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Title: Identification of new genetic determinants that predispose to hepatocellular

carcinomas

Abstract: Hepatocellular carcinoma (HCC) is among the most prevalent and lethal
cancers worldwide. In the setting of chronic liver disease (CLD), genetic determinants
play an important role in the development of HCC. Until now, few single nucleotide
polymorphisms (SNPs) have been reproducibly associated with HCC. Our project aims
to identify genetic markers that predispose to HCC.

By case-control study, we investigated the association between SNPs previously
identified in GWAS and HCC development taken into account the various etiology and
severity of underlying CLDs. Among the 7 SNPs from GWAS of HCC, only STAT4
157574865 was re-validated as genetic risk factor of HBV-related HCC in Europeans.
We have also validated that PNPLA3 rs738409 and TM6SF2 rs58542926, two SNPs
closely associated with the risk of alcoholic- and non-alcoholic fatty liver disease-
related cirrhosis, were both independent risk markers of HCC in patient with ALD. The
association were further confirmed in a prospective manner with a cohort of patients
with alcohol-related cirrhosis. In addition, PNPLA3 rs738409 was also associated with
an increased risk of HCC on non-fibrotic livers.

In addition, we discovered that a newly identified SNP of HSD17B13 (rs72613567),
that are protective from alcoholic and non-alcoholic liver disease, protects also against
the progression from ALD to ALD-related HCC. We also observed that HSDI17B13
rs72613567 could even mitigate the HCC risk in patients with at-risk G allele of
PNPLA3.

In conclusion, PNPLA3 rs738409, TM6SF2 rs58542926 and HSD17B13 rs58542926
are three genetic risk markers of ALD-related HCC. Regarding the functions of these
three genes, it indicates that lipid metabolism play an important role in the liver

carcinogenesis.

Keyword: single nucleotide polymorphisms, PNPLA3, TM6SF2, HS17B13, citrhosis,

alcoholic liver disease, liver cancer



Titre : Identification des nouveaux déterminants génétiques prédisposant aux

carcinomes hépatocellulaires

Résumé : Le carcinome hépatocellulaire (CHC) est I’un des cancers les plus répandus
et les plus meurtriers au monde. Dans le contexte des maladies chroniques du foie, les
déterminants génétiques jouent un role important dans le développement du CHC.
Jusqu'a présent, peu de polymorphismes mononucléotidiques (SNPs) ont été associés
de maniere reproductible au CHC. Le but de mon projet est d’identifier des marqueurs
génétiques prédictif de la survenue du CHC.

Par 1’¢tude de cas/témoins, nous avons testé 1'association entre une sélection de SNPs
et la survenue du CHC, en fonction de 1’étiologie et la gravité de I’hépatopathie. Parmi
les 7 SNPs liés aux risques du CHC dans des GWAS, aucun des 6 autres SNPs n’était
reli¢ au risque de CHC, a I’exception de STAT4 rs7574865 qui était validé comme un
facteur de risque CHC développé sur hépatite B chronique chez les Européens. Nous
avons également validé que PNPLA3 1s738409 et TM6SF?2 1558542926, deux SNPs
étroitement associés au risque de cirrhose liée a la stéatose hépatique alcoolique et non
alcoolique, étaient tous marqueurs de risque indépendants du CHC chez les patients
avec une maladie alcoolique du foie. L'association ensuite était confirmée de manicre
prospective dans une cohorte de patients avec cirrhose d’origine alcoolique. En outre,
PNPLA3 rs7384009 était également un facteur de risque de CHC développé sur foie non-
cirrhotique (FO-F1).

Enfin, nous avons découvert qu'un nouvel SNP de HSDI7BI13 (rs72613567), qui
protége contre les maladies du foie alcooliques et non alcooliques, protége ¢galement
contre la survenue du CHC chez les patients avec une maladie alcoolique du foie. Nous
avons ¢galement observé que le polymorphisme HSDI7B13 1572613567 pourrait
atténuer le risque de CHC chez les patients présentant un alléle a risque de PNPLA3.
En conclusion, les polymorphismes PNPLA3 rs738409, TM6SF2 rs58542926 et
HSDI17B13 rs58542926 sont trois marqueurs de risque génétiques du CHC développé
sur maladie alcoolique du foie. Les fonctions de ces trois génes suggérent que le

métabolisme des lipides joue un role important dans la carcinogenese du foie.

Mots clefs : polymorphisme, PNPLA3, TM6SF2, HS17B13, cirrthose, maladie

alcoolique du foie, cancer du foie
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Introduction

I. Hepatocellular carcinoma

1. Epidemiology

Primary liver cancer ranks now as the sixth commonly diagnosed cancer and the fourth
leading cause of cancer death worldwide (Bray et al., 2018). More than 80% of primary
liver cancer are currently hepatocellular carcinoma (HCC). Typically, HCC occurs
frequently in middle-aged and older (>45 years) adult and is two to four times more
frequent in males than in females (Torre et al., 2015). Besides the differences in age
and gender, the incidence of HCC varies among different regions. The estimated age-
standardized incidence rates (ASIR) per 100,000 people are highest in less developed
regions, particularly in sub-Saharan Africa (14.1), Eastern (17.7), Micronesia (15.2)
and South-Eastern Asia (13.3) (Bray et al., 2018) (Figure 1). The mortality rates in
these regions are 3- to 7-folds higher than other regions (Bertuccio et al., 2017). 50%
of the newly diagnosed cases worldwide arise in China and account for more than
300,000 cancer death (Bray et al., 2018; McGuire, 2016). Even if there is a substantial

decline in some Asia countries, HCC incidence continues to increase in some

developed countries, like United State and Australia, making HCC a global healthy
problem (Altekruse, Henley, Cucinelli, & McGlynn, 2014; Bertuccio et al., 2017;
Siegel, Miller, & Jemal, 2018; Wallace, Preen, Short, Adams, & Jeffrey, 2019).

Estimated age-standardized incidence rates (World) in 2018, liver, both sexes, all ages

Figure 1 : Estimated age-standardized incidence rates of liver cancer worldwide in both sexes.

Data from GLOBOCAN 2018.
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HCC arises mostly in patients with chronic liver disease (CLD) induced by various
etiologies and 80 to 90% cases occur in the liver of cirrhosis (Colombo et al., 1991).
The major causes of cirrhosis are chronic hepatitis B, chronic hepatitis C and other
upcoming etiologies such as alcoholic liver disease, non-alcoholic fatty liver disease
(NAFLD) due to metabolic syndrome, exposure to aflatoxin B1 and hemochromatosis.
Due to economic factors and different lifestyles, the distribution of these etiologies

differs among regions, which explains also the region heterogeneity of HCC incidence.
1.1 Hepatitis B virus

Hepatitis B virus (HBV) accounts for 54% of total HCC cases worldwide (El-Serag,
2012; European Association For The Study Of The, European Organisation For, &
Treatment Of, 2012; Mittal & El-Serag, 2013). HBV infects almost one third of global
population and the prevalence of chronic HBV carriers is 5% (350—400 million people)
(McMahon, Alberts, Wainwright, Bulkow, & Lanier, 1990). The geographical
distribution of chronic HBV infection is quite distinct. It is highly prevalent in the
African countries (6.1%) and Western Pacific Regions (6.2%), with perinatal
transmission and horizontal spread among children as major modes of infection. The
prevalence is quite lower (0.3%-1.5%) in North America, Western Europe and
Australia where sexual and parenteral exposure as major ways of transmission

(Schweitzer, Horn, Mikolajczyk, Krause, & Ott, 2015).

According to retrospective studies, chronic HBV carriers have 5- to 100- folds
increased risk of HCC compared to healthy population. In Asian population, HCC
incidence is 0.6 per 100 in subjects with chronic hepatitis B without cirrhosis and 3.7
per 100 in subjects with compensated cirrhosis; the corresponding 5-year HCC
cumulative incidences are 3% and 17%, respectively. While in Caucasian population,
HCC incidence rate is 0.3 per 100 in subjects with chronic HBV without cirrhosis, and
2.2 per 100 in subjects with compensated cirrhosis; the corresponding 5-year HCC
cumulative incidences are 1% and 10%, respectively (El-Serag, 2012). Although
patients with cirrhosis have the highest risk of HCC, there is a subset of HBV-related
HCC arising in the setting of non-cirrhotic liver (Chayanupatkul et al., 2017; J. D. Yang
etal., 2011).
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Natural history of hepatitis B, including HBV replication, HBV genotypes, HBV
mutations and duration of infection, is also related with HCC risk in HBV carriers.
Patients with higher levels of HBV replication, determined by positive tests for HBeAg
and high levels of HBV DNA load, have a higher HCC risk (C. J. Chen, Yang, Ilogje,
& Group, 2009; J. D. Chen et al., 2010; H. I. Yang et al., 2002). HBV genotypes are
geographically distinct and have a different impact on clinical outcomes. Compared to
genotype B, genotype C in Asia is more closely associated with cirrhosis and HCC
(Kao, Chen, Lai, & Chen, 2002). While in Western Europe and North America, carriers
with genotype D have a higher incidence of HCC than those with genotype A (C. L.
Lin & Kao, 2015; Sanchez-Tapias, Costa, Mas, Bruguera, & Rodes, 2002). Some
studies reported that mutations in HBV genome (ex. BCP T1762/A1764 and pre-core
G1896A) were also associated with prevalence of HCC independent of HBV genotype
and viral load (Orito et al., 2001).

Host factors (male gender, earlier age of infection or longer duration of chronic HBV
infections, Asian or African ethnicity, family history of HCC, exposure to aflatoxin B1,
alcohol or tobacco, and coinfection with HCV or HDV) are also linked with risk of
HCC (C. J. Chen et al., 2006; Iloeje et al., 2006; Kushner, Serper, & Kaplan, 2015).

From year 1980s, many countries with common HBV infection began to vaccinate all
newborns. This health policy has effectively decreased the rate of HBV infection and
HBV-related HCC. However, infected patients before 1980s are now reaching at age
of higher risk of HCC. In addition, due to suboptimal vaccination rate and high mother-
to-child transmission rate, there is still a persist burden of HBV-related HCC in the

coming decades (Jutavijittum et al., 2016).
1.2 Hepatitis C virus

Hepatitis C virus is the second cause of HCC, accounting for >25% of cases. The global
prevalence of HCV infection is near three percent (170 millions), mostly in East Asia,
North Africa, and Middle East regions. (Szabo, Lotz, Paska, Kiss, & Schaff, 2003;
Zaltron, Spinetti, Biasi, Baiguera, & Castelli, 2012). Different from HBV, people are
infected mainly via blood-borne transmission. In United State and south Europe, due

to intravenous drug use, abundant young people were infected with HCV during 1960s

10
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and 1970s. In Japan, HCV was much more common than HBV because of commercial

blood banks, especially in 1950s (Tanaka et al., 2002).

The majority of the infected population is asymptomatic in the acute phase (Loomba et
al., 2011). However, 70% to 80% patients with HCV infection turn into the chronic
infection phase, which may typically induce liver fibrosis or cirrhosis within 20 to 30
years with an estimated rate between 17% and 55%.(Deutsch, Papadopoulos,
Hadziyannis, & Koskinas, 2013; Ward, 2013). It is estimated that 2-6% of all patients
with HCV-related cirrhosis will develop HCC over 10 years. Compared with HCV
negative people, HCV-infected patient have 17-fold increased risk of HCC (Donato et
al., 2002). In endemic regions, from 50% to 70% HCC cases are due to HCV infection
(Bezemer et al., 2012; Omata, Yoshida, & Shiratori, 2005).

Besides viral genotype (HCV 1b), host factors (advanced stage of fibrosis, coinfection
with HBV or HIV, alcohol consumption, sustained virology response, gender, age of
patients) are risk factors of HCC in HCV infected patients (Moosavy et al., 2017;
Vandenbulcke et al., 2016). Until now there is not yet efficient vaccination to prevent
HCYV infection. With the advent of highly effective and well-tolerated direct-acting
antiviral agents (DAA), more HCV patients seen in clinical practice will likely be in
sustained virological response (SVR). Access to HCV treatment is increasing, but
remains limited. Without vaccine prevention, limited access to treatment and the annual
number of patients with cirrhosis, HCC will roughly increase and is estimated to reach

the highest level in 2020s (Modin et al., 2019).
1.3 Chronic alcohol intake

Long-term excessive use of alcohol (>50-70g/day) is a well-established cause of
cirrhosis and HCC. The prevalence of alcohol consumption is much higher in
developed western countries, where alcohol-related HCC accounts for 32%-45% of

HCC cases (T. R. Morgan, Mandayam, & Jamal, 2004).

In liver, ethanol is metabolized into acetaldehyde, a carcinogen that acts at epigenetic
level, affecting methyl transfer, promoting DNA hypomethylation and disturbing the
expression of tumor suppressor genes and oncogenes (Varela-Rey, Woodhoo,

11
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Martinez-Chantar, Mato, & Lu, 2013). Moreover, oxidative stress, lipid peroxidation
and chronic inflammation are also involved in alcohol-related liver carcinogenesis. The
multistep process from alcoholic liver disease to HCC consists a series of histological
changes from steatosis, alcoholic hepatitis, fibrosis and cirrhosis. Globally, cirrhosis
occurs in 10%-15% of cases. The prevalence of HCC in patients with cirrhosis is 15%-
20% with an annual incidence of 2%-4% (Mancebo et al., 2013). However, HCC could
also develop in patients with high alcohol intake but without cirrhosis (Trevisani,

Frigerio, Santi, Grignaschi, & Bernardi, 2010).

Alcohol consumption can increase the risk of HCC in combination with other risk
factors, including chronic infection with HCV or HBV, smoking and metabolic
syndrome (obesity, diabetes mellitus, dyslipidemia and arterial hypertension) (C. W.
Lin et al., 2013; Marrero, Fontana, et al., 2005; Nahon & Nault, 2017). Alcohol abuse
is increasing in many countries, suggesting that alcohol will continue to be a common

cause of HCC throughout the world (Bruix, Gores, & Mazzaferro, 2014).
1.4 Non-alcoholic fatty liver disease

In addition to alcohol, the dramatic rise in non-alcoholic fatty liver disease (NAFLD)
has also been associated with increased risk of HCC in developed countries (J. W. Park
etal., 2015). In year 1980, NAFLD was firstly described as a spectrum of liver diseases
with accumulation of excess triglyceride (TG) in hepatocyte in patients with metabolic
syndrome without excessive alcohol consumption (Ludwig, Viggiano, McGill, & Oh,
1980). At the histological level, NAFLD ranges from to nonalcoholic fatty liver (NAFL)
with simple hepatic fat accumulation, to nonalcoholic steatohepatitis (NASH) with
steatosis, fibrosis and inflammation. At least 20-30% of patients with benign condition
(NAFL) progress to NASH and finally cirrhosis in 10-20% of these cases (Vernon,

Baranova, & Younossi, 2011).

The incidence of NAFLD and NAFLD-related HCC to continue to increase globally
along with the increasing prevalence of obesity and diabetes mellitus (Pais et al., 2017).
Currently, it is estimated that there are 415 million people worldwide suffering from

type 2 diabetes (T2D) and there are 650 million people with obesity (Ogurtsova et al.,

12
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2017; H. Sung et al., 2019). In addition, T2D and obesity are also independent risk
factors of HCC (El-Serag, Hampel, & Javadi, 2006; Larsson & Wolk, 2007).

The Bridge study revealed that NAFLD accounted for nearly 10% and 12% of all HCC
cases in Europe and North America, respectively. In contrast, the incidence of NAFLD-
related HCC is only 1% to 6% in Asia, where HBV or HCV are still dominant causes
of HCC (J. W. Park et al., 2015). Because of epidemiological and methodological bias,
the NAFLD-related HCC incidence, together with the burden of NAFLD, is somehow
underestimated (Degasperi & Colombo, 2016). In Eastern counties, due to lifestyle
changes and a dramatically decline of viral infection, NAFLD is becoming a major
cause of liver disease. It is likely that the increasing NAFLD incidence will translate
into a significant increase in NAFLD-related HCC in the coming decades. Table 1
summarizes the current epidemiology of HCC and the potential impact of NAFLD on

HCC incidence across geographic regions in the future (Bertot & Adams, 2019).

Region Asia Europe Australia Africa North America
HCC incidence * 35-99 10-20 12 8.9 <5
Main etiologies HBV HCV,alcohol HCV,alcohol HBV HCV,alcohol
Reducing in ereas Currentl;{ increasing Currentl){ increasing Currently. increasing
Trends with vaccination though likely to fall | though likely to fall Stable though likely to fall
rograms due to effective HCV | due to effective HCV due to effective HCV
prog treatment treatment treatment

Impact of NAFLD | Minor but emerging | Minor but emerging | Minor but emerging Minor Majoriz:;l;T::ctmg

Table 1: Trends in the epidemiology of hepatocellular carcinoma and impact of non-alcoholic fatty liver
disease according to geographic regions.
* Age-adjusted incidence rates (per 100 000 person), HCV: hepatitis C virus, HCC: hepatocellular

carcinoma

Liver cirrhosis is also the strongest risk factor of HCC in patients with NAFLD
(Kawamura et al., 2012). The 5-year incidence of HCC in NAFLD patients with
cirrhosis is 11.3% (Oda, Uto, Mawatari, & Ido, 2015). However, HCC on non-cirrhotic
liver is more common in patient with NAFLD than other etiologies (Sanyal, Poklepovic,
Moyneur, & Barghout, 2010). Patients with HCC developed on non-cirrhotic liver are
predominantly males of older age and with a higher prevalence of metabolic features
(diabetes, obesity, hypertension, coronary artery disease and dyslipidemia) compared

to HCC cases with cirrhosis (Guzman et al., 2008; Yasui et al., 2011). In addition,
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combination with other risk factors, such as alcohol consumption, will also increase

the risk of HCC (Ascha et al., 2010).

Although the incidence of HCC in patients with NAFLD-related cirrhosis is lower than
that in patients with HBV- or HCV-related cirrhosis, the dramatic increase of NAFLD
in general population suggests that NAFLD will be the leading cause of HCC in the

future.
1.5 Other etiologies

Aflatoxin B1 (AFB1) is a metabolite produced by Aspergillus fungus. In sub-Saharan
Africa, Eastern Asia and parts of South America, a number of staple foods, like maize
and ground nuts, are frequently contaminated by AFB1 due to the humidity. The
metabolites of AFB1 are mutagenic and carcinogenic. Chronic intake of AFBI1
contaminated foods could induce specific DNA mutations in tissue (mutational
signature number 24 characterized by a high rate of C>A mutations and a somatic TP53
mutation encoding p.Arg249Ser (Schulze et al., 2015). Abundant evidences show that
AFBI1 is a strong risk factor of HCC. In addition, AFB1 acts synergistically with HBV
to foster HCC development. The geographical distribution of these two etiologies
largely overlapped. Series of actions in endemic areas are taken to reduce the exposure
of AFB1 and have already shown its efficiency to limit the occurrence of AFBI-

associated HCC.

There are also some rare genetic liver diseases that could cause HCC. Classic
hemochromatosis is an autosomal recessive disorder due to homozygous mutations
C282Y/C282Y of HFE. The incidence of hemochromatosis is 1/1000 and HCC is
reported in 7.5-30% of these cases (Niederau et al., 1996; Nowak, Giger, &
Krayenbuehl, 2018). Early diagnosis and phlebotomy could reverse liver damage and
reduce HCC risk (Fargion et al., 1994). Wilson’s disease, alpha 1 antitrypsin deficiency,
familial intrahepatic cholestasis and hepatic glycogen storage are also reported to be
linked with development of HCC. Finally, there are some HCCs developed in normal
liver without any known etiology (Dorfman et al., 2007).
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2. Nature history and risk factors of liver carcinogenesis

2.1 Nature history of liver carcinogenesis

Liver carcinogenesis is a dynamic process. HCC develops mostly in chronic liver
disease, and liver carcinogenesis is strongly related to the occurrence of cirrhosis. Due
to long term stimulation by viral or chemical factors (alcohol or bioactive lipids), liver
frequently harbors chronic inflammation (Bishayee, 2014). Meanwhile, three processes
have to be distinguished, namely, stimulation of fibroblasts, maturation and deposition
of fibers, and catabolism of fibers. (Popper & Uenfriend, 1970). It could induce
changes in hepatic architecture and damages of liver function. In most cases,
progression from fibrosis to cirrhosis occurs after an interval of 15-20 years influenced

by both genetic and environmental factors.

As mentioned, 80 to 90% of HCC arise in the setting of cirrhosis. The micro-
environmental composition and organization of cirrhosis can serve as prognostic
factors in HCC pathogenesis (Novikova, Khromova, & Kopnin, 2017). This
environment promotes the evolutional process of dysplasia, from low-grade to high-
grade dysplasia, early HCC, progressed HCC and advanced HCC. A combination of
histological characteristics (cellular density, pseudo-glandular formation, steatosis,
presence of portal spaces, stromal invasion, nuclear atypia, isolated artery, etc) makes
it possible to differentiate premalignant lesions from early HCC. During tumor growth,
there is often portal vein thrombosis, as a feature of advanced stage which is associated

with poor prognosis.
2.2 Risk factors of HCC development

Host factors, including gender, age and severity of underlying liver disease, have an
impact on the progression from chronic liver disease to HCC. In all populations, the
high male-to-female ratios of incidence indicate that gender is a strong risk factor of
HCC development. The first explanation is the different exposure of environmental
risk between males and females. Normally, males are more likely to have HBV and
HCV infection, to consume more alcohol, to smoke more cigarette and to have

metabolic syndrome. However, some epidemiological studies have shown that even
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after adjustment for gender difference, males still have more risk of HCC than females
(El-Serag, 2012; B. K. Park et al., 2007). It indicates that sex related physio-biology
somehow contributes to the risk of liver carcinogenesis. In contrast, due to the use of
oral contraceptive, females are more likely to develop a begin liver tumor,
hepatocellular adenoma (HCA). A small fraction of patients with HCA, especially
those with CTNNB1 exon3 mutation, trend to have malignant transformation. Moreover,
risk of HCC increases progressively with age (Fattovich, Stroffolini, Zagni, & Donato,
2004) and with presence of liver failure or portal hypertension that reflect the severity
of cirrhosis. The risk of HCC is also higher in patients with a family history of cancer

(Hassan et al., 2009).

3. Prevention and surveillance

Regarding the close association between the environmental risk factors and the long
natural history of liver carcinogenesis, prevention is the most effective way to decrease

HCC incidence and mortality.

