S N #4
L0OC100289113 22086886 1 1 28 A <C NS D #1
LUZP1 23059855 1 1 48 T <C S N #4
TRIM63 26025003 1 5 90 T <C NS N #4
SLCY9A1 27120757 1 1 56 A <G S N #4
PHC2 33310033 1 8 132 C <T S N #4
CSMD2 33528214 1 51 83 T <C NS N #4
SLC2A1 42884612 1 8 74 T <C S N #4
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DMD 2723711682 X 37 92 T <C NS N
WAS 2739828502 X 11 13 G <T NS N
GATA1 2739931290 X 2 14 A <C NS N
GAGE12E 2740547782 X 1 62 G <T NS D
PAGE1* 2740686656 X 3 37 T <C S N
USP27X 2740875896 X 1 39 G <C NS NR
TSPYL2 2744246047 X 6 76 A <G NS N
FAM120C 2745238526 X 14 66 C <A NS D
ITIH5L 2745914425 X 8 22 G <A NS N
MSN 2752987418 X 9 47 G <A S N
OPHN1 2755314567 X 20 47 T <C NS N
DGAT2L6 2757452592 X 5 20 Cc <T S N
LPAR4 2765991350 X 1 46 G <T NS D
LPAR4 2765991352 X 1 43 Cc <T S N
PCDH11X 2779854213 X 7 171 C <A NS N
SYTL4 2787924130 X 9 24 G <A S N
SYTL4 2787924131 X 9 24 T <C NS D
NXF5 2789077402 X 3 81 T <C NS D
NXF2 2789554971 X 10 19 Cc <T S N
CLDN2 2794152808 X 1 26 C <A NS N
CLDN2 2794152809 X 1 26 Cc <T NS N
TRPC5 2799176319 X 1 24 G <A NS D
TRPC5 2799176320 X 1 24 G <T NS N
RHOXF2B 2807087244 X 4 29 A <G NS N
PLAC1 2821580905 X 1 20 A <G NS N
RBMX 2823837181 X 8 40 G <C NS D
SLITRK4 2830598721 X 1 56 T <C NS N
NSDHL 2839816887 X 6 109 A <G NS D
MPP1 2841799005 X 5 36 T <C S N
MPP1 2841799006 X 5 36 T <C NS N
RBMY1D 2863471281 Y 11 23 T <C S N
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*: These genes were commonly mutated in the synchronously developed HCCs of cases #1 and #2.
a: chromosome, b: coding sequence, ¢: N: non-synonymous mutation, S: synonymous mutation, d: Functional

predictions by SIFT. D; deleterious, N; neutral, NO; nonsense mutation, NR: no record found



Supplemental Table 4. Functional relevance of mutations detected in the HCC tumors.

Patient #1
HCC #1 Number of mutated genes 51
Amino acid change (+) 38 (74.5%)
Functional loss* (+) 20 (39.2%)
KEGG pathway
Pathways in cancer CTNNB1 PDGFRB TP53
Wnt signaling pathway FBXW11
PI3K-Akt signaling pathway ITGB8
Others ALDH1A1 HDAC9 SORBS2 RYR3
HCC #2 Number of mutated genes 79
Amino acid change (+) 58 (73.4%)
Functional loss* (+) 23 (29.1%)
KEGG pathway
Viral carcinogenesis HDACY9 RB1 TP53
Wnt signaling pathway FBXW11
PI3K-Akt signaling pathway ITGB8
Others ALDH1A1 NXF5
Patient #2
HCC #1 Number of mutated genes 39
Amino acid change (+) 20 (51.3%)
Functional loss* (+) 10 (25.6%)
KEGG pathway
Metabolic pathways DBH
Others AGRN
HCC #2 Number of mutated genes 70
Amino acid change (+) 40 (57.1%)
Functional loss* (+) 20 (28.6%)
KEGG pathway
Metabolic pathways ADSSL1 FTCD RDH16
Others ABCA13 BTRC VWF C4A
GRM4
Patient #3
HCC #1 Number of mutated genes 30

Amino acid change (+)

Functional loss* (+)

KEGG pathway

20 (66.7%)

6 (20.0%)