HBYV vaccination is the most important primary prevention aiming to eradicate HBV
in uninfected population, especially in newborns. Since the first introduction of vaccine
in the 1982, over 1 billion HBV vaccine have been used worldwide. Compared with
children born before implementation of vaccination program, those born after have
reduced HCC incidence (Chang et al., 1997; Gwack et al., 2011; Wichajarn,
Kosalaraksa, & Wiangnon, 2008). Implementation of blood safety strategies, safe
injection practices in drug uses and safer sex practices help to prevent transmission of
HBV in uninfected adults. The effective antiviral treatment is the second prevention
aiming to delay the progression of chronic hepatitis B and to reduce HCC risk in
patients who are already infected. Current treatments to suppress replication of
hepatitis B include pegylated interferon and nucleotide (side) (NUC) analogues
(tenofovir or entecavir). A meta-analysis showed that the use of newer NUCs reduced
to 2.5% in the treatment group, compared with 11.7% in the placebo group (J. J. Sung,
Tsoi, Wong, Li, & Chan, 2008). However, occurrence of HCC couldn’t be completely
abrogated in patients treated by NUC.
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There is not yet HCV vaccination but research is ongoing. Sustained virologic response
(SVR) in those with chronic HCV has an impact on HCC development. Patients
achieving SVR, regardless the fibrosis stage, have a relative risk of 0.24 compared to
those did not (R. L. Morgan et al., 2013). The direct-acting antiviral agents (DAAs),
achieving almost complete SVR, is associated with reduced risk of HCC. However,
risk remains in patients with cirrhosis, highlighting the importance of HCC surveillance

(Pinero et al., 2019).

Efforts to reduce the exposure of AFB1 have been made in multiple regions, by
switching from maize to less AFB1 susceptible corps, public health education and
government regulation. Reduced HCC risk has been observed particular in China. In
Qidong City, there was an estimated overall 65% reduction in HCC after the
government initiated switch from maize to rice (J. G. Chen & Kensler, 2014). But in
many rural areas, AFB1 exposure is still problematic and enhanced efforts to reduce

the exposure is needed.

Considering HCC risk induced by alcoholic and non-alcoholic fatty liver disease,
alcohol withdrawal, healthy diet and regular exercises are recommended to prevent the
progression of these chronic liver diseases. However, the effect on reducing HCC risk

remains to be evaluated.

HCC is often diagnosed at advanced stages with tumor portal thrombosis or metastasis
or liver failure. Advanced HCC has limited treatment options and the outcome is
generally poor. However, HCC has a prolonged subclinical growth period during which
surveillance of at-risk population is extremely important for an early detection and
curative therapy to reduce the mortality. In a randomized controlled study, patients with
HBYV infection were randomly allocated in screening group and control group. HCC-
related mortality was significantly lower in the screening group (83-2 per 100 000) than
in the control group (1315 per 100 000), which indicated that the surveillance reduced
HCC mortality by 37% (B. H. Zhang, Yang, & Tang, 2004).

Whether a patient enters a surveillance program is mainly determined by the level of

HCC risk. According to AASLD and EASL guidelines, patients with cirrhosis
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irrespective of the etiology, and patients with CHB on non-cirrhotic liver and with a
HCC incidence more than 0.2%/year, are recommended to be enrolled into a
surveillance program. The most accurate and widely used test for HCC surveillance is
ultrasonography (US). Sensitivity of the test is between 65% and 80%, and specificity
is more than 90% when it is done by experienced operator (A. Singal et al., 2009). The
most common used serum marker is a-fetoprotein (AFP). With cutoff of 20ng/ml,
sensitivity of the test is around 60%, and specificity is 80% (Lok et al., 2010).
Combined use of AFP and US increases detection rate by 6-8%, but increases also the
cost and false-positive rate. Therefore, the role of AFP in HCC surveillance is still
controversial(B. Zhang & Yang, 1999). HCC surveillance every six month is
recommended. A 6-month interval is more effective in terms of early detection than a
12-month interval, and more cost-effective than a 3-month interval (Santi et al., 2010;

Trinchet et al., 2011).

However, the surveillance is far away from perfection in clinical practice. First, current
HCC surveillance is underused. In the surveillance process, the identification of
cirrhosis in general patients with liver disease is already underused, leaving a lot of
patients unconscious of the presence of cirrhosis. Then in patients with cirrhosis, only
20% undergo surveillance, which sometimes are inconsistent. Future interventions
must target these failure points and make the surveillance process more effective.
Second, the current surveillance test is suboptimal. In patients with cirrhosis, the
performance of US has a sensitivity of 84% for HCC at any stage while a sensitivity of
47% for early stage HCC (Tzartzeva et al., 2018). So, new serum-based or imaging-
based markers, which are accurate for the early HCC detection, are required. Last but
not least, the targeted population for HCC surveillance is far more accurate. HCC risk
varies widely between patients. The surveillance is not recommended in patients with
NAFLD without cirrhosis. Regarding the recent changes in the treatment paradigm for
viral hepatitis and the growing incidence of NAFLD, further efforts are needed to
identify reliably biomarkers to identify at risk subgroups among patients with non-
cirrhotic NAFLD. Improvement of risk stratification could also improve the cost-

effectiveness.
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Therefore, a more accurate model is urgently needed to indicate which level of risk
should trigger surveillance. And specific strategies, including new biomarkers, are

needed to achieve better effectiveness in HCC surveillance.

4. Diagnosis and treatment

4.1 Invasive and non-invasive diagnostic strategies

Diagnosis of HCC is mainly based on imaging and biopsy.

Liver ultrasonography is the most frequently used tool for HCC screening. Normally
HCC nodules show hypoechoic appearance, but small HCC nodules (<10mm) could
be hyperechoic. But none of these appearances is specific (European Association for
the Study of the Liver. Electronic address & European Association for the Study of the,
2018). Therefore, HCC is never diagnosed by US alone. Once a liver nodule is
suspected in cirrhotic liver (>10mm), contrast-enhanced CT or MRI is required in

routine.

The typical criteria for non-invasive diagnosis of HCC by imaging is hyper
arterialization of the nodule at the arterial phase and hypo-density at the venous phase,
the so-called “wash out”(Marrero, Hussain, et al., 2005). These criteria have a
specificity close to 100% for the diagnosis of HCC (Forner et al., 2008). However, the
non-invasive criteria are only validated in cirrhotic liver. For liver nodules occurring in
non-cirrhotic liver or for those absent of a conclusive imaging pattern, tumor and non-
tumor liver biopsy is strongly recommended. The sensitivity of liver biopsy for the
diagnosis of HCC can vary between 70% and 90%, depending on biopsy location,
differentiation, sample size and expertise. (Forner et al., 2008). A negative biopsy does
not rule out HCC, but requires an enhanced surveillance or a second liver biopsy.
Another challenge of biopsy is to distinguish HCC from high-grade dysplastic nodule
in cirrhotic liver. In addition to morphological features, positive staining for glypican
3, heat shock protein 70 and glutamin synthetase could help to increase the diagnosis

accuracy in this setting (Di Tommaso et al., 2007).

19



Introduction

4.2 The Barcelona Clinic Liver Cancer (BCLC) staging

Once HCC is diagnosed, staging is crucial to assess prognosis and to guide treatment.
The Barcelona Clinic Liver Cancer (BCLC) system is the most commonly used staging
system and has been widely validated. It is based on tumor burden (number and size of
nodules, vascular invasion statue, extrahepatic spread), liver function (Child-Pugh’s
class, bilirubin, albumin, clinically relevant portal hypertension, ascites) and
performance status (the Eastern Cooperative Oncology Group [ECOG] classification
and presence of symptoms) (Llovet, Bru, & Bruix, 1999). As shown in Figure 2, the
BCLC staging system classifies HCC patients in five groups: very early-stage HCC
(BCLC 0): patients with single nodule less than 2cm without vascular
invasion/satellites, with good health status (ECOG 0) and well-preserved liver function
(Child-Pugh A); early-stage HCC (BCLC A): patients with single nodule >2cm
(whatever the size) or 3 nodules <3 cm , good health status and preserved liver function;
intermediate HCC (BCLC B): patients with large multinodular tumors without
symptoms, without vascular invasion or extrahepatic spread; advanced HCC (BCLC
C): patients with extrahepatic spread tumor and/or with macrovascular invasion; end-
stage HCC (BCLC D): patients with poor liver function and/or poor performance statue
(ECOG>2) (European Association for the Study of the Liver. Electronic address &
European Association for the Study of the, 2018). This staging system also allocates
the best treatment based on the current evidences of the literature. Considering the
complexity of HCC and the various available treatments, multidisciplinary treatment
(MDT) involving hepatologists, surgeons, radiologists, pathologists and oncologists is

strongly recommended.
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Figure 2 : Modified BCLC staging system and treatment strategy
(European Association for the Study of the Liver. Electronic address & European Association for the

Study of the, 2018).
4.3 Curative treatments

Liver resection (LR) is the main choice for single HCC of any size arising on non-
cirrhotic liver, when sufficient hepatic function is preserved. Resection of HCC in
cirrhotic liver should be based on multi-parametric composite assessment to limit post-
operative liver failure and to achieve optimal outcome. The ideal candidate in patients
with cirrhosis should have a solitary tumor, well-preserved liver function, limited portal
hypertension, and good performance status. Perioperative mortality of LR in patients
with cirrhosis should be less than 3%. (Han et al., 2015). With the above criteria, LR is
applied in 5-10% cases. Patients without clinical significant portal hypertension and
normal bilirubin achieve 70% survival at 5 years, whereas survival is 50% or less when
both adverse factors are present (Ishizawa et al., 2008). However, there are 70% tumor

recurrence at five years after resection (Hasegawa et al., 2013).

Liver transplantation (LT) is the optimal treatment for early stage HCC on cirrhosis, since

it may achieve complete cure of both HCC and the underlying liver disease. Milan criteria

(single tumor <5 cm or multiple tumors <3 nodules <3 cm in size, without vascular

invasion and metastasis) are the main benchmark for selecting of the best candidates for

LT. The five-year survival is 65%-80% in patients meeting Milan criteria. 5-year

recurrence rate is much lower (15% vs 70%) compared to LR. LT beyond the Milan
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criteria is associated with high risk of recurrence and reduced long-term survival, even if
extension of Milan Criteria could be proposed in some cases (Herrero et al., 2008;
Mazzaferro et al., 2009; Yao et al., 2001). Moreover, after successful down-staging
within Milan criteria, LT could be considered. The biggest limitation of LT is the shortage
of donor. It makes the organ allocation among cancer and non-cancer candidates, and the
waiting time of cancer candidates is more crucial. Living donor is an alternative strategy
for organ shortage but is still limited by societal constraints and scarcity of suitable donors

in Europe.

Local ablation (radiofrequency, microwave, laser and cryoablation) induces tumor
necrosis and is a treatment option for single tumor less than 3cm in size and tumors which
are not suitable for resection. Among them, radiofrequency ablation (RFA) is currently
the first-line percutaneous treatment to reach complete tumor ablation with good and long
term outcomes (Germani et al., 2010). Accurate imaging-guidance and technique
improvements help to achieve complete ablation, challenging resection as first-line
therapy in patients with small HCC (Cucchetti et al., 2013; Hasegawa et al., 2013). In
patients with HCC nodule larger than 3cm, traditional monopolar ablation has a lower

efficiency compared to LR.
4.4 Non-curative treatments

Another optional approach is transarterial chemoembolization (TACE) which is based
on the predominantly arterial vascularization of HCC. The goal of this treatment is to
induce a strong cytotoxic and ischemic effect on the tumor. The common drugs used
during TACE are doxorubicin, epirubicin, cisplatin or miriplatin (Lencioni, de Baere,
Soulen, Rilling, & Geschwind, 2016). According to guideline, patients with
compensated liver function with asymptomatic multifocal or large hepatocellular
carcinoma without metastasis or portal tumor thrombosis, who are not amenable to
resection, are also optimal candidates for TACE. Half of the patients have objective
response and improved survival. With appropriate patient selection and optimal
treatment delivery, the current median survival could exceed 30—40 months (European
Association for the Study of the Liver. Electronic address & European Association for

the Study of the, 2018).
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More than half of the patients are diagnosed with advanced HCC with the presence of
tumor portal thrombosis and/or metastasis. Sorafenib, a multikinase inhibitor targeting
RAS, RAF, VEGFR and PDGFR improved overall survival versus placebo (10.7 vs. 7.9
months) in these patients (Llovet et al., 2008). However, the mechanism of action is
not well understood and there is not yet widely accepted clinical or molecular
biomarker helping decision making or outcome prediction. It takes ten year for
approval of a second-line agent, regorafenib, for patients tolerating and progressing on
sorafenib (Bruix et al., 2017). Last year, another drug, cabozantinib was also
recommended as a second-line treatment. At the same time, lenvatinib, another
multikinase inhibitor has showed no inferiority as first-line treatment compared to

sorafenib (Kudo et al., 2018).

Patients with HCC of terminal stage defined by liver failure or poor performance status
(BCLC staged D) have very limited life expectancy of about 3—4 months (Llovet et al.,
1999). The principle of management in these patients is symptomatic treatment in order

to provide best supportive care.

II. Pathogenesis and molecular mechanism

1. Somatic genetic alterations of HCC

During liver carcinogenesis, hepatocytes accumulate genetic and epigenetic alterations
involved in different process (loss of cell cycle control, escape from senescence control,
resistance to cell death, phenotypic plasticity, metabolic changes) that favor cell

proliferation and malignant transformation (Figure 3).
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Figure 3 : Genetic alterations of Hepatocellular carcinoma.

(Llovet et al., 2016)

Telomerase reverse transcriptase (TERT) encodes a catalytic subunit of telomerase
complex, which is essential for telomere elongation and maintenance preventing
chromosome erosion at each cell division (Gunes & Rudolph, 2013). Somatic mutation
in TERT promoter is the earliest recurrent genomic alteration occurring during the
multistep process of liver carcinogenesis on cirrhosis. The rate of mutations increases
progressively during liver carcinogenesis, from 6% in low-grade dysplasia nodule and
19% in high-grade nodule to 61% in early HCC. In normal hepatocyte, TERT is not
expressed. However, TERT promoter mutations (hot spot mutation at 126 and 144
nucleotides upstream the initial traduction codon) induce re-expression of the
telomerase, telomere synthesis which may promote cellular abnormal proliferation.
Integration of HBV DNA in TERT promoter is another mechanism of telomerase

reactivation in HBV-related HCC (Nault et al., 2013).

In a normal liver, hepatocyte predominantly exists in quiescent phase (GO). Cyclin-
dependent kinases, P53 and retinoblastoma 1 (RB1) pathways play important role in
preventing quiescent hepatocytes to proliferate (Y. Lin et al., 1996). In HCC,

inactivating mutations in 7P53 are common (20-52%), especially in HBV-related or

24



Introduction

AFB1-related HCC. Strikingly, 7P53 mutation is exclusive with CTNNBI (catenin
(Cadherin-Associated Protein), Beta 1) mutations. Besides, RBI (3-8%), CDKN2A4 (2-
12%) and ATM (2-6%) mutations are also recurrent in HCC (Ahn et al., 2014; Hsu et
al., 1991).

The Wnt/B-catenin pathway plays important roles in cell proliferation, survival,
embryonic development, polarization and specification of cell fate. B-catenin encoded
by CTNNBI is a key actor of the Wnt/B-catenin pathway. One of the common somatic
genetic alterations in HCC is activating mutations of CTNNBI (11-37%). Activating
mutation of CTNNBI or inactivating mutation (5-15%) in AXIN or APC which block
the degradation of B-catenin could both lead to the uncontrolled activation of the

pathway (de La Coste et al., 1998; Schulze et al., 2015).

The AKT/mTOR pathway play important role in modulating cell metabolism and
proliferation. Nearly 20-50% HCC has the activation of AKT/mTOR pathway.
However, the mutation is quite rare with inactivating mutations in PTEN (1-3%) and
ISCI or TSC2 (3-8%). RAS/RAF/mitogen-activated protein kinase pathways are
involved in proliferation, differentiation, migration and survival. In 2-9% cases of HCC,
inactivating mutation in RPS6KA3 was found, which lead to loss of negative control
loop and finally lead to the activation of the pathway (Guichard et al., 2012; Zucman-
Rossi, Villanueva, Nault, & Llovet, 2015).

Oxidative stress is a key player in development of chronic liver disease and the
progression to HCC development. When hepatocytes are exposed to oxidative stress,
the pathway of NRF2/KEAPI1 is triggered in response. In HCC, there is 5-15%
activating mutations in NRF2 and KEAPI reported (Guichard et al., 2012). And in-
vitro model showed that constitutive activation of the pathway promoted cell survival
and inhibited cell death, revealing that NRF2 was a critical oncogene for HCC

progression and development (Zavattari et al., 2015).

Alterations in chromatin remodeling and histone methyltransferase genes have
emerged as a major dysregulated pathway in HCC. Among them, there are inactivating

mutations of ARIDIA (13%) and ARID2 (7%) as well as mutations of the MLL gene
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family (mutations of MLL (3-4%), MLL2 (2-3%), MLL3 (3-6%) and MLL4 (2-3%)),

which codes for histone methyl transferases (Zucman-Rossi et al., 2015).

2. Molecular classification of HCC

Regarding the intertumor and intratumor heterogeneity of HCC, development of new

screening and stratification programs to refine diagnosis and to improve patients’

outcomes becomes crucial. Among multiple technologies and the related multi-omics

dataset, the gene expressing profile acts as a mediator between most other datasets

(Aben et al., 2018). Therefore, molecular classification of HCC is based on

transcriptomic profiling.

In year 2004, Snorri Thorgeisson analyzed the gene expression data from rat fetal

hepatoblasts and adult hepatocytes with HCC from human and mouse models. He

proposed the first classification of HCC with two main groups: cluster A as

“proliferative” HCC linked with poor prognosis and cluster B as “non-proliferative”

HCC (J. S. Lee et al., 2006).
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Figure 4 : Molecular classification of Hepatocellular carcinoma.

(Boyault et al., 2007)

In year 2007, our laboratory described a transcriptomic classification of HCC in 6

subgroups (G1-G6) associated with clinical and genetic features (Figure 4) (Boyault

26



Introduction

et al., 2007). Generally, G1-G2-G3 was associated with chromosomal instability, in
contrast, tumors classified in G4-G5-G6 were chromosomally stable. HCCs in G1 and
G2 groups were more frequently HBV-related, and harbored AKT pathway activation
and AXINI mutation. The difference between them was that G1 group displays a high
AFP level and was associated low copy number of HBV while G2 group was associated
with high copy number of HBV and 7P53 mutation. G3 group was characterized by
overexpression of genes of the cell cycle and was associated with a specific histological
subtype of HCC, the so-called macrotrabecular massive HCC. HCC in G4 group was
well differentiated HCC and was occasionally mutated in HNF1A4. Subgroups of G5
and G6 were closely associated with activating mutation of CTNNBI which led the
activation of the WNT/B-catenin pathway. In addition, G6 was characterized by

satellite nodules and under-expression of E-cadherin.

Several molecular classifications of HCC have been proposed in literature, such as
S1/S2/S3 system, TGFB, MET, AKT/MTOR (Chiang et al., 2008; Coulouarn, Factor,
& Thorgeirsson, 2008; Hoshida et al., 2009; Kaposi-Novak et al., 2006). Undoubtedly,
these studies lead to crucial progress in our understanding of the molecular mechanisms
of HCC. However, challenges lie on refinement of these classification and translating

the findings to clinical practice.
I11. Genetic variants associated with risk of chronic

liver disease and HCC

1. HCC susceptibility and single nucleotide polymorphism

HCC is a genetic disease not only in terms of somatic genetic alterations but also in
terms of the heterogeneity of the genetic determinants of susceptibility to develop HCC.
The heterogeneity of HCC susceptibility exists at two levels: among different ethnicity
and in the same ethnicity. People living in the same region, for example, in America,
Asians and Pacific Islanders have higher age-standardized HCC rates than Hispanics,
African-Americans and Whites at all ages and among both genders. And individuals
with the same etiology and the same ethnicity have also different risk to develop HCC.

There is a relative percentage of HCC cases diagnosed without any known predisposing
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risk factor and without any chronic liver disease (CLD) (El-Serag & Mason, 2000).
Moreover, familial history of HCC is also a risk factor of HCC development in patients

with chronic HBV and HCV infection (Hassan et al., 2009).

All these facts suggest a role of individual genetic predisposition in the susceptibility
of HCC. Single nucleotide polymorphism (SNP) is the most abundant form of genetic
variations, defined as a single base change in coding, non-coding and intergenic regions.
The identification of genetic variants influencing the risk of HCC is crucial for

identifying the subgroup of patients at high risk of HCC development.

For decades, the contribution of SNPs in the development of HCC has been
investigated. Numerous candidate-gene studies were undertaken by selecting genes
based on the known functions relevant to liver tumorigenesis, for example,
inflammatory genes, oncogenes and CLD-associated genes. Some polymorphisms
associated with viral hepatitis, NAFLD and fibrosis progression have also been
suggested as risk factors of HCC. Unfortunately, some of these studies suffer from
major methodological drawbacks because of their case-control, retrospective and
monocentric design. Prospective cohort study with sufficient number of homogeneous

populations which may overcome these pitfalls is still scarce.

In contrast to candidate-gene study, genome-wide association study (GWAS) proposes
to compare the distributions of millions of SNPs in HCC patients and control
population without a prior hypothesis. This agnostic approach allows to reveal
previously unsuspected variants associated with risk of HCC and, in the meantime, to
unravel new pathway possibly involved in liver carcinogenesis. Over the past few years,
this high-throughput genotyping technology has revealed SNPs potentially associated
with HCC risk. However, several drawbacks exist in GWAS study performed in HCC
patients. Due to differences in ethnicity or control population, some of the reported
SNPs are rarely reproducible in another GWAS. Thus, well-designed studies with

homogenously selected patients are needed for the validation of these SNPs.

HCC is a complex polygenic disease. According to “common disease, common

variants” hypothesis, each variant at each gene will have a small additive or
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multiplicative effect on the risk of HCC. Until now, the SNPs identified so far explain
only a small proportion of the overall variability in HCC susceptibility. In order to

better predispose HCC, more genetic markers are needed.

2. Polymorphisms and predisposition to chronic liver diseases

2.1 Genome-wide association study

Chronic hepatitis B: As what is mentioned above, nearly 95% of population with
HBYV infection will spontaneously eliminate the virus, and the remaining will establish
chronic infection and progress to chronic B hepatitis (CHB). Among them, one fourth
of chronic carriers will progress to cirrhosis and 5% with cirrhosis may develop HCC
(F. S. Wang, 2003). Owing these epidemiologic facts, genetic variations play a role in
the predisposition of infection, occurrence of chronic hepatitis B, liver cirrhosis and
even HCC. The first GWAS about CHB was reported in 2009. In Japanese, rs3077 in
HLA-DPAI and 1s9277535 in HLA-DPBI were significantly associated with persistent
infection with hepatitis B virus (Kamatani et al., 2009). Then 7 other GWAS validated
these two variants in other Asian populations, along with the discovery of other novel
variants within the HLA Class II Genes. In clinical study, strong T cell responses
involving both HLA class II-restricted CD4+ helper T cells and HLA class I-restricted
CD8+ cytotoxic T cells were present in subjects who spontaneously clear HBV
infection (Chisari & Ferrari, 1995; Ganem & Prince, 2004). It indicates that identified
genetic variants in HLA gene may play a role in the immune response controlling HBV
clearance and disease pathogenesis. In Korean population, the allelic frequency of
SNPs in non-HLA class II genes, 1rs652888 in the euchromatic histone-lysine-
methyltransferase 2 (EHMT?2) and rs1419881 in transcription factor 19 (TCF19), were
found significantly different in patients with CHB and healthy control (Y. J. Kim et al.,
2013). In Chinese population, four novel loci, rs3130542 near HLA-C (an MHC class
I gene), rs4821116 in the wubiquitin-conjugating enzyme E2L 3 (UBE2L3) gene,
rs7000921 in integrator complex subunit 10 (INTS10) gene and rs2296651 in SLC10A1
gene were separately reported in GWAS associated with the clearance of HBV infection
(Huetal.,2013;Y. Lietal., 2016). The only GWAS in non-Asian population identified
that rs2724432, locating upstream of ferredoxin 1 (FDXI), was associated with disease

29



Introduction

progression in patients with CHB, by comparing inactive HBV carriers with LC plus

HCC groups in Arab population (A. Al-Qahtani et al., 2013).