Metabolic pathways CYP1A2

HCC #2 Number of mutated genes 276
Amino acid change (+) 208 (75.3%)
Functional loss* (+) 90 (32.6%)
KEGG pathway
Metabolic pathways ACSM4 ADSS UGT2B28 DHRS4L2
GALNT5 ME1 POLE NSDHL
PIK3C2G
PI3K-Akt signaling pathway COLG6A6 HGF ANGPT1 LPAR4
Neuroactive ligand-receptor GLRA2
Others CDK9 CA2 ABCC12 AP1IM1
GNPAT GLYAT RUVBL1 GDF9
MYL12A MLL3 SLC18A2 MAP4K4
PRPF8 PIP4K2A SLC9A4 NUP37
VCP TTN
Patient #4
HCC Number of mutated genes 364
Amino acid change (+) 177 (48.6%)
Functional loss* (+) 46 (12.6%)
KEGG pathway
Metabolic pathways ACSM5 ALPP PNLIPRP1
MAPK signaling pathway HSPA6 MAP2K2
PI3K-Akt signaling pathway FLT4
Others ECH1 CHI3L1 FURIN CD99
KCNJ12 ITGAE TMPRSS4 REXO1L1
RBMX PLOD3 TUBA4A PGA3

*The number of mutated genes predicted to be “damaging (deleterious)” by Sorting Intolerant From Tolerant (SIFT)
functional impact predictions (http:/provean.jcvi.org/index.php).

The genes categorized in multiple pathways are shown in only one representative pathway.



Supplemental Table 5. List of 448 indels in 409 genes at a frequency of more than 20%

of reads in 7 HCC tumors of 4 cases.

Reference Position Gene Chra=  CDS»  Coverage Allele change Case
7813482 ERRFI1 1 3 17 insA #3
12628605* PRAMEF11 1 3 27 insC #2
12718307 PRAMEF7 1 2 47 insT #3
17358674* PADI6 1 9 41 delG #4
17358674* PADI6 1 9 62 delGT #2
26696284 ARID1A 1 2 19 delC #4
31395890* SERINC2 1 9 17 insG #3
46770747 CYP4B1 1 8 42 delAT #4
46770748 CYP4B1 1 8 42 delT #4
52949277* LOC100133211 1 1 42 delG #4
53189215 MAGOH 1 3 25 insA #3
54095320% CDCP2 1 4 21 insC #4
62557547 ANGPTL3 1 4 17 insT #3
78876012 ELTD1 1 10 13 insA #3
89014597 GBP1 1. 4 17 insA #2
90670304 BARHL2 1 2 20 insC #3
108974106 CLCC1 1 6 84 insG #4
122705624* PDE4DIP 1 14 80 delG #4
122713730* PDE4DIP 1 6 465 delT #1
131401399 DENND4B 1 12 43 insG #3
131474740 NUP210L 1 34 13 insG #3
131951749 SHE 1 3 112 insA #2
133072970 MSTO1 1 11 33 insA #3
133795656 CCT3 1 2 34 insT #3
133844355* RHBG 1 9 40 delC #4
134043234* TTC24 1 3 12 delC #3
136505109 1FI16 1 7 31 insT #3
146999551 F5 1 13 23 insT #3
151907797 GPR52 1 1 18 insA #2
162596811 Clorf25 1 10 26 insT #3
163815430 TPR 1 15 43 delT #3

174374155 CFHR4 1 5 18 insC #3
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*: These indels commonly occurred in more than one HCC.

a: chromosome, b: coding sequence



Supplemental Table 6. List of 81 nucleotide positions in 77 genes with indels at a

frequency of more than 20% of reads in 4 non-tumorous tissues of 4 cases.