Chronic hepatitis C: GWAS are conducted to identify the host genetic variants that
influence treatment efficacy or clinical course in HCV infection. Between 2009 and
2010, four independent groups from the US, Australia, Europe, and Japan performed
GWAS in HCV infected individuals and identified several SNPs of /L28B gene,
associated with both spontaneous and interferon-induced HCV clearance (Ge et al.,
2009; Rauch et al., 2010; Suppiah et al., 2009; Tanaka et al., 2009). Regarding disease
progression, several GWAS have identified that SNPs, including rs16851720 and
rs4374383 in genes linked with apoptosis, rs910049 and rs3135363 in MHC region
were separately associated with liver fibrosis progression (Patin et al., 2012; Urabe et
al., 2013). A GWAS in HIV/HCV-coinfected patients revealed a strong association
between hepatic fibrosis progression and rs61183828, who is linked with a cluster of
SNPs close to two genes involved in cell signaling and cell structure (caveolin-3, CAV3)

and HCV replication (RAD18) (Ulveling et al., 2016).

Non-alcoholic fatty liver disease: NAFLD is a complex disease with a substantial
heritable component. The first GWAS of NAFLD was conducted in 2008 in a multi-
ethnic population. It identified that rs738409 in patatin-like phospholipase domain-
containing 3 (PNPLA3) was significantly associated with the presence of liver steatosis
(Romeo et al., 2008). Considering the complexity of NAFLD, a GWAS in Japanese
population adjusted the well-known confounders as age, gender, and BMI, and reported
that PNPLA3 rs738409 was strongly associated with the development and fibrosis
progression of NAFLD (P = 6.89-14, OR = 2.05) (Kitamoto et al., 2013). Until now,
numerous GWAS have confirmed its strong association with hepatic steatosis as well
as hepatic fibrosis. Usually, a systematic meta-analysis regarding all the possible
studies provide the highest level of evidence. PNPLA3 rs738409 remains the most
commonly validated in the clinical course of NAFLD, including susceptibility to liver
injury and fibrosis progression, in meta-analysis studies across a vast array of
ethnicities and in large samples of patients (Sookoian & Pirola, 2011; R. Xu, Tao,

Zhang, Deng, & Chen, 2015; L. Zhang et al., 2015). Specifically, GWAS of liver
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enzymes has also revealed the association of PNPLA3 rs738409 with elevated serum

alanine transaminase (ALT) levels (Chambers et al., 2011; Yuan et al., 2008).

In 2014, another GWAS about hepatic fat reported a non-synonymous SNP of
transmembrane 6 Superfamily Member 2 (TM6SF2, rs58542926) associated with
higher levels of ALT, and lower levels of LDL-cholesterol (very low density lipoprotein,
VLDL), triglycerides and alkaline phosphatase (Kozlitina et al., 2014). Until now,
numerous studies, including meta-analysis studies have already validated the
association between this TM6SF2 SNP and the risk of NAFLD (Goffredo et al., 2016;
Pirola & Sookoian, 2015). In addition, a study further revealed that T allele of the
TM6SF2 1s58542926 was associated with increased risk of advanced fibrosis in
patients with NAFLD, independent of the PNPLA3 genotype and other confounding
factors (Y. L. Liu, Reeves, et al., 2014).

A GWAS of computed tomography (CT) measured hepatic steatosis identified that
additional genetic variants influencing NAFLD localized in or near the genes neurocan
(NCAN-1s2228603), protein phosphatase 1, regulatory (inhibitor) subunit 3B
(PPPIR3B-rs4240624), glucokinase regulator (GCKR-1s780094), and
lysophospholipase-like 1 (LYPLALI-rs12137855) and PNPLA3-rs738409 (Speliotes et
al., 2011). Among them, rs2228603 of NCAN was found in moderate linkage
disequilibrium with rs58542926 in TM6SF2 (pairwise r: 0.798; <0.0001 in Caucasian).
A meta-analysis incorporating a total of 2091 NAFLD cases and 3003 controls from
five studies had confirmed the association between GCKR rs780094 and NAFLD in
both Asian and non-Asian populations (Zain, Mohamed, & Mohamed, 2015). A GWAS
of non-Hispanic white woman investigated the association between genetic variants
and the severity of NAFLD at histological level. It described some genetic variants
conferring to susceptibility of NAFLD and disease progression. Among them, the SNP
1s2645424 in farnesyl diphosphate farnesyl transferase 1 (FDFTI) was associated with
the NAFLD activity score (NAS). The SNPs associated with lobular inflammation
included rs1227756 in COLI3A1, rs6591182 on chromosome 11, and rs887304 in
EFCAB4B. And SNPs associated with serum level of ALT included rs2499604 on
chromosome 1, rs6487679 on chromosome 12 in PZP, rs1421201 on chromosome 18,

and rs2710833 on chromosome 4 (Chalasani et al., 2010). These findings call for
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further extensive validation in larger cohorts. Very recently, a GWAS using whole-
exome sequencing date identified a splicing variant in [7-beta-hydroxysteroid
dehydrogenase 13 (HSDI17B13), 1s72613567, associated with reduced level of ALT.
Most importantly, this splicing variant of HSD17B13 could also reduce the risk of
NAFLD and protect from the progression from steatosis to NAFLD-related cirrhosis
(Abul-Husn et al., 2018).

To resume, PNPLA3 rs738409, TM6SF2 rs58542926, HSD17B13 rs72613567 and
GCKR 15780094 are the most robust variants identified in GWAS contributing to
genetic susceptibility of NAFLD.

Alcoholic liver disease: Excess consumption of alcohol led to various health problems,
including alcoholic liver disease (ALD). However, only a subset of individuals with
high alcohol intake will develop ALD. Individual genetic factors play a role in ALD
susceptibility. GWAS of ALD has been studied focusing on the phenotypes ‘alcohol-
related cirrhosis’ and ‘severe alcoholic hepatitis’. In a GWAS study, PNPLA3 rs738409
was confirmed as an important risk locus for alcohol-related cirrhosis at a genome-
wide level of significance, meanwhile two SNPs separately in TM6SF2 (rs58542926)
and membrane bound O-acyl transferase (MBOAT, rs626283) genes were also
identified as risk loci (Buch et al., 2015). The biological functions of these three genes
suggest a role of lipid processing in the pathogenesis of alcohol-related cirrhosis.
PNPLA3 15738409 has been widely validated as associated with ALD and the
progression to alcohol-related cirrhosis. The relative studies are summarized in Table
2. A meta-analysis including these studies also provided strong and unequivocal
evidence for a significant role of PNPLA3 rs738409 in the progression of ALD
(Salameh et al., 2015). Moreover, GG genotype of PNPLA3 rs738409 confers
significant additional risk of medium-term mortality in patients with severe alcoholic

hepatitis (Meffert et al., 2018).
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Author and year Population Cases (number) Control (number) p-value
Tian, 2010 Mexican ALC (482) Alcohol dependent but normal liver function test(305)] 4.70E-05
Seth, 2010 British ALC (266) Heavy drinkers but normal liver function test(182) 2.00E-06

Trépo, 2011 Belgian and French ALD (328) Healthy controls (330) 8.00E-03

Stickel, 2011 German ALC (210) Alcohol dependent: no liver injury (439) 1.18E-05
Nischalke, 2011 German ALC (80) Healthy controls (190) <0.002

Falleti, 2011 Italian ALD (166) Health controls (428) <0.0001

Rosendahl, 2012 Dutch and German ALD (135) Healthy controls (2781) <0.0001

Dutta, 2013 Indian ALD (60) Healthy controls (100) 0.037
Burza, 2014 Italian ALD (84) Alcohol dependence: no liver injury (300) 0.021
Friedrich, 2014 Caucasian ALD (103) Healthy controls (1950) <0.005
Liangpunsakul, 2017 80% Caucasian AH (189) Heavy drinker (150) <0.0001
Atkinson, 2017 British ALC (898) Heavy drinker (1188) 2.15E-15
Zhang, 2018 Chinese ALD (507) Healthy control (645) 9.05E-13
Kolla, 2018 Caucasion ALC (169) noncirrhotic alcohol consumer (259) 0.00029
Mancina, 2019 Italian ALC (90) noncirrhotic alcohol consumer (326) 0.008

Table 2: Genetic association between PNPLA3 rs738409 (G) and alcohol-related cirrhosis.

ALD: alcoholic liver disease; ALC: alcoholic liver cirrhosis; AH: alcoholic hepatitis.

As mentioned above, the splicing SNP of HSD17B13 (rs72613567) was also found

significantly associated with a reduced risk of ALD (by 42% and 53% separately

among T/TA and TA/TA genotype carriers) and alcohol-related cirrhosis (by 42% and

73% separately among T/TA and TA/TA genotype carriers). This association was
confirmed in two independent cohorts (Abul-Husn et al., 2018). HSD17B13 is

abundantly expressed in liver tissue and locates on the surface of lipid droplet (Su et

al., 2014). Genetic information gathered in GWAS these recent years has shed new

light on the inherited aspects of ALD but more data are required to understand the

pathogenesis of ALD.

All these GWAS conducted in domain of chronic liver diseases are summarized in

Table 3.
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Chronic liver di Reference Population Phenotype Gene SNP
Kamatani et al. 2009 [Japanese persistent HBV infection HLA-DPAL rs3077
HLA-DPB1 rs9277535
Mbarek et al. 2011  [Japanese persistent HBV infection HLA-DQ rs2856718
HLA-DQ rs7453920
Kim et al. 2013 Korean CHB EHMT2 19652868
TCF19 rs1419881
Nishida et al. 2012 |Asian HBV clearance HLA-DPAL rs3077
HLA-DPB1 rs9277542
HBV -
Hu et al. 2013 Chinese clearance of HBV infection near HLA-C 3130542
UBE2L3 rs4821116
Li et al. 2016 Chinese clearance of HBV infection INTS10 rs7000921
Al-Qahtani et al. 2013 |Arab HBV related cirrhosis+HCC FDX1 1s2724432
CD40 rs1883832
CFB rs12614
Jiang et al. 2015 Chinese CHB NOTCH4 rs422951
HLA-DOA rs378352
near HLA-C rs2853953
RNF7 rs16851720
Patin et al. 2012 European fibrosis progression MERTK rs4374383
TULP1 rs9380516
Urabe et al. 2013 Japanese fibrosis progression Corf10 rs910049
BTNL2-HLA-DRA rs3135363
Ulveling et al. 2016 |European fibrosis progression in HIV/HCV' 155 _oxrr_rAD18 |rs61183828
coinfection
HCV i -
Tanaka et al. 2011 |Japanese response to pegylated interferon-alphy, o 1s8099917
and ribavirin therapy
Ge et al. 2009 European anq hepatitis C treatment-induced viral 128 1512979860
African American clearance
Suppiah et al. 2009 |Austrilian __response to chronic hepatitis €, 1s8099917
interferon-alpha and ribavirin therapy,
Rauch et al. 2010 European HCV persistence 1L28 rs8099917
response to therap! 1L28 rs8099917
Romeo et al. 2008 Multi ethnic nonalcoholic fatty liver disease PNPLA3 rs738409
PNPLA3 rs738409
Speliotes et al. 2011 |Multi ethnic steatosis by CT scan NCAN rs2228603
PPP1R3B rs4240624
Kawaguchi et al 2012 |Japanese NAFLD PNPLA3 rs738409
Kitamoto et al. 2013 |Japanese NAFLD, steatosis, fibrosis, NAS PNPLA3 rs738409
PNPLA3 rs738409
PPP1R3B rs2126259
Feitosa et al. 2013 Caucasian Steatosis by CT ERLIN-
NAFLD CHUKCWF19L1 gene
cluster
Kozlitina et al. 2014  [Multi ethnic Hepatic fat content PNPLAS 5738409
TM6SF2 rs58542926
DiStefano et al. 2015 [Multi ethnic Hepatic fat content PNPLAS [5738409
SUGP1 rs10401969
GC 15222054
Adams etal 2013 |Australian NAFLD by US LCPL rs7324845
adolescent LPPR4 rs12743824
SLC38A8 rs11864146
Abul-Husn et al. 2018 [European NAFLD-related cirrhosis HSD17B13 1572613567
PNPLA3 rs738409
ALD Buch et al. 2015 European ALD-related cirrhosis TMG6SF2 rs58542926
MBOAT? 1626283
Abul-Husn et al. 2018 [European ALD-related cirrhosis HSD17B13 rs72613567

Table 3: SNPs identified in GWAS of chronic liver diseases.

Phenotype CHB are compared between patients with persistent HBV infection and healthy population.

CHB: chronic hepatitis B; ALD: alcoholic liver disease; US: ultrasonography. NAS: NAFLD activity score.
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2.2 Candidate-gene study

Chronic hepatitis B: Almost all the GWAS of CHB were conducted in Asian
populations. Considering the ethnic heterogeneity, analyses of the association between
HLA class II and HBV infection in western countries are required. A candidate-gene
study was performed to investigate the association between HLA-DP variants and HBV
susceptibility in 201 Caucasian HBV carriers and 235 healthy controls. It showed that
HLA-DPAI 153077 (C allele) was significantly associated with HBV susceptibility,
whereas HLA-DPB1 1s9277535 was not associated with HBV infection (Vermehren et
al., 2012). In European—American and African—American ancestry, 19277535 in HLA-
DPBI had a marginal effect on HBV clearance, but a novel variant in the 3’UTR region
of HLA-DPBI (1s9277534) was significantly associated with HBV clearance (Thomas
et al., 2012). Several groups also used candidate-gene approach to investigate whether
these SNPs were associated with disease progression in patients with CHB. Most of
the studies failed to show a significant association between the SNPs identified in HLA
class genes and the disease progression to liver cirrhosis or HCC (An et al., 2011; J. Li
et al., 2011; Vermehren et al., 2012). Novel genetic variants were found by candidate-
gene study, for example, the genotype distribution of rs1265163 in OCT4 gene, a gene
nearby TCF19, was significantly different between patients with CHB and general
control population (Shin et al., 2017). As a complex disease, HBV infection and disease
progression involves multiply genes. Therefore, further replicative studies in larger

independent cohorts are required in different populations.

Chronic hepatitis C: Candidate-gene studies have identified SNPs in several cytokine
and chemokine genes such as /L6, CCL2, CCLS8, TNF, and TGFBI, significantly
associated with progression of liver fibrosis (Falleti et al., 2010; Hellier et al., 2003;
Muhlbauer et al., 2003; Powell et al., 2000). In addition, HLA class II locus were linked
with inflammatory activity and disease progression in patients with chronic HCV
infection (R. B. Yu et al., 2008). Several candidate-gene studies have shown that the
at-risk G allele of PNPLA3 rs738409 and T allele of TM6SF2 1s58542926 were also
associated with hepatic steatosis and fibrosis progression in patients with CHC of
European and Japanese ancestry (Fan, Xiang, Li, Shi, & Guo, 2016; Milano et al., 2015;
Trepo, Pradat, et al., 2011; Yasui et al., 2015; H. Zhang et al., 2015). Furthermore,
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Tamaki et al. investigated several genetic variants in longitudinal studies of CHC with
paired liver biopsies. They found that patients with an unfavorable /FNL3-IFNL4
genotype or with the G allele of PNPLA3 rs738409 were at risk of rapid fibrosis
progression (Tamaki et al., 2015).

Alcoholic liver disease: Several candidate-gene studies about ALD have been
performed and the candidate genes were selected based on the biological understanding
of liver injury, including genes involved in alcohol metabolism; hepatic lipid turnover;
modulation of endotoxin—mediated inflammation and cytokines; DNA damage and
carcinogenesis; iron metabolism; immune responses; oxidative stress; tissue
remodeling and fibrogenesis. However, several studies showed no association between
some SNPs and ALD, and those with a possible association could not be replicated in
another study or meta-analysis. The exceptions were the SNPs in promoter of tumor
necrosis factor (TNF)-a (rs361525) and the homozygous deletions of glutathione S-
transferase mu 1 (GSTM1), an enzyme that are responsible for the detoxification of
potentially toxic by-products of ethanol metabolism (Marcos, Gomez-Munuera, Pastor,
Gonzalez-Sarmiento, & Laso, 2009; Marcos et al., 2011). There are two main raisons
for these negative results: 1) the selection of these candidate genes was based on an
unclear pathophysiology of ALD, making the candidate genes not the right ones; 2) the
difficulty in homogenizing the cases and control regarding the complex condition of

alcohol exposure and alcoholic liver disease.

Non-alcoholic fatty liver disease: Several candidate-gene studies have been
performed in order to evaluate the influence of genetic determinants on the
susceptibility and pathogenesis of NAFLD. Apolipoprotein C3 (APOC3) is a major
constituent of VLDL, and inhibits the hydrolysis of TG-rich particles by lipoprotein
lipase (McConathy et al., 1992). A study reported two SNPs in APOC3 (1rs2854116 and
rs2854117) associated with NAFLD (Petersen et al., 2010). However, meta-analysis of
prospective data finally failed to confirm this association (H. Zhang et al., 2014). In
addition, SNPs in PPARy (rs1805192 and 1801282) had been examined in two meta-
analyses, with discrepant association with NAFLD in East Asian population and with
no association in European population (Y. H. Lee, Bae, & Song, 2014; J. Wang et al.,

2013). Other candidate genes investigated could be mainly devised into two categories:
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genes modulating the glucid or lipid metabolism (ex. leptin receptor, Resistin,
Phosphatidylethanolamine N-methyltransferase, S-adrenergic receptors,
Apolipoprotein E, microsomal triglyceride transfer protein (MTTP) and etc.) and genes
involved in mechanisms of liver injury (ex. TNF-a, IL-6, TLR4, IL-28B, superoxide
dismutase 2, methylenetetrahydrofolate reductase (MTHFR), TGF-pI and etc.)
(Macaluso, Maida, & Petta, 2015). Regarding the complex physiological function of

liver, large and well-designed studies are warranted to validate the findings.

3. Genetic associations in HCC

3.1 Genome-wide association study

Min/Maj . Risk ..
SNP Gene Allele Etiology | Case and Control Allele p-value | Ethnicity] Study
212/765HCV o

rs1012068 DEPDCS5 G/T HCV 710/1625Healthy G | 8.05E-08 |Japanese D Miki (2011)

rs455804 GRIK 1 A/C C 1.86E-08

9272105 HLA- AG HBV 1538/1,465HBV G L13E-15 Chinese S Li(2012)

8 DQA1/DQBI SO
1517401966 KIF1B G/A HBV 355/360HBV A | 5.80E-06 | Chinese | H Zhang (2010)
17574865 | STAT4 | TG | ppy | 1161/13530BY |91 298E10 Fopinece | D Jiang (2013)
19275319 HLA-DQ A/G A 2.72E-17

152596542 MICA T/C HCV | 721/2890Healthy T 4.21E-13 |Japanese | V Kumar (2011)
rs2551677 | DDX18 region| A/G Cirrhosis | 386/86Cirrhosis A 1.41E-10 | Asian | RJ Clifford (2010)
rs17047200 TLL1 T/A HCV 123/333HCV T 2.66E-08 |Japanese | K Matsuura (2017)
1510272859 CDK14 C/G HBV 355/360HBV G 9.46E-10 | Chinese Y Li (2018)

Table 4: SNPs identified in GWAS associated with the risk of HCC

Until now, 8 GWAS have been conducted in HCC (summarized in Table 4), mainly in

Asian population with chronic hepatitis B or C. In 2010, the first GWAS focusing on

HCC was performed in 355 Chinese patients with chronic hepatitis B and 360 CHB

patients without HCC, then followed by replicative studies in five independent Chinese

cohorts. It identified that rs17401966 located in kinesin family member 1B gene (KIF1B)
has a strong correlation with HBV-related HCC (OR=0.61, combined p=1.7x10""*) (H.

Zhang et al., 2010). The association was consistent with the idea that KIF1B acts as a

tumor suppressor gene (Munirajan et al., 2008; Schlisio et al., 2008).

The second GWAS of HBV-related HCC was performed in a much bigger sample size

(3003 Chinese CHB patients, among them 1538 with HCC). The previously reported
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association between K/F'1B rs17401966 and HBV-related HCC was confirmed but with
a much weaker strength (OR=0.90 V.S. OR=0.61). This GWAS revealed two novel loci
linked with the risk of HBV-related HCC, rs9272105 in HLA-DQAI/DRBI and
rs455804 in glutamate ionotropic receptor kainate type subunit 1 (GRIKI), a gene
involved in the glutamate signaling (S. Li et al., 2012). It highlighted the important role
of glutamate signaling in the development of HBV-related HCC. Unfortunately, no
further studies were performed to validate the SNP of GRIKI and to investigate its

functions in liver carcinogenesis.

Since KIF1B rs17401966 was identified in two GWAS of HBV-related HCC, numbers
of candidate-gene studies were performed. Most of them failed to validate its
association with HBV-related HCC, but one study showed a weak association (p=0.044)
(Al-Qahtani et al., 2012; M. Huang et al., 2014; Sopipong, Tangkijvanich, Payungporn,
Posuwan, & Poovorawan, 2013; Zhong et al., 2012). In summary, due to the
inconsistent results of several investigations, additional investigations with more
clinical data and new analysis models are required to study the effects of KIFIB

polymorphism on liver carcinogenesis.

Another multi-stage GWAS of HBV-related HCC in Chinese population reported two
novel genetic susceptibility loci, 1s7574865 in signal transducer and activator of
transcription 4 (STAT4) and 1s9275319 in HLA-DQ. This study included 2514 chronic
HBYV carriers (1161 with HCC) in the discovery cohort and 8031 chronic HBV carriers
(3737 with HCC) in five independent validation cohorts. OR for HCC was 1.22[1.15-
1.29] for G allele of STAT4 rs7574865 in meta-analysis. Strikingly, this intron variant
was associated with a lower mRNA level of STAT4 (Jiang et al., 2013). Consistently,
other SNPs in HLA-DQ gene (rs3077,1s9277535, rs2856718, and rs7453920) have also
been reported associated with CHB in a GWAS in Japanese population (Mbarek et al.,
2011). Both STAT4 and HLA-DQ gene are involved in immune response, indicating a
biological link between their genetic variant and HBV-related HCC development. Then
validation studies were performed in Asian populations, but the association between
STAT4 rs7574865 and the risk of HBV-related HCC showed conflicting results among
different studies (K. Chen et al., 2013; W. Chen et al., 2015; Clark et al., 2013; L. H.
Kimetal., 2015). A meta-analysis including 3467 HCC patients and 5821 HBV carriers
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failed to confirm the association of STAT4 rs7574865 with HCC development (Liao et
al., 2014).

The most recent GWAS in HBV-related HCC was conducted in a collection of 205
HBV-related HCC trios, 355 chronic HBV carriers with HCC and 360 chronic HBV
carriers, followed by two replication cohorts of 3796 cases and 2544 controls. It
confirmed rs17401966 at KIF1B, rs9272105 at HLA-DQA1/DRB1, 1s9275319 at HLA-
DQOB1/DQA2, and 1512663434 at BACH?2 as susceptibility loci of HCC, but failed to
validate rs455804 at GRIKI and rs7574865 at STAT4. In addition, they identified a
novel susceptibility loci within cyclin dependent kinase 14 (CDK14) gene, rs10272859,
which was also associated with survival of HCC patients. (Y. Li et al., 2018).

Moreover, GWAS was conducted in HCV-related HCC in Japanese population,
including 212 patients with HCV-related HCC and 765 CHC patients without HCC.
One intronic SNP in DEP domain containing 5 (DEPDCS5), rs1012068, was
significantly associated with susceptibility to HCC even after adjustment for age,
gender and platelet count (OR = 1.96; P = 1.35x10"'%). Function of DEPDC5 is poorly
understood, but this study found that gene expression level of DEPDC5 was much
higher in tumor tissue than non-tumor tissue, indicating a possible role in liver

carcinogenesis (W. Liu et al., 2019).

The second GWAS of HCV-related HCC was also conducted in Japanese population.
In 721 cases with HCV-related HCC and 2890 HCV-negative control, 432,703 SNPs
were genotyped and those with p value <10~ were further genotyped in a second cohort
including 673 cases and 2596 controls. A SNP (rs2596542: A) in the 5° flanking region
of MHC class I polypeptide related sequence A (MICA) was associated with HCV-
related HCC and lower level of soluble MICA protein in HCC patients. MICA was a
membrane protein acting as ligand of NKG2D to active anti-tumor effects through NK
cells and CD8+ T cells. Lower level of serum MICA related to A allele of rs2596542
reduces the activation of NK cells and other NKG2D-positive immune cells, which
lead the progression from CHC to HCC (Kumar et al., 2011). However, detailed fine-
mapping analyses around MICA region failed to validate MICA rs2596542, but
revealed rs2244546 in HCPS, upstream of MICA, as associated with HCV-related HCC
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in both Caucasian and Japanese populations (Lange et al., 2013). Several other studies
in patients with CHC had controversial results about the associations between MICA
1$2596542 and HCC risk, requiring further validations (Augello et al., 2018; Burza et
al., 2016). After the GWAS, Kumar et al. continued to investigate the involvement of
MICA in liver carcinogenesis related to HBV infection. They identified, by candidate-
gene study, the G allele of MICA rs2596542 was associated with increased risk of HBV-
related HCC and elevated level of serum MICA, which was associated with poor
prognosis (Kumar et al., 2012). But some inconsistent data exist. In Saudi Arabian
patients, allele A of MICA SNP was only associated with active infection of HBV but
not HBV-related cirrhosis and HCC; while in Vietnamese patients with chronic
hepatitis B, A allele of 152596542 was found not only associated with HBV clearance
but also HBV-related HCC in patients with cirrhosis (A. A. Al-Qahtani et al., 2013;
Tong et al., 2013). The involvement of MICA SNP in liver carcinogenesis requires

further investigations.

Finally, a recent GWAS in Japanese population identified a SNP (rs17047200) located
in the intron of the folloid like 1 gene (TLLI), associated with the development of HCC
after achieving SVR on IFN-based therapy. TLL1 exert several biological roles in the
regulation of extracellular matrix assembly and in the transforming growth factor 3
(TGF—p) signaling pathway. This SNP was also found associated with mRNA of
splicing of TLLI, which might yield short variants with high catalytic activity that

accelerates hepatic fibrogenesis and carcinogenesis. (Matsuura et al., 2017).

Since all the GWAS of HCC were conducted in Asian population with chronic viral
hepatitis, whether the associations of these genetic variants with HCC are still valid in
other populations or in other etiologies. In addition, in the GWAS conducted in Asian
population, several biases exist including unbalanced study design, inappropriate
control population or absence of adjustment for the severity on chronic liver disease.

Therefore, additional validations of these genetic variants are required.
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3.2 Candidate-gene study

Many candidate-genes studies were performed and contributed to the discovery of
susceptibility loci of HCC.

PNPLA3: The most widely studied genetic variant in the field of HCC predisposition
is the lost-of-function variant of PNPLA3, rs738409. Since it was firstly showed
associated with NAFLD in a GWAS in 2008, researchers began to investigate its
possible association with progression of liver disease and development of HCC
(summarized in Table 5). In Caucasian population, several retrospective studies and
meta-analysis studies had revealed that PNPLA3 rs738409 was associated with ALD-
related HCC development in patients with liver cirrhosis (Friedrich et al., 2014;
Nischalke et al., 2011; Salameh et al., 2015; A. G. Singal et al., 2014; Stickel et al.,
2018a; Trepo et al., 2012; Trepo et al., 2014; S. Zhang et al., 2015). But patients with
HCC developed on a non-cirrhotic liver were rarely included in these studies. Only one
study reported the association between PNPLA3 rs738409 and HCC in a case-control
study including 25 patients with HCC developed on non-cirrhotic liver (FO-F2) (Donati
et al., 2017). For patients with other etiologies, like CHC, there were a lot of
inconsistent results in either Caucasian or non-Caucasian populations (Balasus et al.,
2016; Ezzikouri et al., 2014; Guyot et al., 2013; Hai et al., 2017; Nakaoka et al., 2015;
Nischalke et al., 2011; Valenti et al., 2011). Even though the association between
PNPLA3 rs738409 and NAFLD was widely validated, there is not yet a well-defined
conclusion for its association with risk of NAFLD-related HCC due to limited number
of cases in limited number of case-control studies (Donati et al., 2017; Y. L. Liu,

Patman, et al., 2014; Seko et al., 2017).
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. . . . . HCC cases| Control
Author and year | Study designy Population Etiology Liver disease number | number p-value
Nischalke 2011 retrospective | Caucasian ALD C¥rrhos¥s 80 80 0.013
HCV Cirrhosis 81 81 ns
Valenti 2011 retrospective | Caucasian HCV Cirrhosis 50 275 0.002
Trepo 2012 retrospective | Caucasian ALD Cirrhosis 145 426 1.83E-07
Guyot 2013 prospective Caucasian ALD C¥rrhos%s 66 213 0.002
HCV Cirrhosis 93 160 ns
Hassan 2013 retrospective | Caucasian Mixed Mixed 257 494H <0.05
Friedrich 2014 retrospective | Caucasian ALD Cirrhosis 29 76 0.008
Liu 2014 retrospective | Caucasian NAFLD Mixed 100 275 0.0001
Ezzikouri 2014 retrospective African HCV Cirrhosis 101 129 0.004
Khlaiphuengsin 2015 | retrospective Asian Mixed Mixed 388 200 <0.05
Nakaoka 2015 retrospective Japanese HCV Cirrhosis 48 183 0.02
Falleti 2016 retrospective | Caucasian ALD - C%rrhos%s 75 151 0.03
HCV/HBYV patients Cirrhosis 75 210 ns
Ueyama 2016 retrospective Japanese T2D Mixed 59 198 1.05E-05
Balasus 2016 retrospective | Caucasian HCV Cirrhosis 170 304H 0.006
Casper 2016 retrospective | Caucasian Mixed Mixed 88 348H 3.30E-04
Seko 2017 retrospective Japanese NAFLD Mixed 10 238 0.02
Hai 2017 retrospective Japanese HCV Mixed 142 575 ns
Stickel 2018 retrospective | Caucasian ALD Cirrhosis 751 1165 5.13E-05

Table 5: Genetic association between PNPLA3 rs738409 (G) and HCC risk according to the type of
underlying liver disease

H: healthy population; ns: non-significant; T2D: type 2 diabetes.

TM6SF2: Loss-of-function genetic variant of TM6SF2 was associated with increased
hepatic triglyceride content and risk of NAFLD in a GWAS. Like PNPLA3, TM6SF2
is also involved in lipid metabolism. The first study compared the genotype distribution
of TM6SF?2 1s58542926 in 99 patients with NAFLD-related HCC and 1074 patients
with NAFLD but without HCC. The significant association with NAFLD-related HCC
was found in univariate analysis, but not confirmed in multivariate analysis
incorporating known risk factors of HCC such as age, gender, BMI, T2D and presence
of cirrhosis (Y. L. Liu, Reeves, et al., 2014). In contrast, a second study confirmed an
independent association between TM6SF?2 rs58542926 and NAFLD-related HCC after
adjustment for age, sex, obesity, T2D and presence of advanced fibrosis (Donati et al.,
2017). Another study investigated the association between TM6SF2 rs58542926 and
HCC in patients with liver cirrhosis. The authors found that TM6SF?2 rs58542926 was
associated with risk of HCC in patients with ALD but not with chronic viral hepatitis
(Falleti, Cussigh, Cmet, Fabris, & Toniutto, 2016).

MBOAT7: An intronic SNP in MBOAT7 (rs626283 C>G) was associated with
increased risk of ALD-related cirrhosis in a GWAS (Buch et al., 2015). Moreover, it

42



Introduction

has been demonstrated that the MBOAT7 rs641738 T allele was associated with
reduced MBOAT7 expression and may predispose to HCC in patients without
cirrhosis.(Donati et al., 2017).

Moreover, several studies based on a candidate-gene strategy about HCC susceptibility
were conducted and based on the knowledge about liver tumorigenesis. The SNPs
analyzed belong to genes involved in modulation of oxidative stress and detoxifying
systems, iron metabolism, inflammation and immune responses, DNA damage repair
or in cell cycle regulation. Some of them have revealed genetic variants potentially
associated with risk of HCC. They were summarized in Table 6. Unfortunately, due to
the heterogeneous population, the case/control design, the monocentric aspect, many
studies suffer from major methodological biases which induce false-positive
association. Therefore, further validations in large cohort of well-defined and
prospectively followed-up patients, and investigations of potential functions and
mechanisms are needed. Other well-known inherited traits influenced by multigenic
variants, such as T2D and obesity, are also strong risk factors of HCC. Considering this
fact, these trait-associated genetic variants might be shared in the development of HCC.

This issue remained to be investigated.
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Odds ratio
Biological pathway Main study(ies) SNP SNP Aetiology Type of study Cases/controls or Ethnicity
hazard ratio
Wang et al., 2010 GSTM1 Deletion HBV/HCV Meta-analysis (n = 24) 3349/5609 OR =126 Mixed
GSTT1 Deletion HBV/HCV Meta-analysis (n = 19) 2884/4898 OR =128 Mixed
Nahon et al,, 2009 SOD2 A16V rs4880 Alcohol Prospect?ve 190 HR =1.70 Caucasi‘am
MPO G-463A 152333207 Alcohol Prospective 190 HR = 3.80 Caucasian
Oxidative stress/ Nahon et al., 2011 HeV Prospect!ve 20 HR = 2.80 Caucas’an
iron metabolism CAT T-262C rs1001179 HCV Prospective 205 HR =174 Caucasian
Nahon et al., 2008 HFE C282Y rs1800562 Alcohol Prospective 165 HR = 2.70 Caucasian
Zhu et al, 2013 GRP78 rs391957 Mixed retrospective 1007/810 OR =124 Asian
Sakurada et al, 2018 MUTYH 1s3219487 HCV retrospective 20/20 OR =9.27 Asian
Chen et al, 2013 PPP2R1A rs11453459 Mixed retrospective 251/252 OR = 0.52 Asian
Wu et al, 2014 ATF6 rs2070150 HBV retrospective 816/1082 OR = 0.66 Asian
Jin et al., 2010 HFE C282Y rs1800562 Alcohol Meta-analysis (n = 9) 1102/3766 OR =4.06 Caucasian
Wang et al,, 2004 UGT1A7 R131K rs17868323 HCV Case-control 122/158 OR =233 Asian
Detoxifying systems Tseng et al., 2005 N129K rs1692021 HBV/HCV Case-control 217/291 OR = 3.06 Asian
Imaizumi et al., 2009 CYP1A2 G-3860A rs2069514 HBV/HCV Case-control 205/652 OR =408 Asian
Wei et al.,, 2011 TNF G-308A 151800629 HBV/HCV Meta-anal s?s (n=14)| 1835/2207 OR =180 Mixed
Yang et al., 2011 HBV/HCV Meta-analysis (n = 20) 2763/4152 OR=174 Mixed
Wei et al,, 2011 TNFo G-238A rs361525 HBV/HCV Meta-analysis (n = 8) 938/1370 OR =1.62 Mixed
TNFo C-863A rs1800630 HBV/HCV Meta-analysis (n = 5) 627/1004 OR=171 Mixed
IL1B3 C-511T rs16944 HCV/Alcohol Case-control 125/149 OR =151 Asian
Wang et al., 2003
IL1B C-31T rs143627 HCV/Alcohol Case-control 125/149 OR =373 Asian
Wei et al.,, 2011 1L10 A-592C rs1800872 HBV/HCV Meta-analysis (n = 7) 1012/2308 OR=129 Mixed
Migita et al., 2005 TGFR 1 rs13447341 HCV Case-control 48/138 OR =277 Asian
Inflammation Charni et al., 2011 RANTES G-403A rs2107538 Alcohol Prospective n =253 HR = 2.70 Caucasian
He et al., 2009 NFKBIA G881A rs3138053 HBV Case-control 202/886 OR =3.53 Asian
Han et al, 2014 miR-218 rs11134527 HBV retrospective 1021/990 OR =121 Asian
Wang et al, 2017 CCL4 rs10491121 Mixed retrospective 346/1200 OR = 0.67 Asian
Asahina et al, 2014 1L-28 rs8099917 HCV prospective 792 NA Asian
Hu et al, 2016 NTCP rs2296651 | HBV without cirrhosis retrospective 370/2789 OR = 0.65 Asian
Kim et al, 2013 interferon gamma rs2430561 HBV retrospective 170/171 NA Asian
Fatemipour et al, 2017 STAT3 rs1053004 HBV retrospective 33/50 NA Iranian
Lio et al, 2019 TLL1 rs17047200 HCV prospective 1010 HR =28 Asian
Zhang et al, 2014 NFKBIA rs2233406 HBV retrospective 1495/1481 OR =133 Asian
MTHFR C-677T rs1801133 HBV/HCV/Alcohol Case-control 365/467 OR =217 Mixed
Yuan et al., 2007 MTHFR A1298C rs1801131 HBV/HCV/Alcohol Case-control 365/467 OR =217 Mixed
TYMS 3" UTR1949del6; rs16430 HBV/HCV/Alcohol Case-control 365/468 OR=217 Mixed
DNA synthesis and Long et al,, 2010 XPC L-939G rs2228001 HBV/HCV Case-control 1156/1402 OR =181 Asian
repair mechanisms Jung et al, 2014 TEP1 rs1713449 HBV retrospective 702/351 OR =142 Asian
Li et al, 2016 TERT rs2736098 NS meta n=3 1901/1954 OR=138 Asian
Zhu et al, 2017 RYBP rs12956 HBV retrospective 1100/1100 OR=0.72 Asian
rs2118593 HBV retrospective 1100/1100 OR =153 Asian
Long et al., 2008 XRCC3 C-18067T rs861539 HBV/HCV Case-control 491/862 OR=7.19 Asian
Yoon et al., 2008 HBV Case-control 287/296 OR = 4.89 Asian
Dharel et al., 2006 MDM2 G-309T 12279744 HCV Case-control 187/203 OR =2.27 Asian
Cell cycle Jin et al., 2011 HBV/HCV Meta-analysis (n = 5) 738/1062 OR =157 Mixed
regulation Liu et al. 2013 p21 rs1801270 Mixed retrospective 476/526 OR =150 Asian
' p27 rs34330 Mixed retrospective 476/526 OR =142 Asian
Yoon et al., 2008 P53 R72P rs1042522 HBV Case-control 287/296 OR =303 Asian
Hormone ESR1 T29C 152077647 OR =231
metabolism Zhai et al., 2006 ESR1 (TA)n repeat 153138774 HBV Case-control 248/239 OR = 266 Asian
ESR1 Pvull CG 12234693 OR = 2.19
Growth factors Abu Dayyeh et al., 2011 EGF A61G 154444903 HCV Case-control 816 HR = 2.10 Cauc;sian i
Tanabe et al., 2008 HBV/HCV/Alcohol Case-control 103/225 OR =349 Afro-American Mixed
Gao et al.,, 2009 IL1a TTCA Indel rs3783553 HBV/HCV/Alcohol Case-control 1477/1673 OR=161 Asian
Micro-RNAs Tian et al, 2017 miR-196a-2 rs11614913 HBV/HCV meta n=9 3217/4163 OR =0.85 Asian
Xu et al., 2008 miR-146a GC rs2910164 HBV/HCV Case-control 479/504 OR =201 Asian
Immune response Li et al., 2009 CD24 C170T 158734 HBV Prospective 383 NA Asian
Sheng et al,, 2011 HBV Case-control 235/268 OR =296 Asian
Alsalawy et al,2018 DR4 1s20575 HCV retrospective 80/80 OR =201 Egyptian
Liu et al, 2017 CASP8 1s3834129 HBV retrospective 600/600 OR=0.71 Asian
Cell death Khalifa et al, 2016 FasL rs763110 HBV retrospective 100/100 OR=197 Egyptian
Jin et al, 2015 TNF-a rs1799724 HBV with cirrhosis prospective 430 HR = 6.29 Asian
Wang et al, 2016 GLB1 rs4678680 HBV retrospective 1186/508 OR=152 Asian

Table 6: SNPs associated with HCC in candidate-gene studies or meta-analysis.

OR and HR take into account the highest reported value according to allelic or genotypic expression of

results and, when available, after multivariate analysis; NA: not available
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Context and aim of the project

HCC is among the most lethal and prevalent cancer worldwide. Patients with HCC
diagnosed at early stage could achieve curative treatment, while in current practice nearly
half of HCC are diagnosed at an intermediate or advanced tumor stage with a very poor
prognosis. Most HCC develops on chronic liver diseases (CLD), usually liver cirrhosis.
Due to individual genetic heterogeneity and different environmental risk exposures,
patients underlying CLD have different risk to develop HCC. Therefore, hope remains in
the identification of novel and promising genetic markers for better definition and

management of surveillance and chemoprevention in these populations.

One aim of the laboratory is to identify the genetic markers that could predispose the risk
of HCC. We use two different methods to study genetic markers: GWAS and candidate-
gene study. My project focused on candidate-gene study based on a selection of a panel
of SNPs. Most of them were closely associated with the risk of different CLDs or liver
cirrhosis. The question was whether they contribute to risk of HCC progression with the

underlying CLD.

The main strategy of our study was to compare patients with or without HCC taken into
account the various etiologies and different severity of their underlying CLDs. Several of
them were previously associated with risk of HBV- or HCV-related HCC of genome-wide
significance in Asians, requiring a validation in Europeans due to difference in ethnicity
and some bias of study design. Thanks to all our collaborators in hospitals across France
and Belgium, we collected a large number of patients with CLD with or without HCC. In
addition, two prospective cohorts of patients followed up for HCC occurrence were

analyzed to study the predictive effect of SNPs.
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Brief summarization of the current results:

Article 1: “PNPLA3 and TM6SF2 variants as risk factors of hepatocellular
carcinoma across various etiologies and severity of underlying liver diseases”

(International Journal of Cancer, 2018)

Jie Yang, Eric Trépo, Pierre Nahon, Qian Cao, Christophe Moreno, Eric Letouzé,
Sandrine Imbeaud, Thierry Gustot, Jacques Deviere, Stéphanie Debette, Philippe
Amouye, Paulette Bioulac-Sage, Julien Calderaro, Nathalie Ganne-Carri¢l, Alexis
Laurent, Jean Frédéric Blanc, Erwan Guyot, Angela Sutton, Marianne Ziol*, Jessica

Zucman-Rossi*, Jean-Charles Nault*

PNPLA3 15738409 and TM6SF2 1rs58542926 are two SNPs closely associated with the
risk of NAFLD- and ALD-related cirrhosis. Their predisposing effect on the risk of HCC
needs to be well-validated in a prospective manner. Moreover, several SNPs have been
identified associated with risk of HCC in GWAS performed in Asia. However, few of

them were cross-validated, requiring further investigation in European population.

The goal of our study was to test the association between SNPs previously identified in
GWAS and HCC development taking into account the heterogeneity of etiologies and the
severity of underlying CLDs. It allowed a better assessment of the role of candidate
genetic variants in liver carcinogenesis. We firstly genotyped these 9 SNPs in a
retrospective cohort including 1020 patients with HCC and 2021 patients with only CLD.
The genotype distributions of these SNPs were compared between cases and controls
taken into account the etiology and severity of underlying liver diseases. Among the 7
SNPs from GWAS of HCC, only STAT4 rs7574865 was re-validated as genetic risk factor
of HBV-related HCC. PNPLA3 and TM6SF2 variants were both independently associated
with HCC in patient with ALD, but not with other etiologies. Due to limited number of
cases in our study, the association between PNPLA3/ TM6SF?2 variants and NAFLD-
related HCC needs further investigations. Strikingly, we observed an association between

PNPLA3 rs738409 and HCC developed on non-fibrotic liver, suggesting a direct role of
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PNPLA3 in tumorigenesis. In addition, PNPLA3 and TM6SF?2 variants were confirmed
as associated with HCC incidence in a dose-dependent manner in a prospective cohort of

patients with ALD-related cirrhosis.

In conclusion, PNPLA3 rs738409 and TM6SF?2 rs58542926 are risk factors of HCC in
patients with ALD.
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TM6SF2, PNPLA3 and hepatocellular carcinoma
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Few single nucleotide polymorphisms (SNPs) have been reproducibly associated with hepatocellular carcinoma (HCC). Our aim
was to test the association between nine SNPs and HCC occurrence. SNPs in genes linked to HCC (DEPDC5, GRIK1, KIF1B,
STAT4, MICA, DLC1, DDX18) or to liver damage (PNPLA3-rs738409, TM6SF2-rs58542926) in GWAS were genotyped in discovery
cohorts including 1,020 HCC, 2,021 controls with chronic liver disease and 2,484 healthy individuals and replication was
performed in prospective cohorts of cirrhotic patients with alcoholic liver disease (ALD, n = 249) and hepatitis C (n = 268). In
the discovery cohort, PNPLA3 and TM6SF2 SNPs were associated with HCC (OR = 1.67 [C195%:1.16-2.40], p = 0.005;

OR = 1.45 [C195%:1.08-1.94], p = 0.01) after adjustment for fibrosis, age, gender and etiology. In contrast, STAT4-rs7574865
was associated with HCC only in HBV infected patients (p = 0.03) and the other tested SNP were not linked with HCC risk.
PNPLA3 and TM6SF2 variants were independently associated with HCC in patients with ALD (OR = 3.91 [CI95%:2.52-6.06],

p = 1.14E-09; OR = 1.79 [C195%:1.25-2.56], p = 0.001) but not with other etiologies. PNPLA3 SNP was also significantly
associated with HCC developed on a nonfibrotic liver (OR = 2.19 [C195%:1.22-3.92], p = 0.007). The association of PNPLA3
and TM6SF2 with HCC risk was confirmed in the prospective cohort with ALD. A genetic score including PNPLA3 and TM6SF2
minor alleles showed a progressive significant increased risk of HCC in ALD patients. In conclusion, PNPLA3-rs738409 and
TM6SF2-rs58542926 are inherited risk variants of HCC development in patients with ALD in a dose dependent manner. The link
between PNPLA3 and HCC on nonfibrotic liver suggests a direct role in liver carcinogenesis.