Reference Position Gene Chra  CDS»  Coverage Allele change Case
36247083 THRAP3 1 4 18 delG #1
75174421 SLC44A5 1 16 19 delT #1
114430296 TRIM33 1 20 23 delC #1
133132499 YY1AP1 1 7 37 insT #1
133844355 RHBG 1 9 48 delC #4
201121914 CAPN2 1 3 14 delC #1
201173637 TP53BP2 1 13 22 delG #1
247664301 C2o0rf43 2 4 18 delA #2
319394229 SNRNP200 2 37 20 delA #1
322653290 AFF3 2 14 35 delA #1
331834049 RANBP2 2 20 16 delG #1
332901065 RGPD5 2 20 22 delT #1
374789589 NEB 2 4 37 insT #4
382950536 LY75 2 5 19 delA #4
401635744 TTN 2 274 25 delA #1
409835043 FAM171B 2 8 17 delT #1
412064501 COL3A1 2 14 21 insA #4
454784716 PTMA 2 4 14 delT #1

463724350% AQP12B 2 1 27 delC #3
463734336 AQP12A 2 2 14 delG #2
503335742 DLEC1 3 4 20 delT #1
503335743 DLEC1 3 4 20 delA #1
735406533 CNOT6L 4 10 21 delG #1
785877214 LARP2 4 14 23 delA #1
798021293 SCOC 4 1 18 insC #1
810971969 TRIM2 4 5 18 delC #1
883256725 PRLR 5 3 29 delG #4
939146286 ANKRD32 5 16 15 insC #1
985314450* L0OC100288105 5 1 27 delC #3
1033746568 BMP6 6 5 24 delC #1
1068664364 KIAA0240 6 4 17 insT #4
1193244025 FAM120B 6 1 43 insA #1
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*: These indels commonly occurred in more than one HCC.

a: chromosome, b: coding sequence



Supplemental Table 7. List of 40 somatic mutations with amino acid changes commonly
detected in both the tumor (at a frequency of 20%< of reads) and matched non-tumorous
cirrhotic liver (at a frequency of 5%< of reads) of the same patients. The two genes listed
at the top (indicated by bold type) were recurrently mutated in the non-tumorous

inflamed livers of two cases.

Tumor Non-tumor
Reference Reference Mutation Mutation Mutation
Gene Chra
Position Nucleotide Nucleotide  frequency Case frequency Case
() ()

LEPR 65548341 1 C A 25.8 #3 15.0 #3
21.9 #1
ZNF408 1792629936 11 T A 20. 4 #2 16.0 #2
15.8 #4
HRNR 129676984 1 G C 28.9 #3 5.4 #3
PXDN 228577682 2 G C 45.1 #4 47.2 #4
POTEF 353150970 2 T A 41.8 #4 31.0 #4
ALPP 455451136 2 C T 32.5 #4 37.5 #4
GPR125 682521774 4 C A 38.1 #2 40.0 #2
HERCé6 746068457 4 T A 36.5 #4 44.9 #4
EGFLAM 886579974 5 T G 23.3 #3 5.3 #3
C4A 1057829599 6 T G 25.0 #2 11.5 #2
WISP3 1134999625 6 T G 43.3 #4 64.3 #4
C7orf10 1234451360 7 T A 25.0 #3 8.3 #3
PVRIG 1290339880 7 C T 23.5 #1 21.3 #1
MUC17 1291200140 7 G A 21.2 #4 12.5 #4
PLOD3 1291376235 7 G C 48.2 #4 51.7 #4
COL27A1 1589933932 9 A G 56.8 #4 54.6 #4
AGAP9 1658906463 10 T G 36.7 #4 16.2 #4
POLL 1713935693 10 G T 44.8 #4 38.6 #4
MUC5AC 1747183167 11 G A 43.9 #4 43.8 #4
MRGPRX3 1764064669 11 T C 40.0 #4 42.5 #4
TMEM133 1843211533 11 A C 59.5 #4 83.3 #4
TMEM123 1844621025 11 G A 27.3 #2 7.3 #2
TMPRSS4 1860336319 11 C T 54.4 #4 41.3 #4
DHRS41.2 2108914889 14 G T 20.5 #3 11.5 #3
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Supplemental Table 8. Overview of selected exome sequencing data of 22 patients with
HCYV infection. Selected exome sequencing of 7P53, CTNNBI, and LEPR was performed
for 22 non-tumorous cirrhotic liver tissues, 10 HCC tissues, and matched peripheral
lymphocytes from each patient. Aligned reads, aligned sequences (bp), and median read

depth are shown for each sample.