What’s new?

Multiple single nucleotide polymorphisms (SNPs) have been associated with hepatocellular carcinoma (HCC) through genome-
wide association studies (GWAS). Few of these variants, however, have been cross-validated, raising questions about their
relation to HCC. Here, nine SNPs previously linked to HCC or liver damage were selected for investigation in European patients.
Two of the variants, PNPLA3 rs738409 and TM6SF2 rs58542926, were found to be associated with HCC risk specifically in
patients with alcoholic liver disease. PNPLA3 rs738409 was also associated with HCC in patients with nonfibrotic livers, where
it potentially influences liver carcinogenesis via modification of protein function without altering gene expression.

Introduction
Hepatocellular carcinoma (HCC) ranks as the fifth most com-
mon cancer worldwide with 9.1% of global cancer mortality.
In 90% of the cases, HCC arises on chronic liver injury,
mainly on cirrhosis, due to various etiologies that have hetero-
geneous distribution worldwide. In Eastern countries, chronic
HBV infection is the main cause of chronic liver disease in
contrast with Western countries where chronic hepatitis C
infection, high alcohol consumption and nonalcoholic fatty
liver disease (NAFLD) due to metabolic syndrome are the
most prevalent etiologies." However, only a subset of these
patients develops HCC, suggesting the role of potential genetic
modifiers in the occurrence of HCC in chronic liver disease.
The association between a family history of HCC and a higher
risk of HCC in HBV infected patients in Asia but also in
Western patients with chronic HCV infection supports the
role of genetic predisposition in liver carcinogenesis.>

Several genome-wide association studies (GWAS) using a
case—control design were performed in the field of HCC and
have identified single nucleotide polymorphisms (SNP)

associated with HCC risk: DDXI18 rs2551677, KIFIB
1517401966, DEPDC5 rs1012068, MICA rs2596542, GRIKI
1s455804 and STAT4 rs7574865.'% All of these studies were
conducted in Asian populations with chronic viral infection
(HBV or HCV) but none of these SNPs was cross-validated in
another GWAS. Moreover, several of these GWAS used only
healthy individuals as controls and most of them did not take
into account the fibrosis stage reflecting the severity of liver
diseases. These major drawbacks introduce bias leading to
inconclusive results whether these SNPs were related to viral
infection, fibrosis severity and/or HCC development.
Importantly, additional GWAS have identified a nonsy-
nonymous SNP rs738409 (C > G; p. 1148M) in patatin-like
phospholipase domain-containing 3 (PNPLA3) and a SNP
rs58542926 (C > T; p. E167K) of transmembrane 6 superfamily
2 (TM6SF2), two genes involved in lipid metabolism, as asso-
ciated with development of NAFLD."'™'* PNPLA3 rs738409
has also been associated with HCC in case—control study and
prospective cohorts in alcohol-related cirrhosis whereas the
role in HCC development on HCV related cirrhosis or on
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NAFLD remains controversial in the literature."”° TM6SF2
rs58542926 was associated with HCC occurrence in patients
with alcoholic cirrhosis but few data were available in other
etiologies.'>*'"** Moreover, whether these aforementioned
variants predispose to HCC developed on a nonfibrotic liver
is currently unknown. Individuals who develop HCC on a
nonfibrotic liver define a rare but important subgroup of
patients without liver disease, which is helpful to identify
inherited variants related to HCC development outside the
background of chronic liver injury.**

Using both case-control and prospective design with a
large number of patients, we aimed to test the association
between genetic variants previously identified in GWAS and
HCC development taking into account the heterogeneity of
etiologies and the severity of underlying liver disease allowing
a better assessment of the role of candidate genetic variants in
liver carcinogenesis.

Materials and Methods

Selection of the population

We included 1,020 European HCC patients and 3 control
populations without HCC in the retrospective case—control
study: (1) 2021 control patients with chronic liver disease
(2) 503 Europeans from 1000Genomes®*° and (3) 1981 indi-
vidual from the general French population (3city popula-
tion).”””*® The study was approved by the Ethics Committee
(IRB HECAM 1IRB00003888), and informed consent was
obtained for all analyzed individuals according to the
French laws.

HCC patients were recruited in France, all were diagnosed
either using histological analysis or noninvasive criteria in cir-
rhotic patients.” Liver fibrosis was assessed histologically, and
classified, according to the METAVIR staging,*® as nonfibrotic
liver (FO-F1), fibrotic liver (F2-F3) and cirrhosis (F4). Chronic
hepatitis C infection was defined by positive anti HCV serol-
ogy with positive RNA at PCR at the diagnosis or at any time
of the history of the patient. Chronic hepatitis B infection was
defined by a positive AgHBs. Chronic alcohol intake was
defined as the main cause of liver disease in patients with per-
sistent high alcohol intake (>80 g per day in males and > 60 g
per day in females for at least 10 years) and without chronic
HBV and HCV infection. NAFLD was defined as the main
cause of liver disease in patients with metabolic syndrome and
without high alcohol intake, chronic HBV infection and
chronic HCV infection.

In the control groups, we included patients with chronic
liver disease of various etiology and without HCC from France
(n = 991) and Belgium (n = 1,030). Etiologies of the patients
were defined as HCC patients and included chronic hepatitis
C infection, chronic hepatitis B infection, alcohol intake, and
NAFLD. Considering that 212 HCC patients were without
any evident fibrosis, we used the 503 general Europeans from
1000 Genome Project with accessible genotyping data as con-
trol. We also included in our analysis a second control of
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1981 European individuals from the general French popula-
tion randomly selected from the “3city cohort” designed for a
population-based longitudinal study of the relation between
vascular diseases and dementia in persons aged 65 years and
older. These individuals were recruited in three French cities
(Bordeaux, Dijon and Montpellier).

We also analyzed two prospective cohorts of patients with
alcohol- (249 patients) or HCV- (268 patients) related cirrho-
sis. Results of PNPLA3 genotyping and the association with
HCC incidence in these 2 cohorts have been already pub-
lished."® The present analyses are focused on the longitudinal
impact of TM6SF2 rs58542926 and its potential association
with PNPLA3 on HCC occurrence in these cohorts. All
patients were Caucasian and had a histologically proven cir-
rhosis diagnosed by liver biopsy between January 1999 and
June 2010. Clinical features were recorded at baseline: age,
gender, liver blood tests, platelets, body mass index or diabetes
type 2. HCV-infected patients were part of a “historical”
cohort of patients followed-up before direct antivirals became
commercially available in France. All patients were included
in HCC surveillance programs which comprised a semi-
annual ultrasound examination.

Genotyping of the single nucleotide polymorphisms

We extracted DNA samples either from frozen blood samples
or from frozen nontumor liver of patients with Maxwell tissue
DNA purification kit (Promega). After quantification and
quality assessment, DNA samples were pre-amplificated to
normalize the concentration of each allele. A randomly
selected sample was included in every plate to ensure consis-
tent genotype. According to the manufacturer’s protocol, we
used the Fluidigm technology to discriminate the genotype of
the after SNP: DEPDC5 rs1012068, GRIKI rs455804, KIFIB
rs17401966, STAT4 rs7574865, MICA 1s2596542, DLCI
2275959 and DDXI8 rs2551677. The Tagman probes used
were described in Supporting Information Table 1. Genotyp-
ing analysis was performed using Fluidigm SNP genotyping
analysis software (4.1.3). To ensure quality control, genotyp-
ing cluster plots have been inspected visually and samples
which failed >5% of assays have been removed from analysis.
Besides, we also confirmed the genotype of 30 patients with
Exome sequencing data already available. For the 503 Euro-
peans and 1981 general French population, genotypes of these
9 SNP were extracted from the database of 1000Genomes pro-
ject and 3City study.

Molecular analysis of HCC

To analyze the correlation between SNP and histological and
molecular tumor features, we only included 563 patients with
a unique HCC treated by liver resection. We search for
somatic mutations in 9 driver genes as previously described’':
TERT promoter, CTNNBI1, TP53, ARIDIA, ARID2, AXINI,
RPS6KA3, NFE2L2 and KEAPI.
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Quantitative RT-PCR was performed to assess mRNA
expression of 16 genes in order to predict the G1-G6 molecu-
lar classification in HCC as previously described.”> Moreover,
we assess expression of PNPLA3 and TM6SF2 by quantitative
RT-PCR in a panel of 340 normal liver using the after Taq-
man probes: Hs00228747_m1 and Hs00403495_m1. We per-
formed reverse transcription of 500 ng of total RNA using the
High-Capacity Transcription Kit (Life Technologies) and
assess gene expression using TagMan predesigned assays (Life
Technologies) on Fluidigm 96 dynamic arrays with the Bio-
Mark Real-Time PCR system. Expression level (Ct values) was
assessed using the Fluidigm Real-Time PCR Analysis software
(4.1.3) and gene expression data were expressed using the
2DDCt method relative to ribosomal 18S (R18S) and the
expression level of the corresponding gene in normal liver
samples.

Statistical analysis

Comparison between categorical variable was performed using
the Chi-square test and between continuous variable using the
Kruskal-Wallis test. In the case-control analyses, we adjusted
our results using few selected well-known risk factors related
to HCC risk in the literature and available in our database.
after this strategy, we introduced only a limited number of
features (age, Gender, degree of fibrosis in the nontumor liver,
and etiology) in the multivariate analyses. Adjustment for
potential known confounder was performed using a multivari-
ate logistic regression analysis. In the analysis, we compared
the homozygote genotype of the minor allele vs. homozygote
genotype of the major allele and the heterozygote genotype vs.
the homozygote genotype of the major allele except for
STAT4 and TM6SF2 genotype where we combined the homo-
zygote genotype of minor allele with the heterozygote geno-
type for the analysis because the number of patients with the
homozygote genotype of minor allele was low.

Table 1. Demographic characteristics of the study subjects

TM6SF2, PNPLA3 and hepatocellular carcinoma

Patients from the 2 prospective cohorts were screened
every 6 months for HCC development using liver ultrasonog-
raphy. The date of inclusion was the date of the first liver
biopsy that showed cirrhosis. HCC were diagnosed either
using histological analysis or noninvasive criteria using con-
trast enhanced computed tomodensitometry, and/or
magnetic-resonance imaging in cirrhotic patients.”” The main
end point was the occurrence of HCC during follow-up.
Follow-up ended at the date of death or liver transplantation
(considered as death), or at the last recorded visit
(or information taken) within the previous 6 months before
June 2012. Survival curves were performed using the Kaplan
Meier method with the log-rank test. Adjustment for potential
known confounders (gender, age, BMI and diabetes) was per-
formed using a multivariate Cox regression model. SNPs were
in Hardy-Weinberg equilibrium except for MICA in patients
with chronic liver disease (p = 0.01) and for PNPLA3 in the
prospective cohort of HCV related cirrhosis (p < 0.001). A
two-tailed p value <0.05 was considered as significant. Statisti-
cal analysis was performed using the GraphPad Prism soft-
ware and the R software (https://www.r-projet.org/).

Results

Clinical features of the case—control populations

A total of 5,525 subjects were analyzed in the case-control
part of our study, including 1,020 patients with HCC, 2021
patients with chronic liver diseases (CLD) but without HCC
and 2,484 healthy subjects from the European population
(n = 503 from the 1000genomes project) and from the French
population (n = 1981 from the 3City project) (See Supporting
Information Fig. 1 for the flow chart). The characteristics of
the HCC patients and control CLD population are described
in Table 1. Patients with HCC (n = 1,020) have a median age
of 64 years old, with 83% of male; the main etiologies of
underling liver diseases were alcohol intake (35%), HCV
(25%), NAFLD (12%), HBV (9%) and 51% of the patients had

Variables

CLD Patients (n = 2021) HCC Patients (n = 1,020)

Age (years)®

Gender? Male
Etiology? Alcoholic liver disease
Hepatitis B

Hepatitis C

NAFLD

Without or other etiologies

Nontumoral liver? Fo-F1
Fibrosis according to METAVIR

F2-F3
F4

55+11
1,383 (68%)
1,222 (61%)
87 (4%)
480 (24%)
231 (11%)

64 £+ 12

849 (83%)
360 (35%)
90 (9%)

256 (25%)
121 (12%)
193 (19%)

212 (11%) 261 (26%)

193 (10%)
1,555 (79%)

235 (23%)
514 (51%)

CLD: chronic liver disease; HCC: hepatocellular carcinoma, NAFLD: nonalcoholic fatty liver disease.

*Mean + SD.
2Number (percentage).

Int. ). Cancer: 144, 533-544 (2019) © 2018 UICC


https://www.r-projet.org/

Yang et al. 537

cirrhosis (F4 according to the METAVIR classification); 23%

o .
IR BF3IRRAZE J 3 significant fibrosis (F2-F3) and 26% a nonfibrotic liver
QO © © © © © © © © ©o o o o -
2 2 (FO-F1). In the control population with CLD and without
S| |z =9 9 o9 = 0 9 = = = = = = a
E RRNIZTKJIIRXRJTN] A e HCC (n = 2021), the median age was 55 years old with 68%
>N I 3 ® Ao 8 ¥
= [N N T S BT T R R I~~~ N c . . . .
Elels & 4 & 4L L d L L Ly S of male; the main etiologies of CLD were alcohol intake
S|G|o © o & ~ g
= N R S S B I T TN I T B o o o o
mls, 88998 88893838 @ (61%), HCV (24%), NAFLD (11%), HBV (4%) and 79% of
g 3E¢3IRSTE3]338%8 Q| = the patients have cirrhosis (F4 according to the METAVIR
- eH = H = =" N - -+ O O O o« 0
E classification); 10% significant fibrosis (F2-F3) and 11% a non-
= 8
bl ~— (=) . .
5 . § E § § E @ § E § g § 3 8 é fibrotic liver (FO-F1).
- ©
[7] o
= 2 XTI ITLERTIQD OE Genetic variants reported in previous GWAS as risk factor
HHTHHEHH HH R
= § S sesas8asss3| B We genotyped the seven SNP (DEPDC5 rs1012068, GRIKI
H HEHRHHB BE rs455804, KIFIB 1517401966, STAT4 rs7574865, MICA
MM NN NEE 2 152596542, DLCI rs2275959 and DDXI8 rs2551677) previ-
=1 @ ] ously identified in GWAS as associated with HCC risk in 7
S - 2 3 Y 2
@ .g - - = g non-Caucasian ancestry (Table 2). We firstly assessed the dis- @
3 S22z z zZ = o g tribution of their genotype in HCC patients vs. CLD patients 5
wn © .
-5 E 2 = = =3 - o 5 without HCC and did not identify any association with HCC 2
£ g % § § § g § g 3 risk even after adjustment for age, gender, etiology and sever- 3]
3 é ity of chronic liver disease (Supporting Information Table 3). "2
= = - Next, we performed subgroups analysis within the same etiol- L
= n o p group y -
5 - FE 33 39 58y 8 g 8 ] z ogy reported in the original GWAS and observed that only E
£ Blg £ ¢¢ ¢ ¢¢g g d¢gdd| = STAT4 rs7574865 was linked to HCC risk (Table 2). In 2
= ©
= S| 3S8ITIRELZLE S patients with chronic HBV infection, we found an increase @
% . a, E.j% frequency of the major allele (GG) of rs7574865 STAT4 in ~
T o, = % = :i: 22 HCC patients (78%) vs. CLD patients without HCC (63%, 2
~ < @ ~ ax
£ - ; = o ) g = e gg p = 0.03) confirming in European ancestry the association 8
— a c bn e = . . . .
ﬁ é z % s £ § z = =g between STAT4 rs7574865 and HCC risk in HBV patients as
= 4 = = >
© §‘g described in the initial GWAS (Table 2). The association was
g g3 ) ) g g ] B E" still significant (p = 0.049) after adjustment for age, gender
= |8 £ £ £ 8 £ 2 39 and severity of liver disease.
= = wn = y
= frrill I s} =} (SR =} < ig
© ™ 2
é gl S ¢ 33 S S 5 £ PNPLA3 rs738409 and TM6SF2 rs58542926 and HCC risk
a s 3 i S @ § a g % B according to the severity and etiologies of underlying liver
<§E Q| — 1) - o — .g.«i disease
2 2 es Firstly, we investigated the link between PNPLA3 rs738409
8 " E § S (minor allele frequency (MAF) =0.35 in CLD patients without
3
Il Blo o < oe < < |EZ HCC, GG vs. GC vs. CC) and TM6SF2 rs58542926
; s . 32 (MAF = 0.08 in CLD patients without HCC, TT + CT vs. CC)
) ° > > = 2 2= and HCC risk comparing HCC patients vs. CLD patients.
paring p p
= |6 € |> S > E 2 ]
= 5|3 T @ T2 = 23 HCC patients have different genotype distribution of PNPLA3
= o=z by T ll = > E . p & Yp
ks E 9 s 2 9 S e §§ rs738409 (15% of GG) compared to CLD patients (12% of
o 6 E g % E % § % a:’g GG, p = 0.009) and, after adjustment for age, gender, etiolo-
o Q| — wn
@ A - ” ~ o " g ies and fibrosis stage, PNPLA3 rs738409 was still associated
© Q= g 3
o o [S¢ with HCC risk (OR = 1.67 [CI95%: 1.16-2.40], p = 0.005)
= @ ‘@ o >
; IS > > > > > 2 3% (Table 3). Similarly, we observed a higher frequency of
= o o o O =] = 2 . .
= 5 £ £ 2E £ 5 52 TM6SF2 TT + CT genotype in HCC patients (21%) compared
S ® - - 5 P to CLD patients (15%, p = 9.0E-05) and this difference
wn o
ﬁg ] S S $ S y S =R remains significant after adjustment (OR = 1.45 [CI95%:
3 S 3 § 53 - 1.08-1.94], p = 0.01) (Table 3).
N pi N~ n =] s
: o) b o 2 9 @ 5 =6 Next, we tested the association of PNPLA3 rs738409 and
— = - S o . . . .
= a8 = E =3 S = g & TMG6SF2 rs58542926 in subgroup analysis taking into account
= “ale ? . - e e 23 fibrosis stage of the nontumor liver (Table 3). In patients with

Int. ). Cancer: 144, 533-544 (2019) © 2018 UICC



(]
(9]
':
)
=
)
o0
&
&3]
=]
=
«©
(/]
2
2
=
)
&)
=
)
Q
=
<
o

538

TM6SF2, PNPLA3 and hepatocellular carcinoma

Table 3. Genotype of PNPLA3 rs738409 and TM6SF2 rs58542926 in HCC cases/ control study according to severity of liver disease

All patients

CLD Patients HCC Patients OR
Gene (SNP) Genotype (n =2021) (n =1,020) p Value (95%ClI) p-adj# OR (95%Cl)-adj#
PNPLA3 rs738409 cc 925 (46%) 435 (43%) 1 - 1
CG 856 (46%) 433 (42%) 0.38 1.08 [0.91-1.27] 0.15 1.20 [0.93-1.53]
GG 233 (12%) 150 (15%) 0.009 1.37 [1.08-1.73] 0.005 1.67 [1.16-2.40]
TM6SF2 rs58542926 cc 1,715 (85%) 810 (79%) 1 - 1
CT+TT 300 (15%) 210 21%) 9.0E-05 1.48 [1.22-1.80] 0.01 1.45 [1.08-1.94]
Patients with cirrhosis (F4)
CLD Patients HCC Patients
Gene (SNP) Genotype (n =1,555) (n=514) p Value OR (95%Cl) p-adj* OR (95%Cl)-adj*
PNPLA3 rs738409 cc 687 (44%) 193 (38%) 1 - 1
CG 661 (43%) 226 (44%) 0.08 1.22 [0.98-1.52] 0.03 1.41 [1.03-1.92]
GG 200 (13%) 93 (18%) 0.0007 1.66 [1.23-2.22] 0.0005 2.13 [1.39-3.26]
TM6SF2 rs58542926 cc 1,310 (84%) 406 (79%) o 1 o 1
CT+TT 242 (16%) 108 (21%) 0.006 1.44 [1.12-1.85] 0.04 1.45 [1.01-2.08]
Patients with significant fibrosis (F2-F3)
CLD Patients HCC Patients
Gene (SNP) Genotype (n=193) (n = 235) p Value OR (95%Cl) p-adj* OR (95%Cl)-adj*
PNPLA3 rs738409 cc 97 (50%) 108 (46%) 1 - 1
CG 83 (43%) 96 (41%) 0.85 1.04 [0.70-1.55] 0.87 0.95 [0.49-1.84]
GG 13 (7%) 31 (13%) 0.03 2.14 [1.06-4.33] 0.67 1.26 [0.43-3.75]
TM6SF2 rs58542926 Ccc 167 (87%) 178 (76%) 1 = 1
CT+TT 25 (13%) 57 (24%) 0.005 2.14 [1.28-3.58] 0.23 1.67 [0.72-3.89]
Patients without fibrosis (FO-F1)
Healthy 1000G vs. HCC Healthy population vs. HCC
1000Genome population HCC Patients
Gene (SNP) Genotype EUR(n=503) (n=1981) (n=261) p Value OR (95%Cl) p Value OR (95%Cl)
PNPLA3 cc 303 (61%) 1,134 128 (49%) 1 - 1
rs738409 (58%)
CG 173 (34%) 685 (35%) 108 (41%) 0.02 1.48 [1.08-2.03] 0.02 1.40 [1.06-1.84]
GG 27 (5%) 130 (7%) 25 (10%) 0.007 2.19 [1.22-3.92] 0.02 1.70 [1.07-2.71]
TM6SF2 cc 438 (87%) 1,722 219 (84%) 1 - 1
rs58542926 (87%)
CT+TT 65 (13%) 254 (13%) 42 (16%) 0.28 1.29 [0.85-1.97] 0.18 1.30 [0.91-1.86]

Abbreviations: CLD, chronic liver disease; HCC, hepatocellular carcinoma; SNP, single nucleotide polymorphism; OR, odds ratio; Cl, confidence interval.
Analysis was performed using Chi-square test then # adjusted by gender, age, severity of liver disease and etiology and * adjusted by gender, age and etiology
using logistic regression analysis. Patients with HCC but without fibrosis on nontumor liver were compared to healthy population from 3C study and 1000

genome. Significant p values and relative OR values are shown in bold type.

cirrhosis (F4, 514 cirrhotic patients with HCC vs. 1,555 cir-
rhotic patients without HCC), the at-risk GG genotype of
PNPLA3 and CT + TT genotype of TM6SF2 were associated
with HCC risk even after adjustment for age, gender and etiol-
ogies (p = 0.0005, OR = 2.13 [CI95%: 1.39-3.26] for PNPLA3
rs738409 and p = 0.04, OR = 1.45 [CI95%: 1.01-2.08] for
TM6SF2 1s58542926, Table 4). In patients with significant
fibrosis (F2-F3), neither TM6SF2 rs58542926 nor PNPLA3
rs738409 were associated with HCC risk after adjustment
(Table 3). Then, we compared genotype distribution in HCC
patients without fibrosis (F0-F1, n = 261), in the 503 healthy
Europeans from 1000Genomes and in 1981 healthy

individuals from the French population (3City project). No
significant  association ~was found between TM6SF2
rs58542926 and HCC development on nonfibrotic liver
(Table 3). In contrast, patients with HCC developed on nonfi-
brotic liver (FO-F1) harbored a different distribution of
PNPLA3 genotype with a significant enrichment of at-risk
genotypes (10% of GG and 41% of GC) compared to the 1000
genomes population (5% of GG, p = 0.007; 34% of GC,
p = 0.02) and compared to the 3City population (7% of GG;
p = 0.02; 35% of GC, p = 0.02) (Table 3).

We also analyzed PNPLA3 1s738409 and TMG6SE2
rs58542926 among the different etiologies of underlying liver

Int. ). Cancer: 144, 533-544 (2019) © 2018 UICC
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Table 4. Multivariate analysis of genotype of PNPLA3 rs738409 and TM6SF2 rs58542926 in all patients with CLD and in patients with cirrhotic CLD in relation to risk of HCC

*]b 13 Sue\

All patients

Alcoholic etiology NAFLD HCV infection HBV infection
n=360/1222 n=121/231 n=256/480 n=90/87

Genotype HCC/CLD  OR(95%Cl)  p Value HCC/CLD OR(95%Cl) pValue HCC/CLD OR(95%Cl) pValue HCC/CLD OR(95%Cl) p Value

PNPLA3 rs738409

cc 108/530 1 43/85 1 144/257 1 47/53

CG 172/528 2.11 2.31E-05 59/109 1.49 0.25 88/192 0.79 0.21 36/26 1.18 0.64
[1.49-2.98] [0.75-2.98] [0.55-1.14] [0.59-2.37]

GG 80/157 3.91 1.14E-09 19/37 2.15 0.12 22/31 1.69 0.12 7/8 0.93 0.90
[2.52-6.06] [0.82-5.61] [0.88-3.26] [0.26-3.27]

TM6SF2 rs58542926

CcC 271/1026 1 91/184 1 213/425 1 79/79

CT+TT 89/193 1.79 0.001 30/45 1.44 0.35 43/55 1.78 0.02 11/7 1.44 0.52
[1.25-2.56] [0.67-3.07] [1.09-2.90] [0.47-4.37]

Patients with cirrhosis (F4)
Alcoholic etiology NAFLD HCV infection HBYV infection
n=294/1168 n=66/149 n=242/361 n=78/69

Genotype HCC/CLD  OR(95%Cl) pvalue HCC/CLD OR(95%Cl) pvalue HCC/CLD OR(95%CI) pvalue HCC/CLD QR (95%Cl) pvalue

PNPLA3 rs738409

cc 52/487 1 5/33 1 91/137 1 30/30

CG 110/491 2.36 1.2E-05 15/49 2.09 0.26 66/103 0.91 0.67 24/17 1.18 0.70
[1.61-3.46] [0.58-7.51] [0.60-1.39] [0.51-2.72]

GG 56/151 4.05 4.1E-09 8/24 3.93 0.06 19/18 2.01 0.06 6/7 0.85 0.80
[2.54-6.45] [0.93-16.6] [0.96-4.19] [0.24-3.05]

TM6SF2 rs58542926

cc 160/945 1 17/79 1 150/227 1 54/49

CT+TT 58/180 1.84 0.0015 11/26 1.81 0.27 28/31 1.47 0.19 6/5 1.22 0.76
[1.26-2.68] [0.64-5.14] [0.83-2.60] [0.33-4.53]

Abbreviations: CLD, chronic liver disease; HCC, hepatocellular carcinoma; SNP, single nucleotide polymorphism; OR, odds ratio; Cl, confidence interval.
The associations are adjusted by age, gender and severity of liver disease by logistic approach. Significant p values and relative OR values are shown in bold type.
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Figure 1. Risk of HCC according to the combination of at-risk alleles of PNPLA3 rs738409 and TM6SF2 rs58542926. We analyzed the percentages
of patients with HCC according to the numbers of allele at-risk of PNPLA3 rs738409 and TM6SF2 rs58542926 (G for PNPLA3 rs738409 and T for
TM6SF2 rs58542926). Analysis was performed in all HCC patients, thus in subgroups analysis according to the presence of cirrhosis or to the
different etiologies. The x-axis represented three groups of patients with 0, 1 and more than 2 alleles at risk. The y-axis represented the
percentage of patients with HCC in each group. Differences between distribution were assessed using the Chi-square test for trend.

disease (Table 4). In patients with high alcohol intake
(360 HCC patients vs. 1,222 CLD patients without HCC), GG
and GC genotype of PNPLA3 was associated with HCC risk
after adjustment for age, gender and degree of fibrosis
(OR = 3.91[CI95%: 2.52-6.06], p = 1.14E-09 and OR = 2.11
[CI95%: 1.49-2.98], p = 2.31E-05 respectively). Similarly,

TT + CT genotype of TM6SF2 was also significantly associ-
ated with HCC occurrence in patients with alcoholic liver dis-
ease (OR = 1.79 [CI95%: 1.25-2.56], p = 0.001) after
adjustment. No significant association was observed between
PNPLA3 15738409 or TM6SF2 rs58542926 and HCC risk in
patients with NAFLD or chronic HBV infection whereas

Int. ). Cancer: 144, 533-544 (2019) © 2018 UICC
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Figure 2. Incidence of HCC according to PNPLA3 rs738409 and TM6SF2 rs58542926 in prospective cohorts of HCV-related cirrhosis and
alcohol-related cirrhosis. The incidence of HCC were represented using the Kaplan—Meier method with the log-rank test in prospective
cohorts of alcohol-related cirrhosis and HCV-related cirrhosis: according to PNPLA3 rs738409 in alcohol-related cirrhosis (a), according to
TM6SF2 rs58542926 in alcohol-related cirrhosis (b), according to the combination of at-risk alleles of PNPLA3 rs738409 and TM6SF2
rs58542926 in alcohol-related cirrhosis (c), according to PNPLA3 rs738409 in HCV-related cirrhosis (d), according to TM6SF2 rs58542926 in
HCV-related cirrhosis (e), according to the combination of at-risk alleles of PNPLA3 rs738409 and TM6SF2 rs58542926 in HCV-related
cirrhosis (f), The numbers at risk were represented under the x-axis.
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TT + CT genotype of TM6SF2 was associated with HCC
development in HCV patients (OR = 1.78 [CI95%: 1.09-2.90],
p = 0.02). In the subgroup of cirrhotic patients, we confirmed
the association between PNPLA3 rs738409 and TMG6SF2
rs58542926 and HCC risks in alcohol related cirrhosis but not
in cirrhosis due to NAFLD, chronic HCV infection or chronic
HBYV infection (Table 4).

Finally, we combined the at-risk allele of PNPLA3
rs738409 and TM6SF2 rs58542926 and divided the population
in carrier with 0, 1 and > 2 alleles at-risk (Fig. 1). In patients
with alcohol-related HCC, we observed a progressive increase
of HCC risk with the number of at-risk allele (1 allele at-risk
vs. no allele at-risk OR = 1.88 [CI95%: 1.29-2.75], p = 0.001
and > 2 alleles at-risk vs. no allele at risk OR = 4.30 [CI95%:
2.85-6.48], p = 3.2E-12) (Fig. 1).

PNPLA3 rs738409 and TM6SF2 rs58542926 and HCC
incidence in prospective cohorts of HCV- and alcohol-related
cirrhosis

We tested the longitudinal impact of PNPLA3 rs738409 and
TMG6SF2 1s58542926 on HCC incidence in one cohort of
patients with alcoholic cirrhosis (n = 249) and another cohort
of patients with HCV-related cirrhosis (n = 268), both pro-
spectively screened every 6 months for HCC occurrence (see
Supporting Information Table 3). The median age of patients
with alcoholic cirrhosis was 57 years, with 79.5% of male and
a mean Child Pugh score of 6.8. The median age of the
patients with HCV-related cirrhosis was 56 years with 55% of
male and a mean Child Pugh score of 5.3 (see Supporting
Information Table 3 for the extensive description of the two
cohorts at baseline). The incidence of HCC was 21% (n = 53)
after a median follow-up of 59 months in patients with alco-
holic cirrhosis and 32% (n = 87) after a median 85 months of
follow-up in patients with HCV-related cirrhosis. As previ-
ously described,'® GG genotype of PNPLA3 was associated
with an increased HCC incidence compared to GC or CC
genotype (log-rank test p = 0.009, Fig. 2). Patients with
TM6SF2 TT + CT genotypes had a higher incidence of HCC
development compared to patients with CC genotype (log-
rank test p = 0.005, Fig. 2). In multivariate analysis, combina-
tion of at-risk alleles of PNPLA3 and TM6SF2 SNPs remained
an independent predictor of HCC development (HR = 4.38
[CI95% = 2.00-9.60], p = 0.0002), along with older age
(HR = 1.09 [CI95%: 1.05-1.12], p = 2.84E-06), male gender
(HR = 9.68 [CI95%: 1.32-70.84], p = 0.03) and a higher BMI
(HR = 1.12 [CI95%: 1.06-1.19], p = 0.0001), (Supporting
Information Table 4), in patients with alcohol-related cirrho-
sis. In contrast, neither PNPLA3 rs738409 (log-rank test
p = 0.49) nor TM6SF2 rs58542926 (log-rank test p = 0.72) nor
the combination of at-risk alleles (log-rank test p = 0.92) were
not associated with HCC occurrence in patients with HCV-
related cirrhosis (Fig. 2).

TM6SF2, PNPLA3 and hepatocellular carcinoma

Association between SNP and pathological and molecular
features in HCC patients

Finally, we search for links between PNPLA3 and TM6SF2
polymorphisms and tumor pathological features and somatic
mutations in 9 driver genes in 563 patients with a unique
HCQC treated by liver resection. We did not identify any signif-
icant association between PNPLA3 rs738409, TMG6SF2
rs58542926 and histological features of the tumor (Supporting
Information Table 5). In contrast, patients with GG genotype
of PNPLA3 rs738409 were more likely to have a tumor with
somatic ARIDIA mutations compared to carriers of GC or
CC genotype (26% vs. 12% or 11% respectively; p = 0.05).
Patients with TT + CT genotype of TM6SE2 rs58542926 had a
higher rate of HCC with TERT promoter mutations (70% vs.
55%; p = 0.01) with less somatic mutations in ARID2 (0% vs.
11% for ARID2, p = 0.02) compared to patients with CC
genotype. We did not observe any significant association
between the genotype of PNPLA3 rs738409 and TMG6SF2
rs58542926 and PNPLA3 and TM6SF2 mRNA assessed by
quantitative RT-PCR in 340 FO0-F1 nontumor tissues
(Supporting Information Fig. 2).

Discussion

Based on the analysis of a large number of 5,525 individuals,
we refined our understanding of the role of PNPLA3 and
TMG6SF2 in genetic predisposition, with a strong role of these
variants in HCC developed on alcoholic liver disease, but also
with a role of PNPLA3 in HCC development on nonfibrotic
liver.

We also tested 7 SNP previously described as associated
with HCC risk in GWAS. In the literature, SNP identified in
GWAS failed to be validated in other GWAS and in case-
control studies available in the literature.”'®**~*” Similarly, we
failed to confirm an association between these SNP and HCC
development except for rs7574865 STAT4 that were linked
with HCC occurrence in HBV related HCC in our study, con-
firming the results of the original GWAS. In this analysis, we
did not perform correction for multiple testing because we
considered this part of our study as a replication of previous
findings.”'***">” The different results between our study and
GWAS studies could be explained by the difference in term of
control group (chronic liver disease population vs. healthy
population) and the lack of adjustment on fibrosis stage in
GWAS. This discrepancy could also be explained by the dif-
ference in ethnicity with Asian population included in GWAS
studies and European ancestries in our study.

We observed, in both the case-control study and the pro-
spective cohort, an association between PNPLA3 rs738409 and
TMG6SF2 1558542926 and HCC development in patients with
alcoholic liver disease. In line with a recently published case
control study,” the present results confirmed the association
between PNPLA3 rs738409 and TMG6SF2 rs58542926 and
HCC risk in alcoholic liver disease previously described in the
literature.">**> However, prospective well-defined cohorts are
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of the gold standard to assess the association between genetic
traits and the development of liver cancer in order to avoid
bias link with case/control study. In this line, we confirmed
for the first time in a prospective manner the link between
TM6SF2 1558542926 and HCC occurrence in cohort of alco-
hol related cirrhosis.

In contrast, the potential association between PNPLA3
rs738409 and HCC risk in patients with HCV-related cirrhosis
remains controversial.’®*"*' The association between this vari-
ant and HCC risk in HCV-related cirrhosis was either mar-
ginal in our case—control study or negative in our prospective
cohort. We observed the same results for TM6SF2 rs58542926
that was not associated with HCC development in case-
control or prospective cohort of HCV-related cirrhosis. More-
over, we also did not identify any significant association with
HCC development in HBV-related liver disease or with
NAFLD."” We have to acknowledge that this absence of asso-
ciation could be potentially explained by a lack of power due
to the limited numbers of patients with these etiologies ana-
lyzed in our study; Additional studies including a larger num-
ber of patients are required to fully investigate the role of
PNPLA3 rs738409 and TM6SF2 rs58542926 in liver carcino-
genesis due to NAFLD. In Asia, considering the increased
incidence of HCC due to alcohol and metabolic syndrome,
further analyses of PNPLA3 and TM6SF2 variants remain to
be performed in various well-defined populations.

We also observed a higher rate of the at-risk G allele of
PNPLA3 rs738409 in patients with HCC develop on nonfibro-
tic liver. This association was firstly suggested in a case/con-
trol study including 25 HCC developed on noncirrhotic liver
(FO-F2) in patients with HCV infection or alcoholic liver dis-
ease.*” Now, we confirmed this association in a larger series of
212 patients with HCC developed on nonfibrotic liver (FO-F1)
and mostly without any etiologies of liver diseases and using
two different control populations composed of a total of 2,484
healthy subjects.

This result showed a role of PNPLA3 rs738409 in develop-
ment of HCC on nonfibrotic liver suggesting a direct carcino-
genic role of this SNP. We did not find any difference in
PNPLA3 mRNA level according to the genotype, in line with
previous studies suggesting that this polymorphism modify
the function of the protein but not the gene expression.*>**
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The rs738409 [G] variant in PNPLA3 induces a loss of func-
tion of hydrolase activity of the protein with an increase of tri-
glyceride content in hepatocyte, the shift to anaerobic
metabolism and mitochondrial dysfunction as well modifica-
tion of the microenvironment by hepatic stellate cells that
could promote liver carcinogenesis.*”"** However, additional
works are warranted to better understand the potential direct
carcinogenic role of PNPLA3.

Dissection of HCC genetic predisposition will help design-
ing chemo-preventive treatment based on a better comprehen-
sion of the biological pathway involved in tumor initiation.
Although risk effect sizes for PNPLA3 and TM6SF2 reported
in the current study and previous ones are of remarkable
magnitude for common variants, it is unlikely that these
SNPs, alone, will be valuable to daily clinical practice.*’
Indeed, as in other complex diseases, the variance explained
by few common variants is too limited.® However, it can be
anticipated that incorporating genetic data into clinical scor-
ing systems, including these variants and others, as well as
clinical factors, will allow the refinement of specific HCC risk
subgroups.

In conclusion, TM6SF2 rs58542926 and PNPLA3 rs738409
are associated with HCC occurrence in alcoholic liver disease
with an additive effect of these two polymorphisms in HCC
risks. Moreover, the role of PNPLA3 rs738409 in HCC devel-
opment in nonfibrotic liver suggests a direct carcinogenic role
of this polymorphism.
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Supplementary tables and figures of Article 1

Supplementary table 1. List of SNPtype assay from Fluidigm for genotyping.

ASP1 ASP2 Allele specific primer 1  Allele specific primer 2

Specific target

Gene SNP Assay ID allele allele (ASP1) (ASP2) Locus specific primer (LSP) ampliﬁig’t;&n) primer
PNPLAS 738400 OTA009201 G CCTTGGTATGTTCCT CCTTGGTATGTTCCT CCACGCCTCTGAAGGAAGG TCTCCTTTGCTTTCA
3 GCTTCATG GCTTCATC A CAGGC
GTA009655 AAGAAGGCAGGCCT AAGAAGGCAGGCCT TGGCACCAGCAGGT
TM6SF2 158542926 s C T GATCTC GATCTT CCTGCACCATGGAAGGCAA GG
GTA009655 GGCTGCAATCAGGGG GGCTGCAATCAGGG CCAGGGAGGGCTGTAACAT GCTCACAGGGAGG
DEPDCS5 rs1012068 1 A C CTAT GCTAG TC GTTTT
GRIKI rassgoq  GTA009690 ©  TGGAAAAATCTGTCA GTGGAAAAATCTGTC TGTTTTGCTATTATTTTAAGT ATTCACAGGGGCTT
1 TAAACTAAGGCAC ATAAACTAAGGCAA TGAATGAATGTAGTTTAAA GCATG
KIFIB 17401966 OTA005605 G CACATAGTGCCTCTA CACATAGTGCCTCTA GAAAATTTGAAAACCTCTA TCCAGCACTTAATG
2 TGAGTCCA TGAGTCCG AGAACACTTGACTCA AAAACACATAGT
STAT4 7574865 GTA003253 © AGTATGAAAAGTTGG AGTATGAAAAGTTG CCCTGAAATTCCACTGAAAT ATTACATGAGTGTG
7 TGACCAAAATGTG  GTGACCAAAATGTT AAGATAACCAC TATGCAGTAAAAGT
MicA 059654y GTA009655 G GTCTCCCAAAGAACA TCTCCCAAAGAACAG AATTGCTCTTACTCTTTTTA CTCCACTACCACAG
8 GCTACACA CTACACG ATGACAACATAGAATTTTAT TGAAGATAAAG
GTA009654 CCCGAGCTGATTCAC GCCCGAGCTGATTCA GTAATTTATTGATAGCAAGG GGGATTCCCAGGAA
DLCILOCI019296 152275959 7 c T AGAAC CAGAAT TTTGCATGCATTT GTCCA
DDXIS reci 0551677 GTA009650 G TGACACAGGATTTAA TGACACAGGATTTAA TCATCCCAGCAGCTTGAGAG GAGAATTCATCTAA
eston 2 CTCGCCT CTCGCCC T ATGAGAGCCCT




Supplementary table 2. Validation of association between SNPs from GWAS and risk of HCC in patients with chronic liver

disease.
HCC/CLD o ~ Adjusted OR Adjusted p-
Gene (SNP) Genotype (1=1018/2021) OR (95%CI) p-value (95%CT) value
TT 559/1049 1 - 1 -
DEPDC5 rs1012068 TG 387/796 0.91 [0.78-1.07] 0.27 0.95[0.62-1.48] 0.83
GG 74/171 0.81 [0.61-1.09] 0.17 1.23 [0.80-1.88] 0.34
AA 499/1069 1 - 1 -
KIFIB rs17401966 AG 429/791 1.16 [0.99-1.36] 0.07 1.08 [0.85-1.36] 0.55
GG 92/157 1.26 [0.95-1.66] 0.11 1.09 [0.70-1.68] 0.71
CcC 371/750 1 - 1 -
MICA 12596542 CT 466/912 1.03 [0.87-1.22] 0.73 1.06 [0.83-1.37] 0.63
TT 182/353 1.04 [0.84-1.30] 0.74 0.94[0.68-1.31] 0.72
CC 672/1260 1 - 1 -
GRIKI 15455804 CA 302/655 0.86 [0.73-1.02] 0.09 0.80[0.48-1.34] 0.40
AA 46/104 0.83 [0.58-1.19] 0.33 0.86 [0.53-1.40] 0.55
GG 633/1237 1 - 1 -
STAT4 17574865 GT 342/664 1.13[0.98-1.30] 0.93 1.08 [0.84-1.37] 0.56
TT 45/112 0.79 [0.55-1.12] 0.22 1.05 [0.62-1.78] 0.86
GG 272/546 1 - 1 -
DLC1 rs2275959 AG 526/911 1.16 [0.97-1.39] 0.12 1.10 [0.90-1.35] 0.34
AA 222/382 1.17 [0.94-1.45] 0.18 1.13 [0.88-1.45] 0.34
GG 705/1241 1 - 1 -
DDX18 region
52551677 GA 282/535 1.4[1.17-1.68] 0.41 1.00 [0.83-1.21] 0.99
AA 33/63 0.92 [0.60-1.42] 0.75 0.97 [0.60-1.57] 0.90

CLD: chronic liver disease; HCC: hepatocellular carcinoma; SNP: single nucleotide polymorphism; OR: odds ratio; CI: confidence

interval.

Analysis was performed using Fisher’s exact test. Adjusted OR and P were adjusted by age, gender, etiology and severity of CLD. Allele at
risk of the variants and significant p-values are in bold.



Supplementary Table 3: clinical features of prospective cohorts of patients with alcoholic related cirrhosis and HCV relative cirrhosis

Alcohol related cirrhosis (n=249)

HCYV related cirrhosis (n=268)

Age (years) 57 +/- 10 56.3 +/-0.74
Gender (male) 198 (79.5%) 148 (55%)
Diabetes type 2 75/236 (32%) 73/224
BMI (kg/m2) 29 4/-5.9 28.9 +/- 0.41
Platelets (103/mm3) 137 +/- 4.4 135.7 +/- 3.6
Albumin (g/1) 36.6 +/- 0.4 412+-0.33
TP (%) 64.4 +/-1.29 83.1+/-0.9
Total Bilirubine (ymol/l) 23 +/-4.4 16.24 +/- 0.65
Child pugh score 6.8+/-0.13 5.3 4/- 0.05
GGT (x upper limit of normal) 7.4 +/-16.8 3.1+4/-0.3
AST (x upper limit of normal) 2.18 +/- 0.09 2.8+/-0.37
ALT (x upper limit of normal) 1.43 +/- 0.05 3.6 +/- 0.66
HCC incidence 53 (21%) 87 (32%)
112 (42%)

Death or liver transplantation 151 (60.6%)

Mean with SEM and numbers (percentage)

BMI= Body mass index, GGT= gamma glutamyl transferase, AST= aspartate amino transferase, ALT= alanine amino transferase



Supplementary Table 4: univariate and multivariate analysis of variables associated with HCC occurrence in prospective cohort of alcohol

related cirrhosis

Univariate analysis

Multivariate analysis

HR Cl95% P value HR CI195% P value
Age (years old) 1.08 1.05-1.11 2.48E-07 1.09 1.05-1.12 2.84E-06
Gender (male) 8.00 0.001-0.19 0.004 9.68 1.32-70.84 0.03
Diabetes type 2 2.02 1.18-3.48 0.01 1.21 0.65-2.28 0.55
Body Mass Index (kg/m2) 1.10 1.94-32.92 6.28E-05 1.12 1.06-1.19 0.0001
Platelets (/mm3) 1.00 0.99-1.00 0.45
Child Pugh score 1.07 0.93-1.23 0.34
GGT (x upper limit of normal) 0.96 0.91-1.01 0.10
AST (x upper limit of normal) 0.95 0.77-1.18 0.65
ALT (x upper limit of normal) 1.14 0.81-1.61 0.44
TMG6SF2 + PNPLA3
1 allele at risk 1.09 0.53-2.25 0.81 231 0.97-5.50 0.06
> 2 alleles at risk 3.12 1.58-6.17 0.001 4.38 2.00-9.6 0.0002

BMI: Body mass index, GGT: gamma glutamyl transferase, AST: aspartate amino transferase, ALT: alanine amino transferase



Supplementary Table 5. Association of PNPLA3 rs738409 / TM6SF2 rs58542926 with pathological and molecular features in HCC cases.