Aligned reads Aligned sequence (bp)  Median read depth

Tumor 29,334 2,035,570 1,476.2
TP53 Non-tumor 31,848 2,200,641 1,575.3
Lymphocytes 36,690 2,539,944 1,917.2
Tumor 90,022 6,215,000 2,344.3
CTNNBI1 Non-tumor 75,785 5,282,450 1,991.2
Lymphocytes 100,430 7,013,325 2,710.8
Tumor 34,328 2,390,335 538.3
LEPR Non-tumor 60,128 4,219,089 1,025.6

Lymphocytes 86,830 6,085,511 1,423.0




Supplemental Table 9. Clinical features and overview of deep sequencing data of
patients who underwent deep sequencing of the LFEPR gene. We determined the
sequences of the LEPR gene in the liver of 15 non-cirrhotic HCV-associated chronic
hepatitis patients. In addition, normal liver tissues were obtained from 9 liver donors at
the time of the operation. Age, gender, aligned reads, aligned sequences (bp), median

read depth, and numbers of mutations are shown.

Chronic hepatitis (n=15) Normal liver (n=9)
Age 59.3 55.9
Gender (M/F) 6/9 712
Aligned reads 4,290 3,956
Aligned sequence (bp) 1,044,737 1,275,068
Median read depth 2,838 3,440

Number of Mutations in LEPR gene 0 0




Supplemental Table 10. Mean body weights and serum levels of insulin, triglyceride, total
cholesterol, and ALT of C57BL/KsJ-db/db (db/db) mice and misty (control) mice after 4 weeks of

thioacetamide administration.

db/db control
Body Weight (g) 46.5+0.6 23.5+0.4
Insulin (ng/mL) 30.6+28.3 1.6+0.2
Triglyceride (mg/dL) 95.045.0 50.020.0
Total cholesterol (mg/dL) 215.0£15.0 95.0+£15.0
ALT (TU/L) 1,325.0+1,085.0 75.0+£35.0

All data are presented as mean * standard deviation.

ALT: alanine aminotransferase



Supplemental Table 11. Categorization of the mutated genes detected by whole exome

sequencing of the AID-expressing hepatocyte cell line using the KEGG database.

Pathway

M etabolic pathways ATP6VOA4  DMGDH HSD17B3 PGD
ATPBV1C2  GALNT1 HYAL2 PHGDH
BCMO1 GATM NDST1 POLR3B
CPS1 HKDC1 PAH

PI3K-Akt signaling pathway BCL2L11 IBSPNOS3 PRKCZ TEK
COL27A1

MAPK signaling pathway FLNB SP1 CACNA1F PTPN7

Cytokine-cytokine receptor interaction  LEPR TNFRSF8 TNFRSF10A

Transcriptional misregulation in cancer  EYAl GZMB IMJID7-PLA2G4B

Proteoglycansin cancer FLN ITGB3 TIMP3 VTN

PPAR signaling pathway CPT1B CYP4A22 PPARD

Cdl cycle E2F2 ESPL1 MCM7

Pathwaysin cancer FLT3 TRAF4 PDGFA

Hedgehog signaling pathway GLI3 LRP2 CSNK1A1L

Others 95 genes

The genes categorized in multiple pathways are shown in only one representative pathway.

Constitutive AID expression resulted in the accumulation of nucleotide alterations in
various genes including LEPR of the cultured hepatocyte-derived cells.

Whole exome sequencing was performed on DNA derived from established
non-neoplastic human primary hepatocyte cells (J Hepatol.2007 ;46:26-36.) with
constitutive AID expression. AID expression in the cultured hepatocytes was performed
using a lentiviral system26. After 8 weeks of AID expression, the DNA was extracted and
subjected to whole exome sequencing as described in the Materials and Methods.
Overall, a total of 460 nucleotide positions in 380 different genes were defined as
mutated in the AID-expressing cultured hepatocytes through the variant filtering
process. Among them, pathway analyses by KEGG revealed that many genes, including
LEPR, were categorized into well-known signaling pathways: metabolic pathway,
PI3K-Akt signaling pathway, MAPK signaling pathway, cytokine-cytokine receptor
interaction pathway, and the transcriptional misregulation in cancer pathway. Only

categorized genes are shown.