Data rs738409 rs58542926
Characteristics available CcC CG GG p-value CcC CT+TT p-value
(n=563) 246 (44%) 241 (43%) 75 (13%) 442 (79%) 121 (21%)
Tumor features
Largest nodule diameter (<50mm) 559 114 (47%) 122 (51%) 42 (56%) 0.30 214 (49%) 64 (53%) 0.43
Microscopic vascular invasion 502 100 (49%) 90 (46%) 36 (56%) 0.39 181 (50%) 45 (46%) 0.66
Differentiation
good 146 61 (27%) 59 (26%) 26 (38%) 116 (28%) 30 (27%)
medium 308 140 (61%) 132 (59%) 35 (50%) 0.34 239 (58%) 69 (61%) 0.88
bad 68 27 (12%) 33 (15%) 8 (12%) 54 (13%) 14 (12%)
5 Gene Score (good prognosis) 367 96 (59%) 101 (65%) 27 (57%) 0.48 176 (60%) 49 (58%) 0.50
G1G6 (G1-G3) 393 55 (32%) 56 (33%) 16 (32%) 0.78 106 (34%) 22 (28%) 0.34
Major Somatic Mutation
TERT promoter 403 93(53%) 104 (61%) 37 (69%) 0.08 175 (55%) 59 (70%) 0.01
CTNNBI 345 55 (37%) 52 (35%) 15 (33%) 0.90 100 (36%) 22 (34%) 0.97
TP53 346 33 (22%) 20 (13%) 8 (17%) 0.14 47 (17%) 14 (23%) 0.34
AXIN1 322 9 (6%) 6 (4%) 4 (9%) 0.45 15 (6%) 4 (7%) 1
ARIDIA 294 14 (11%) 15 (12%) 10 (26%) 0.05 36 (15%) 3 (5%) 0.09
ARID2 286 13 (10%) 8 (7%) 4 (10%) 0.52 25 (11%) 0 (0%) 0.02
RPS6KA3 286 7 (6%) 4 (3%) 2 (5%) 0.66 11 (5%) 2 (4%) 1
NFE2L2 293 7 (5%) 3 (2%) 1 (2%) 0.42 9 (4%) 2 (4%) 1
KEAPI 276 3 (3%) 5 (4%) 1 (3%) 0.74 7 (3%) 2 (4%) 1

Analysis was performed only in HCC patients with single tumor treated resection with comparison between distribution using Chi-square test.



Supplementary Figure 1

European subjects

(n=6042)

HCC Cases
(n=1020}

Control populations
without HCC (n=4505}

HCC patients
(n=1020)

CLD patients
(n=2021)

HCC patients with cirrhosis

CLD patients with cirrhosis|

HCC patients
with hepatitis C (n=256)

CLD patients
with hepatitis C (n=480)

(F4; n=514) \ (F4; n=1555)
Sew.erlty HCC patients with fibrosis I CLD patients with fibrosis
of liver (F2-F3; n=235) (F2-F3; n=193)
disease I Europeans from
HCC patients with non- Healthy controls _ 1000Genome (n=503)
fibrotic liver (FO-F1; n=261) I (n=2484)
|| Europeansfrom
3City study (n=1981)
HCC patients with alcoholic CLD patients with alcoholig]
liver disease (n=360) ‘ liver disease (n=1222)
n HCC patients ‘ CLD patients
Etlo!ogy with NAFLD (n=121) with NAFLD (n=231)
of liver \
disease \

HCC patients
with hepatitis B (n=90)

CLD patients
with hepatitis B (n=87)

Prospective cohorts
(n=517)

Patients with alcoholic
cirrhosis (n=249)

Patients with HCV-
related cirrhosis
(n=268)




Gene expression (2°CT)

Gene expression (2°°CT)

Supplementary Figure 2

PNPLAS3 in non-tumoral tissue (F0-F1)
ns

2.5+

2.0+

1.5+

1.0+

0.5+

0.0

PNPLA3 rs738409

TM6SF2 in non-tumoral tissue (F0-F1)

p=0.055
2.5+
2.0
1.5
1.0 g
_l.l.w;.-w.l.l_
0.5+ ot
*n':'_‘_vr
O.G .| |
CC (n=168) CT+TT (n=37)

TM6SF2 rs58542926



Results

Brief summarization of the current results:
Article 2: “A HSD17B13 variant protects from hepatocellular carcinoma
development in alcoholic liver disease”

(Hepatology, 2019)

Jie Yang, Eric Trépo, Pierre Nahon, Qian Cao, Christophe Moreno, Eric Letouzé,
Sandrine Imbeaud, Quentin Bayard, Thierry Gustot, Jacques Deviere, Paulette Bioulac-
Sage, Julien Calderaro, Nathalie Ganne-Carrié, Alexis Laurent, Jean Frédéric Blanc,
Erwan Guyot, Angela Sutton, Marianne Ziol, Jessica Zucman-Rossi*, Jean-Charles

Nault*

Recently, a splicing variant of HSD17B13 rs72613567, was identified as a new genetic
variant associated with reduced risk of chronic liver disease, especially ALD, NAFLD
and liver cirrhosis (Abul-Husn et al., 2018). Whether it could protect from the progression
from CLD to HCC is currently unknown.

The goal of our study was to dissect the potential role of variants in hAydroxysteroid (HSD)
genes in liver carcinogenesis across varying etiologies and severities of underlying CLDs.
By whole-exome sequencing, we investigated the association between 23 variants of HSD
gene family and risk of HCC in an exploratory cohort (n=285). Frequency of TA allele of
HS17B13 1572613567 was significantly lower in HCC patients than that in healthy
populations. Then we included a cohort of 824 patients with HCC and 2206 patients
without HCC but underlying CLD to validate the protective effect of HSD17B13 variant.
First, the protective TA allele of HSD17B13 1rs72613567 was observed less frequently in
patients with ALD, NAFLD and CHC when compared with healthy populations. Then in
patients with ALD, the TA allele of HSDI7B13 was significantly associated with a
reduced risk of HCC, even after adjustment for age, sex, and fibrosis. In addition, it seems
that TA allele could mitigate the risk of ALD-related HCC in carriers of at-risk G allele
of PNPLA3 rs738409.

Our study provided evidences that the HSD17B13 rs72613567 loss-of-function variant
protects from HCC development in patients with ALD.
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A 17-Beta-Hydroxysteroid Dehydrogenase
13 Variant Protects From Hepatocellular
Carcinoma Development in Alcoholic
Liver Disease

Jie Yang,1 Eric Trépo,l’2 Pierre Nahon, 3 Qian Cao,’ Christophe Moreno,” Eric Letouzé,! Sandrine Imbeaud,’ Quentin Bayard,1
Thierry Gustot,’ Jacques Deviere,? Paulette Bioulac—Sage,6’7]u]ien Calderaro ' 2 Nathalie Ganne-Carrié,** Alexis Laurent,’
Jean Frédéric Blanc,'® Erwan Guyot,ll‘12 Angela Sutton,''2 Marianne Ziol, »*13 Jessica Zucman-Rossi 14 and

Jean-Charles Nault">*

Recently, a loss of function variant (rs72613567) in 17-beta-hydroxysteroid dehydrogenase 13 (HSD17B13) has been
identified as protective of nonalcoholic (NAFLD) and alcoholic liver disease (ALD). However, the role of this sin-
gle-nucleotide polymorphism (SNP) in the development of hepatocellular carcinoma (HCC) is currently unknown. A
total of 3,315 European patients with HCC (n=1,109) or without HCC, but with chronic liver disease (CLD;
n=2,206), from four centers were analyzed either by whole-exome sequencing (WES; exploratory cohort, 285 HCC)
or genotyped for HSD17B13 1s72613567 (validation cohort, 824 HCC and all CLD). We included a control group
of 33,337 healthy European individuals from the Exome Aggregation Consortium. We compared distribution of
genotype using the chi-square test and logistic regression. In the exploratory cohort analyzed by WES, frequency of
the TA allele of HSD17B13 rs72613567 was significantly decreased in HCC patients compared to healthy controls
(P=1.52%x10"%). In the validation cohort, frequency of TA allele carriers was also decreased in patients with CLD
and without HCC (39%) compared to healthy individuals (47%; P < 0.0001). The protective effect of the TA allele
of HSD17B13 rs72613567 was identified in patients with ALD (odds ratio [OR]=0.73; 95% confidence interval
[CI], 0.65-0.82; P<0.0001), NAFLD (OR=0.64; 95% CI, 0.49-0.83; P=0.0007), and hepatitis C (OR =0.71; 95%
CI, 0.60-0.85; P=0.0002). In patients with ALD, the proportion of TA allele carriers with HCC was significantly
lower (32%) than in CLD patients without HCC (40%), even after adjustment for age, sex, and fibrosis (OR =0.64;
95% CI, 0.46-0.87; P=0.005). Conclusion: The HSD17B13 1572613567 loss of function variant is protective of HCC
development in patients with ALD. (HeparoLocy 2019;0:1-10).

e complex pathogenesis of hepatocellular car- liver diseases (LDs) leading to HCC development.
cinoma (HCC) is related to the high diver- Consequently, understanding the mechanisms of liver
sity of etiologies and severity of underlying carcinogenesis requires the analysis of the full spectrum

Abbreviations: ALD, alcoholic liver disease; BMI, body mass index; CHB, chronic hepatitis B; CHC, chronic hepatitis; ClI, confidence interval;
CLD, chronic liver disease; ExAC, Exome Aggregation Consortium; GWAS, genome-wide association study; HBV, hepatitis B virus; HCG,
hepatocellular carcinoma; HCV, hepatitis C virus; HSD17B13, 17-beta-hydroxysteroid dehydrogenase 13; NAFLD, nonalcoholic fatty liver disease;
OR, odds ratio; PNPLA3, patatin-like phospholipase domain-containing 3; SNP, single-nucleotide polymorphism; TM6SF2, transmembrane 6
superfamily 2; WES, whole-exome sequencing.
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of the disease among the different etiologies and vary-
ing severities of LDs from normal liver to cirrhosis.
Single-nucleotide polymorphisms (SNPs) have been
associated with risk of developing cancer, and the
genome-wide association study (GWAS) is a powerful
tool to identify in an agnostic way predisposition factor
to human diseases.”) Several SNPs have been robustly
associated with risk to develop HCC.?® A GWAS
has identified a SNP of patatin-like phospholipase
domain-containing 3 (PNPLA3) gene rs738409, which
is associated with risk of development of nonalcoholic
fatty liver disease (NAFLD).®' Additional studies have
also reported an association with risk of developing ste-
atosis, fibrosis, and cirrhosis attributed to high alcohol
intake and also with risk of HCC on alcohol-related
liver disease (ALD).""? Furthermore, transmembrane
6 superfamily 2 (TM6SF2) rs58542926 has also been
associated with risk of NAFLD and ALD as well as
HCC."™ 13 The impact of PNPLA3 and TM6SF2

DOI10.1002/hep.30623
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in HCC development on chronic hepatitis C (CHC)
or B (CHB) seems to be marginal.?2>1%) Interestingly,
these genes are involved in lipid metabolism. For exam-
ple, PNPLA3 has a lipase activity, and the rs738409
PNPLA3 1148M induces a loss of function of the
protein and promotes triglyceride accumulation in
hepatocytes.(w'w) Recently, a variant (rs72613567) of
17-beta-hydroxysteroid dehydrogenase 13 (HSD17B13)
has been identified as protective of NAFLD and ALD
in a GWAS.?Y HSD17B13 1572613567 is a loss-of-
function variant with an indel (insertion of A) leading
to production of a truncated protein with a reduced
enzymatic activity.(zo’m) Like PNPLA3, HSD17B13 also
locates to lipid droplets, and its expression was found
to be 5.9-fold higher in NAFLD patients compared to
normal liver samples.(22’23) However, the role of this
SNP in development of HCC is currently unknown.
The aim of our study was to dissect the potential role of
variants in hydroxysteroid genes in liver carcinogenesis
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across varying etiologies and severities of underlying

LDs.

Patients and Methods

STUDY PARTICIPANTS

We enrolled a total of 3,315 patients with HCC
(n =1,109) or with chronic liver diseases (CLDs), but
without HCC (n =2,206), in four Europeans cen-
ters (three in France and one in Belgium). Severity of
CLD was assessed histologically and classified accord-
ing to the METAVIR scoring system(24) (FO-F1 as
nonfibrotic liver, F2-F3 as fibrotic liver, and F4 as cir-
rhotic liver). CHC was defined by positive anti-HCV
(hepatitis C virus) serology with a positive viral load in
PCR at diagnosis or at any time of the history of the
patient. CHB was defined on the basis of hepatitis B
surface antigen seropositivity. Chronic alcohol intake
was defined as the main cause of LD in patients with
alcohol consumption above 80 g per day in males and
above 60 g per day in females for at least 10 years,
but without chronic HCV or hepatitis B virus (HBV)
infection. NAFLD was defined as the main cause of
LD in patient with metabolic syndrome, but with-
out high alcohol intake or viral infection. Diagnosis
of HCC was based on histological analysis or non-
invasive criteria in patients with cirrhosis, according
to European Association for the Study of the Liver
(EASL)/European Organization for Research and
Treatment of Cancer (EORTC) Clinical Practice
Guidelines.? We also used publically available data
of 33,337 Healthy European individuals from the
Exome Aggregation Consortium (ExAC) as a control
group for patients with CLD (http://exac.broadinsti-
tute.org/). Distribution of HSD17B13 rs72613567 was
the same in the ExAC population compared to the
healthy European population of the 1000 Genomes
Project.??”) All individuals analyzed in this study
were of European descent. The study was approved by
the Ethics Committee (IRB HECAM IRB00003888),

and all individuals provided written informed consent.

WHOLE-EXOME SEQUENCING

Description of analysis of whole-exome sequencing
(WES) of nontumor liver of the exploratory cohort
(n =285 HCC patients) is detailed in the Supporting

Information.

YANG ET AL.

GENOTYPING

Among the 1,109 patients with HCC, 285 pati-
ents had genotypes determined using WES and 824
using custom SNP genotyping assays, whereas all
the 2,206 CLD patients had the genotype deter-
mined using SNP genotyping assays. Genotyping
tor HSD17B13 rs72613567 was undertaken in all
patients by TagMan custom SNP genotyping assays,
according to the manufacturer’s protocol. In brief,
the forward primer sequence was GCTCTATTG
GTGTTTTAGTATTTGGGTGTT; the reverse
primer sequence was TGTTCCATCGTATATC
AATATCTTTCTGAGACT; the reporter 1 (-VIC)
sequence was CTGTGCTGTACTTACTTCT; and
the reporter 2 (-FAM) sequence was TGCTGTAC
TTAACTTCT. Genotyping success rate was >98%.
Genotype frequencies for HSD17B13 rs72613567
were in Hardy-Weinberg equilibrium (HWE) in
healthy individuals and patients with CLD (online
HWE calculator; http://www.oege.org/software/
hwe-mr-calc.shtml).

STATISTICAL ANALYSES

To describe the study population, continuous vari-
ables are presented as mean with SD and categorical
variables were reported as numbers and percentages.
Variant allele frequency between patients included
in the WES HCC cohort (n =285) and Europeans
individuals from the ExAC database (n=33,337)
was compared using Fisher’s exact test, and the odds
ratio (OR) was derived for the presence of the alter-
nate allele. To account for multiple testing, we used
a Bonferroni correction. For the comparison of gen-
otype distribution between CLD patients versus
healthy control (ExAC) and between HCC patients
versus CLD patients, we used the chi-square test in
univariate analysis. Associations between HSD17B13
1s72613567 variant and tumor features were analyzed
by chi-square test. Statistical analyses were carried out
using R statistical analysis software (version 3.2.0;
http://www.R-project.org/). P values <0.05 were con-
sidered statistically significant.

Results

A total of 3,315 European patients including 1,109
with HCC (cases) and 2,206 with CLDs (controls)
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were included in the study (Table 1; Fig. 1). We also
included 33,337 healthy European individuals from
the ExAC population.

First, we analyzed an exploratory cohort of 285
patients with WES of nontumor liver available
(81% male; mean average, 64 years old; 35% with
ALD, 21% with HCV, 11% with HBV, and 45%
with cirrhosis; Table 1). We compared distribution
of damaging germline variants of 20 hydroxysteroid
genes (HSD3B2, HSD3B1, HSD17B7, HSD11BI,
HSD17B13, HSDI17B11, HSD17B4, HSDI7BS,
HSD17B3, HSDL2, HSD17B7P2, HSD17B12,
HSD17B6, HSD3B7, HSD11B2, HSD17B2, HSDL1,
HSD17B1, HSD11B1L, and HSD17B14) between
the 285 HCC patients and 33,337 healthy patients of
the EXAC population (Supporting Table S1). Among
the 23 damaging variants of the hydrosteroid gene
tamily identified, only the frequency of HSD17B13
172613567 SNP was significantly different between
HCC patients and healthy controls after Bonferroni
correction (Bonferroni-corrected statistical signifi-
cance threshold of P=2.17 x 10™), with a lower fre-
quency of the TA allele in HCC patients compared
to healthy individuals (OR =0.40; 95% confidence
interval [CI], 0.25-0.60; P=1.52x10"%; Fig. 2;
Supporting Table S1).

In a second step, we aimed to assess the role

of HSD17B13 1572613567 in CLD and in liver
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carcinogenesis using a validation cohort including
824 patients with HCC and 2,206 control patients
with CLD, but without HCC, and genotyped for
HSD17B13 rs72613567. Patients with CLD and with-
out HCC had a mean age of 55 years and 69% were
males. Etiologies of CLD were mainly ALD (60%),
CHC (24%) and NAFLD (11%). Fibrosis stages of
nontumor livers were FO-F1 for 11% of patients,
F2-F3 for 10% of patients, and F4 for 79% of patients
according to METAVIR classification (Table 1).
Patients with HCC had a mean age of 63 years and
83% were males (see Supporting Table S2 for HCC
features). ALD was observed in 34%, CHC in 25%,
NAFLD in 17%, and CHB in 10% of patients. HCC
was developed in a nontumor liver with fibrosis clas-
sified FO-F1 in 24%, F2-F3 in 25%, and F4 in 51% of
cases (Table 1).

First, we analyzed distribution of the HSD17B13
1572613567 genotype in 2,206 CLD patients without
HCC compared to the 33,337 healthy European indi-
viduals from the ExAC population. Combination of
T/TA and TA/TA genotypes (defining the TA allele
carriers) was less frequent in patients with CLD (39%)
compared to ExAC individuals (47%; P < 0.0001;
Table 2; Fig. 3A). Among the different etiologies,
the protective effect of the TA allele of HSD17B13
1s72613567 was identified in patients with ALD
(OR =0.73; 95% CI, 0.65-0.82; P < 0.0001), NAFLD

TABLE 1. Description of the Population

HCC Patients Combined Cohort (n = 1,109)

Patients With CLD Without HCC ~ HCC patients Exploratory HCC Patients Validation

Variables (n=2,206) Cohort (n = 285) Cohort (n = 824)
Age (years)* Years old 55+ 11 648 £11.1 6311
Sex' Male 1,513 (69%) 232 (81%) 684 (83%)
Etiology™™ Alcohol 1,332 (60%) 101 (35%) 273 (34%)

HBY 94 (4%) 30 (11%) 83 (10%)

HeV 538 (24%) 59 (21%) 202 (25%)

NAFLD 241 (%) 51 (18%) 137 (17%)

Without or other etiologies 1 (0.05%) 42 (15%) 117 (14%)
Nontumor liver'* FO-F1 245 (11%) 112 (39%) 194 (24%)
Fibrosis accordingto  F2-F3 221 (10%) 44 (16%) 207 (25%)

METAVIR

F4 1,724 (79%) 129 (45%) 418 (51%)

*Mean = SD.

"Number (percentage).

¥*Data unavailable: etiology of 2 HCC patients in exploratory cohort and 12 HCC patients in validation cohort; fibrosis stage of 16 CLD

patients and 5 HCC patients in validation cohort.
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Exploratory cohort

Case

285 patients with HCC
(whole exome
sequencing)

Validation cohort

Case

824 patients with HCC
(Targeted genotyping)

Control Control
33337 healthy 2206 patients 33337 healthy
patients with CLD and patients
(whole exome without HCC (whole exome
sequencing (Targeted sequencing
EXAC cohort) genotyping) EXAC cohort)
Combined cohort
Case
1109 patients with
HCC
(whole exome
sequencing +
targeted genotyping)
Control
2206 patients 33337 healthy
with CLD and patients
without HCC (whole exome
(Targeted sequencing
genotyping) EXAC cohort)

FIG. 1. Flow chart of the study.

(OR=0.64; 95% CI, 0.49-0.83; P=0.0007), and
HCV (OR=0.71; 95% CI, 0.60-0.85; P =0.0002;
Table 2; Fig. 3B).

Interestingly, across fibrotic stages, frequency of
TA allele carriers of HSDI17B13 1572613567 was sig-
nificantly lower in patients with cirrhosis (38%) than
in healthy controls (47%; P < 0.0001; Table 2; Fig.
3A) with a protective effect against cirrhosis mainly
in patients with ALD, CHC infection, and NAFLD
(Fig. 3C).

In addition, we compared the genotype distribution
of HSD17B13 1s72613567 in the validation cohort
between patients with HCC (n = 824) and patients

with CLD, but without HCC (n = 2,206; Table 3).
HSD17B13 1572613567 TA allele carriers were not
significantly different between HCC cases and CLD
controls in the validation cohort (Table 3). In con-
trast, frequency of HSDI17B13 rs72613567 TA allele
carriers was significantly decreased in ALD patients
with HCC (32%) compared to ALD patients without
HCC (40%; P =0.02; Table 3). The protective effect
of TA allele remained significant after adjustment for
age, sex, and fibrosis stage (OR = 0.64; 95% CI, 0.47-
0.87; P=0.005). No significant association between
the HSD17B13 SNP and HCC risk was identified
in other etiologies (i.e., HCV, HBV, and NAFLD;
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FIG.2. Association of WES candidate damaging variants in hydroxysteroid genes with HCC in 285 HCC cases and 33,337 Europeans
from the ExAC. P values are shown for candidate damaging variants that passed quality control in 20 hydroxysteroid genes. The
Bonferroni-corrected statistical significance threshold (P = 2.17 x 107%) is shown as a red line.