Supplemental Information

M aterialsand M ethods
Patients

The study group comprised of patients who had undergone living donor liver
transplantation or potentially curative resection of primary HCC at Kyoto University
Hospital from 2000 to 2010. The selection of patients enrolled in this study was based
on the availability of a sufficient amount of tissue for analysis. Patients included 17 men
and 9 women, with a mean age at the time of surgery of 54.9 £ 7.7 years (mean * SD;
range, 37-76 years). Among them, whole exome sequencing was applied to 7 tumors, 4
non-tumorous cirrhotic livers, and matched peripheral lymphocytes from 4 patients
(Supplemental Table 1, #1-4). Furthermore, we performed selected exome sequencing
of 22 non-tumorous cirrhotic livers, 10 tumors, and matched peripheral lymphocytes
from 22 other affected individuals (Supplemental Table 1, #5-26). All patients were
positive for serum anti-HCV and/or HCV RNA. Written informed consent for the use of
resected tissue was obtained from all patients in accordance with the Declaration of
Helsinki, and the Kyoto University graduate School and Faculty of Medicine Ethics
Committee approved the study.

Sequence data analysisand variant filtering.

Using the software “NextGENe v2.2"(SoftGenetics, State College, PA), the obtained
reads were aligned with the reference sequences of the Human Genome Build 37.3.
Reads with 96% or more bases matching a particular position of the reference sequences
were aligned. Furthermore, reads with a median quality value score of more than 20 and
no more than 3 uncalled nucleotides were allowed anywhere in one read. Only
sequences that passed the quality filters were analyzed and each position of the genome
was assigned a coverage depth, representing the number of times the nucleotide position
was sequenced. To identify somatic mutations, we used a number of scores to provide
an empirical estimation of the likelihood that a given mutation was real and not an
artifact of sequencing or alignment errors.

In the whole exome sequencing analysis, candidates of somatic mutations were
selected according to the variant filtering process (Supplemental Figure 1). We defined
nucleotide alterations that appeared in more than 20% of reads as somatic Mtitations
31 When detecting the genes commonly mutated in both tumor and non-tumorous liver
tissues of the same individual, we also selected potential nucleotide alterations that
appeared between 5% and 20% of the total reads in non-tumorous liver tissues for
further evaluation. We excluded potential somatic mutations that represented more than



5% of the reads in peripheral lymphocytes of the same patient as common variants in
each individual. Candidate nucleotide alterations were tested using standard Sanger
sequencing on an Applied Biosystems 3500 Genetic Analyzer (Applied Biosystems,
Foster City, CA) to validate the presence of each mutation.

In selected exome sequencing analysis, candidates of somatic mutations were
selected according to the variant filtering process (Supplemental Figure 2). We defined
somatic mutations with more than 20% of reads as high-frequency mutations and those
that appeared between 1% and 20% of total reads as low-frequency mutations. We
excluded potential somatic mutations that represented more than 1% of the reads in
peripheral lymphocytes of the same patient. In cases in which we could not obtain
lymphocyte DNA, candidates of somatic mutations found in the lymphocytes of two or
more different individuals were excluded in consideration of possible Japanese
polymorphisms.

We compared our variants against common and germline polymorphisms present in
the dbSNP135 to discard known germline SNPs.

All sequence reads were deposited in the DNA Data Bank of Japan Sequence Read
Archive; accession number DRA000867.

Score

SoftGenetics developed the Overall Mutation score to provide an empirical
estimation of the likelihood that a given mutation is real and not an artifact of
sequencing or alignment errors. Overall Mutation Score of NextGENe can be used like
Phred scores, in which the scores are logarithmically linked to error probabilities. The
Overall Mutation Score of NextGENe is obtained as the product of the "Coverage
Score", which is calculated from the depth of coverage at the position of the mutation
and whose value ranges from zero (0) (where depth of coverage is one (1)) to an
unlimited number, multiplied by each of the four types of additional penalty scores such,
as the "Read Balance Score", "Allele Balance Score", "Mismatch Score" and "Wrong
Allele Score", whose values are less than 1 but are positive (the calculating formula for
each score is not shown). These scores are described in the NextGENe User Manual in
detail (http://www.softgenetics.com/NextGENe.html).

Overall Mutation score

SoftGenetics developed tierall Mutation score to provide an empirical
estimation of the likelihood that a given mutation is real and not an artifact of
sequencing or alignment errorsA low Overall Mutation score, however, does not
mean that the mutation is more than likely a false mutation. The low score implies only
that the mutation cannot be called a true mutation with absolute certainty. As a general



guideline, if the coverage is high (500 to several thousand reads) and the data is
bi-directional, then scores that are 5 and lower indicate that the mutation is most likely
false, while scores of 25 and higher indicate that the mutation is most likely true.
Mismatch score

Several variations from the reference sequence that occur very close together often
indicate a region where mutation calls are less reliable. The Mismatch score penalizes a
specific mutation if other mismatched bases are found nearby. The software first looks
for mismatches that occur in a minimum percentage of reads in the 10 bp region that is
found on either of side of the mutation that is being scored.
Wrong Allele score

Mismatches that are different from the consensus are referreavtorgsmismatches.
These wrong mismatches most likely result from sequencing errors. For example, A, C,
G, T, and insertions represent wrong mismatches when a deletion was called at a
position.

Céll culture and transfection

The cDNA encoding the wild-type and the mutated LEPR were generated by
RT-PCR from the mRNA of the liver tissues, followed by PCR amplification using
Phusion High-fidelity DNA polymerase (Finnzymes, Espoo, Finland) and the following
oligonucleotide primers: 5-CGCGGATCCATGATTTGTCAAAAATTC-3' (sense) and
5- AAGGAAAAAAGCGGCCGCTTACACAGTTAGGTCACACA-3 (antisense). The
resulting PCR fragments were inserted into the BamHI-Notl sites of pcDNA3 for
HEK293 and the BamHI-Apal sites of lentivirus for HepG2, as described previously14.

HEK293 and HepG2 cells were maintained in Dulbecco’s modified Eagle medium
(Gibco-BRL, Rockville, MD) containing 10% fetal bovine serum. For transfection of
plasmids into the HEK293 cells, we used Lipofectamine2000 transfection reagent
(Invitrogen, Carlsbad, CA). At 40h post-transfection, the cells were serum starved for
8h, then either left unstimulated or stimulated with 100ng/mL recombinant human leptin
(Sigma-Aldrich) for 10 min. Expression of either wild-type or mutant LEPR in HepG2
cells was performed using a lentiviral vector-mediated wild-type and mutated LEPR
expression system as described previously26. In brief, LEPR complementary DNA
fragments were inserted into the viral vectors, followed by the production of lentiviral
stocks in HEK293 cells. HepG2 cells were cultured in virus-containing medium for 48h,
starved for 8h, treated with 100ng/mL recombinant human leptin (Sigma-Aldrich) for
10 min, and then subjected to immunoblotting, immunostaining, quantitative RT-PCR,
or a cell proliferation (MTT) assay.



Immunoblotting analysis

Immunoblotting was performed using anti-signal transducer and activator of
transcription 3 (STAT3) and anti-Phospho-STAT3 antibody (Cell Signaling Technology,
Danvers, MA) according to the manufacturer’s protocol.

Animals Experiments

C57BL/KsJdb/db mice @b/db mice), which possess homozygous deletion of_tiye,

Ob-R gene, and misty mice, which are wild-type with a nortegr, were purchased

from Japan SLC (Shizuoka, Japan). Thioacetamide (TAA) (Sigma-Aldrich, St. Louis,
MO) was prepared at a concentration of 0.02% and administered to mice in the drinking
water for 24 weeks or 30 weeks beginning at 5 weeks of age. These mice were then
sacrificed for analysis of the development of liver tumors. All animal experiments were
approved by the ethics committee for animal experiments and performed under the
Guidelines for Animal Experiments of Kyoto University.
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Figure 2. lkeda et al.
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Figure 3. lkeda et al.
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Figure 4. lkeda et al.
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