TABLE 2. Distribution of the HSD17B13 rs72613567 Genotypes in Healthy Individuals and CLD Patients* Without HCC
From the Validation Cohort

T/TA+ TA/TAvs. T/T

Group 7T T/TA + TA/TA PValue OR (95%Cl)
Healthy population (ExAC) 17,648 (53%) 15,689 (47%) — —

All CLD patients 1,342 (61%) 864 (39%) <0.0001 0.72[0.66-0.79]
Alcohol-related CLD 806 (60%) 526 (40%) <0.0001 0.73[0.65-0.82]
NAFLD-related CLD 154 (64%) 87 (36%) 0.0007 0.64 [0.49-0.83]
HCV-related CLD 329 (61%) 209 (39%) 0.0002 0.71 [0.60-0.85]
HBV-related CLD 52 (55%) 42 (45%) 0.64 0.91[0.60-1.37]
CLD with cirrhosis (F4) 1,063 (62%) 661 (38%) <0.0001 0.70[0.63-0.77]
CLD with fibrosis (F2-F3) 135 (61%) 86 (39%) 0.02 0.55 [0.55-0.94]
CLD on nonfibrotic liver (FO-F1) 135 (55%) 110 (45%) 0.50 0.921[0.71-1.18]

Analysis was performed using the chi-square test. Bold indicates P values < 0.05.

*Data unavailable: fibrosis stage of 16 CLD patients.

Table 3). We did not find any difference in HCC
features according to the HSDI7B13 1s72613567
genotype (Supporting Table S2). In the combined
population (exploratory and validation cohorts)
including 1,109 patients with HCC, HSD17B13 TA
allele carriers still had a decreased risk of HCC gen-
erally (univariate analysis, OR = 0.84; 95% CI = 0.73-
0.98; P=0.03 and multivariate analysis, OR = 0.77;
95% CI=0.64-0.93; P=0.006) and also in the
subgroup of patients with ALD (univariate analy-
sis, OR = 0.66; 95% CI =0.51-0.84; P =0.0008 and
multivariate analysis, OR = 0.59; 95% CI = 0.44-0.79;
P =0.0004; Table 3; Fig. 3D). The protective effect
HSD17B13 TA allele was confirmed in the subgroups
of patients with alcoholic-related cirrhosis (Fig. 3E).

Discussion

In this study, we showed that the loss-of-function
variant 1s72613567 of HSDI17B13 was protective
against development of HCC in ALD. The original
GWAS study was designed to identify genetic mark-
ers predisposing to ALD and NAFLD, but was not
designed to assess the risk of HCC in patients with
CLD.%" By comparing a population of patients with
CLD with a control group of healthy individuals, we
confirmed that AASD17B13 rs72613567 decreased the
risk of ALD and NALFD. We also found a strong
protective effect against ALD- and NAFLD-related
cirrhosis, as already reported in the initial study. Based
on the analysis of 88 patients, a recent report has
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FIG. 3. Risk of cirrhosis and HCC according to the genotype distribution of HSD13B17 rs72613567 in the combined population.
We compared the genotype distribution of HSD17B13 rs72613567 (A) between CLD patients and healthy population from ExAC
consortium; (B) between CLD patients according to the different etiologies and healthy population from ExAC consortium; and
(C) between CLD patients with cirrhosis according to the different etiologies and healthy population from ExAC consortium. Analysis
was performed using the chi-square test. We compared the genotype distribution of HS§D17B13 rs72613567 (D) between CLD patients
without HCC and HCC patients (combined cohort) and (E) between alcohol-related patients with cirrhosis without HCC and HCC
patients (combined cohort). Analysis was performed using logistic regression adjusted for age, sex, and degree of fibrosis on the
nontumor liver. Abbreviation: AL, alcohol-related cirrhosis.

suggested a potential protective effect of this SNP on We also identified an association between HCC
severe fibrosis in CHC.®® Our data also suggested a and a lower incidence of TA allele in an explor-
protective effect of HSD17B13 rs72613567 on HCV-  atory cohort of HCC patients analyzed by WES
related liver disease, including HCV-related cirrhosis. and compared to a healthy population. To bypass
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TABLE 3. Risk of HCC According to HSD17B13 rs72613567 Genotypes

Univariate Multivariate
Etiology Genotype CLD Patients* HCC Patients* PValue OR (95% CI) PValue OR (95% CI)
Validation cohort
All 7 1,342 (61%) 527 (64%) — 1 — 1
T/TA+TA/TA 864 (39%) 297 (36%) 0.12 0.88[0.74-1.03] 0.07 0.83[0.68-1.02]
Alcohol 7 806 (60%) 185 (68%) — 1 — 1
T/TA+TA/TA 526 (40%) 88 (32%) 0.02 0.73 [0.55-0.96] 0.005 0.64 [0.47-0.87]
NAFLD vl 154 (64%) 86 (63%) — 1 — 1
T/TA+TA/TA 87 (36%) 51 (37%) 0.83 1.05[0.68-1.62] 0.89 0.96 [0.56-1.65]
Hev 7 329 (61%) 121 (60%) — 1 — 1
T/TA+TA/TA 209 (39%) 81 (40%) 0.76 1.05 [0.76-1.47] 0.96 1.01 [0.71-1.44]
HBV il 52 (55%) 51 (61%) — 1 — 1
T/TA+TA/TA 42 (45%) 32 (39%) 0.4 0.78 [0.43-1.42] 0.23 0.67 [0.35-1.29]
Combined cohort
All 7T 1,342 (61%) 717 (64%) — 1 — 1
T/TA+TA/TA 864 (39%) 389 (36%) 0.03 0.84[0.73-0.98] 0.006 0.77 [0.64-0.93]
Alcohol 7 806 (60%) 262 (70%) — 1 — 1
T/TA+TA/TA 526 (40%) 112 (30%) 0.0008 0.66 [0.51-0.84] 0.0004 0.59 [0.44-0.79]
NAFLD 7 154 (64%) 122 (65%) — 1 — 1
T/TA+TA/TA 87 (36%) 65 (35%) 0.77 0.94[0.63-1.41] 0.36 0.79 [0.48-1.30]
Hev 7 329 (61%) 156 (60%) — 1 — 1
T/TA+TA/TA 209 (39%) 103 (40%) 0.80 1.04 [0.78-1.41] 0.95 1.01 [0.72-1.41]
HBV vl 52 (55%) 67 (59%) — 1 — 1
T/TA+TA/TA 42 (45%) 46 (41%) 0.56 0.85 [0.49-1.48) 0.40 0.77 [0.42-1.42]

Univariate analysis was performed using the chi-square test, then adjusted by sex, age, stage of fibrosis, and etiology by logistic regres-
sion analysis (multivariate analysis). Significant P values and relative OR values are in bold style.
*Data unavailable: etiology of 2 HCC patients in exploratory cohort and 12 HCC patients in validation cohort; fibrosis stage of 5 HCC

patients in validation cohort.

potential bias related to uses of the healthy popula-
tion as control, we used a large validation cohort of
HCC and control patients with CLD to assess the
role of HSD17B13 rs72613567 in liver carcinogen-
esis. We identified a protective effect of the T/TA
and TA/TA genotypes against HCC development
on ALD even after adjustment for confounding
factors, such as age, sex, and fibrosis, in the nontu-
mor liver. Interestingly, the HSD17B13 rs72613567
TA allele remained protective when restraining the
analysis to alcohol-related patients with cirrhosis.
However, patients with alcohol-related HCC were
more frequently male and were older than patients
with ALD, but without HCC. Even if the protec-
tive effect of HSD17B13 rs72613567 against HCC
remained significant after adjustment for age and
sex, a larger cohort of patients will be required to
validate these results. Moreover, the low number
of patients with HCC on CHB hampered a robust

conclusion on the effect of HSD17B13 rs72613567
on liver carcinogenesis attributed to HBV.

Interestingly, a previous study showed that body
mass index (BMI) could have an impact on the effect
of the HSD17B13 variant in NAFLD.?V Moreover,
it is well known that BMI and diabetes type 2 could
increase the risk of HCC development in patients
with CLD.%” Unfortunately, a large proportion of
patients had missing values for these clinical variables
which did not allow a robust analysis. Further studies
are warranted to clarify this point.

More data will be useful to understand the conse-
quence of loss of function of H§D17B13 and how this
could decrease the risk of progression to cirrhosis and
HCC development.©?

Interestingly, several studies showed a relation
between HSD17B13 polymorphisms and abnormal
liver test. HSD17B13 172613567 TA variant was asso-
ciated with decreased aminotransferase levels in an allele
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dose-dependent manner.?” Another study showed that
the minor allele of HSD17B13 rs10433879, that is,in a
close proxy with HSD17B13 rs72613567 (R? = 0.985;

P =0.0024), was associated with lower alanine amino-
transferase in excessive drinkers.®?

Moreover, several studies showed that HSD17B13
expression was lower in HCC tumor tissue than
in nontumor adjacent tissue.®*>* One study sug-
gested that a low level of HDS17B13 mRNA in
nontumor liver was associated with a higher rate of
tumor recurrence after liver resection of HCC, but
these results need external validation.®” Currently,
the exact function of HSD17B13 needs to be better
explained. These data also suggest that therapeu-
tic modulation by inhibition of HSD17B13 could
be a strategy to prevent progression of CLD and
decrease HCC incidence in patients with ALD.
Patients harboring the at-risk allele of PNPLA3
rs738409 could be the ideal candidate for this che-
mopreventive strategy. More generally, our results
underline the necessity of functional studies dedi-
cated to understanding the potential interactions
between the different constitutional variants leading
to HCC development.

In conclusion, the rs72613567 loss-of-function
variant in HSD17BI13 is protective against fibrosis
progression and HCC development in ALD.
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Whole-Exome Sequencing

Sequence capture, enrichment, and elution from non-HCC liver counterpart genomic DNA
from 285 patients were performed by IntegraGen (Evry, France) using Agilent in-solution
enrichment with their biotinylated oligonucleotides probes library (SureSelect Human All-
Exon kit v5+UTRs-75Mb and SureSelect Clinical Research Exome V2 - 64 Mb; Agilent
Technologies, Santa Clara, CA) according to manufacturer’s instruction. Eluted-enriched DNA
sample was sequenced on an [llumina HiSeq 2000 sequencer as paired-end 75-bp reads. Image
analysis and base calling was performed using Illumina Real Time Analysis Pipeline, version
1.14, with default parameters. Raw sequences were aligned to the human reference genome
(hg19) using the Maximum Exact Matches algorithm in Burrows Wheeler Aligner (BWA) (1)
of the Human genome using BWA. PCR duplicate removal was performed using Picard tools
(broadinstitute.github.io/picard), local indel realignment and base quality recalibration with the
Genome Analysis Software Kit (GATK) (2), variants were called using GATK HaplotypeCaller
(2). Resulting high quality variants were annotated using the Variant Effect Predictor (VEP)
toolset (3). We selected variants in the following 20 hydroxysteroid genes (HSD3B2, HSD3B1,
HSDI17B7, HSDI11B1, HSD17B13, HSD17B11, HSD17B4, HSD17B8, HSDI17B3, HSDL2,
HSDI17B7P2, HSDI17B12, HSD17B6, HSD3B7, HSDI11B2, HSD17B2, HSDLI1, HSDI17B1,
HSDI11BIL, HSD17B14) predicted to be damaging (nonsense, frameshift, splice or missense)
by VEP. Samples for a given a variant with a depth of coverage < 8 or a genotype quality < 20
were removed as recommended (4), using a homemade python (version 2.7.6) script (Python
Software Foundation. Python Language Reference, version 2.7.6 (http://www.python.org.).
Only variants with a genotyping call rate > 95% were considered in the analysis.
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Supplementary Table 1: Association of WES candidate damaging variants in
hydroxysteroid genes with HCC

Variant ReferenceAlternate allele allele
Chromosome Position Gene Location frequency frequency OR 95% CI P

1D allele allele in cases*in controls*

1s72613567 4 88231392 T TA  HSDI7B13Splice region 0.129 0.2682  0.40 0.25-0.60 1.52x 10
rs1143650 5 118832244 C G HSD17B4 Missense  0.00495  0.00015 47.201.04-369.88 0.024
rs1047303 1 120057246 C A HSD3B1 Missense  0.613 0.6743  0.75 0.55-1.01  0.054
1s35299026 19 49318380 G A HSDI7BI4 Missense  0.0808  0.04963 1.64 0.92-2.74  0.072
rs6205 1 120057002 T C HSD3B1 Missense  0.0099  0.00293 2.94 0.35-10.89  0.151
rs147402365 17 40706596 C T HSD17B1 Missense  0.015 0.00878 1.90 0.39-5.66  0.215
1525640 5 118811533 G A HSD17B4 Missense 0.42 0.4579  0.84 0.62-1.12  0.228
rs113690224 17 40706679 C T HSD17B1 Splice region 0.0204  0.01299 1.67 0.45-436  0.312
rs11555762 11 43876698 C T  HSDI7BI2 Missense  0.342 0.3054 1.16 0.85-1.56  0.322
rs9938550 16 30999142 A G HSD3B7 Missense  0.663 0.6343  1.12 0.83-1.53  0.464
152066479 9 98997810 C T HSD17B3 Missense 0.04 0.04975 0.74 0.32-1.49  0.526
52066480 9 99064296 C T HSD17B3 Missense  0.0099  0.00739 1.32 0.16-4.85  0.667
rs34212827 16 30999434 T C HSD3B7 Missense  0.0099  0.00756 1.24 0.15-4.54  0.679
rs11539471 5 118860938 T C HSD17B4 Missense  0.0842  0.07623 1.10 0.63-1.81  0.691
rs117437228 16 82124518 A G HSDI17B2 Missense 0.00495  0.01136 0.41 0.01-2.31  0.738
rs11205 5 118861713 A G HSD17B4 Missense  0.426 0.4066  1.04 0.78-1.39  0.775
rs4378600 16 84158248 G C HSDLI  Missense  0.282 02922 097 0.70-1.32  0.877
rs8110220 19 49339098 T C  HSDI17BI14Splice region 0.248 0.2396  1.01 0.72-1.40  0.935
rs41280175 9 115167994 A T HSDL2  Missense  0.0099  0.01386 0.72 0.09-2.66 1
rs144261994 1 120050210 G C HSD3B1  Missense 0 0.00026 - - 1
15202219444 1 209879292 G A HSD11B1 Splice region 0 0.00343 - - 1
rs80182459 4 88235096  CG C  HSDI17B13 Frameshift 0 0.00045 - - 1
rs34491699 6 33173607 A G HSD17B8 Splice region 0 0.00066 - - 1

*frequency of the alternate allele



Supplementary Table 2: Association of HSD17B13 rs72613567 with HCC features

Tumor features avl:iillz?)le Wl;?l:ile_ln CtSC T/T %Z?Z p-value
Alpha-fetoprotein >20UI 694 252 (36%) 165 (65%) 87 (35%) 0.93
Main nodule > 5 cm 814 406 (50%) 264 (65%) 142 (35%) 0.75
Unique nodule 750 609 (81%) 392 (64%) 217 (36%) 0.73
Macroscopic vascular invasion 660 110 (17%) 77 (70%) 33 (30%) 0.19
Microscopic vascular invasion 662 343 (52%) 227 (66%) 116 (34%) 0.35
Differentiation 735

good 203 (28%) 122 (60%) 81 (40%)
medium 425 (58%) 282 (66%) 143 (34%) 0.30
bad 107 (15%) 70 (65%) 37 (35%)

HCC features were available in a subset of patients with HCC (n=814/1109). Analysis was
performed using Chi-square test.
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1. Interaction between environmental and genetic risk factors of HCC

1.1 Validation of SNPs identified in GWAS of HCC

Following the identification of SNPs linked with the susceptibility of HBV- or HCV-
related HCC in GWAS, several groups investigated whether these variants were
associated with disease progression and development of virus-related HCC. However,
as presented in the introduction, these SNPs often failed to be validated in other GWAS
and there are discrepancies in candidate-gene studies. Here in our study, we also tested
7 SNPs (DEPDC5 151012068, GRIK 1 rs455804, KIF 1B rs17401966, STAT4 rs7574865,
MICA 152596542, DLCI 152275959 and DDX18 rs2551677) identified as associated
with HCC risk in GWAS. First, we compared the genotype distributions of these SNPs
between overall patients with HCC and overall patients with CLD and without HCC,
but we did not identify any significant association even after adjustment for common
confounders as age, gender, etiology and severity of underlying liver diseases.
Considering the heterogeneity of underlying liver diseases, next we performed
subgroup analysis within the same etiology as reported in the original GWAS. Among
them, only STAT4 rs7574865 was validated as associated with the risk of HBV-related
HCC in European ancestry. The association was still significant after adjustment for
age, gender and severity of liver disease. STAT4 is a transcription factor and a critical
regulator of immune responses, by transmitting signals from interleukin-12 and type I
interferon (IFN-a or IFN-f) and could induce IFN-y production (Nguyen et al., 2002;
Thierfelder et al., 1996). IFN-y is a pleiotropic cytokine that has a crucial role in host
defense. Impaired activation of IFN-y via STAT4 may reduce its antiviral and antitumor
activities (Horras, Lamb, & Mitchell, 2011; Saha, Jyothi Prasanna, Chandrasekar, &
Nandi, 2010). In original GWAS, it was found that the at-risk G allele of STAT4
157574865 was associated with a lower mRNA level of STAT4, compared to the T allele
(Jiang et al., 2013). It provides a potential hypothesis how STAT4 SNP contributes to a
decreased host defense in antiviral activities and an increased risk of HBV-related HCC,

but additional functional studies are required to elucidate this issue.

There are some possible reasons for the discrepant associations of other SNPs between

our study and the original GWAS studies: 1) the differences in ethnicity between Asians
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in all the GWAS and Europeans in our study; 2) the differences in term of control group
(healthy population or patient with underlying chronic liver diseases but without
adjustment on fibrosis in GWAS); 3) the limited number of patients with viral infection,
especially HBV infection, in our study cohort that leads to a low statistic power.
Therefore, further studies considering theses points are warranted to clarify the
association between these genetic variants and the risk of HCC across various

populations.
1.2 Association between PNPLA3/TM6SF2 variants and increased risk of alcohol-
related HCC

Until now, rs738409 in PNPLA3 is the best characterized and deeply investigated genetic
variant tightly associated with risk of HCC. PNPLA3 gene, containing 9 exons, is located
on chromosome 22 (22q13.31). Rs738409 is a non-synonymous SNP with a switch from
C to G which results in amino acid substitution of an isoleucine (I) to a methionine (M)
at the position 148 of the coding sequence. In year 2008, it was firstly identified as an
independent risk factor of hepatic fat accumulation in a genome-wide association study.
The at-risk G allele of PNPLA3 was more frequent in Hispanics population who are more
susceptible to NAFLD than African-Americans and European-Americans, partly
explaining the inter-ethnic heterogeneity of the risk of NAFLD. However, even though
obesity and diabetes are two of the main risk factors of NAFLD, in the study, no
association was observed between PNPLA3 rs738409 and BMI or diabetes (Romeo et al.,
2008).

Furthermore, PNPLA3 rs738409 was not only associated with hepatic steatosis, but also
strongly related with elevated serum ALT and AST level and progression to fibrosis or
cirrhosis, indicating that PNPLA3 rs738409 was an independent risk factor of severity of
the liver disease (Kitamoto et al., 2013; Kotronen et al., 2009; Valenti, Al-Serri, et al.,
2010; Valenti, Alisi, et al., 2010).

In 2014, an exome-wide association study identified a novel non-synonymous SNP in
TMO6SF2 (rs58542926 ¢.449 C>T, p.Glul67Lys). It was associated with higher circulating
level of ALT but lower level of very-low density lipoprotein (VLDL) and TG, which
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confers a susceptibility to hepatic fat accumulation and NAFLD (Kozlitina et al., 2014).
Similarly, TM6SF2 SNP was associated with advanced hepatic fibrosis/cirrhosis
independently of PNPLA3 rs738409 and other potential confounding factors (Y. L. Liu,
Reeves, et al., 2014).

Then whether PNPLA3 rs738409 and TM6SF?2 rs58542926 act as genetic risk factors in
liver injury induced by other chronic liver diseases was questioned. In the past ten years,
numerous candidate-gene studies together with meta-analysis showed an independent and
robust association between PNPLA3 rs738409 and alcoholic liver disease (ALD),
especially alcohol-related cirrhosis across ethnicities and in different geographical
regions (Atkinson, Way, McQuillin, Morgan, & Thursz, 2017; Burza et al., 2014; Dutta,
2013; Falleti et al., 2011; Friedrich et al., 2014; Kolla et al., 2018; Liangpunsakul et al.,
2018; Mancina et al., 2019; Nischalke et al., 2011; Rosendahl et al., 2012; Seth, Daly,
Haber, & Day, 2010; Stickel et al., 2011; Tian, Stokowski, Kershenobich, Ballinger, &
Hinds, 2010; Trepo, Gustot, et al., 2011; Y. Zhang et al., 2018). Remarkably, a genome-
wide association study also confirmed PNPLA3 rs738409 as a prominent risk loci for
alcohol-related cirrhosis (Buch et al.,, 2015). Meanwhile, it identified TM6SF?2
rs58542926 as a new risk loci for alcohol-related cirrhosis. In our study, we did the
validation analysis and found the same association consistent with these literatures. By
comparing with European healthy controls from 1000Genome, we found that PNPLA3
rs738409 was significantly associated with alcoholic and non-alcoholic associated
chronic liver disease and liver cirrhosis. And patients with NAFLD harbored more

frequently the at-risk TT+CT genotypes of TM6SF2.

Several studies were performed in European and Asian populations to assess the impact
of PNPLA3 rs738409 and TM6SF2 1s58542926 on steatosis and fibrosis progression in
patients with chronic hepatitis C. After adjustment for other confounders (age, sex, body
mass index, alcohol consumption and diabetes), the association between PNPLA3
rs738409 and the risk of steatosis and fibrosis progression remained but was less strong
than that observed in ALD or NAFLD. Meta-analysis showed that the effect of PNPLA3
1rs738409 was more evident in European population than in Asians, but a controversy still
exists (J. H. Fan et al., 2016; Manchiero et al., 2017; Nischalke et al., 2011; Trepo, Pradat,
et al., 2011; Valenti et al., 2011; Yasui et al., 2015; H. Zhang et al., 2015). TM6SF2 SNP
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was also reported to impact the steatosis severity and associated with liver damage and
fibrosis in patients with CHC, but only with the genotype 1 of HCV (Coppola et al., 2015;
Milano et al., 2015; Petta et al., 2016). In univariate analysis of our study, the genotype
distribution was not different between healthy population and patients with chronic
hepatitis C or B. It could be explained by the difference between ethnicities, lack of
adjustment for common confounders or by the negligible and indirect effect in CHC/CHB
as reported in previous studies. Recently, several studies reported PNPLA3 and TM6SF?2
SNPs as independent risk factors for fibrosis progression to cirrhosis in HIV/HCV co-
infected patients (Jimenez-Sousa et al., 2016; Nunez-Torres et al., 2016; Sagnelli et al.,
2016). It indicates that PNPLA3 and TM6SF2 SNPs might only be risk factors in a
subgroup of patients with CHC. Anyhow, these studies on chronic liver diseases with
different etiologies (NAFLD and ALD) suggest that PNPLA3 and TM6SF2 play a role in

the common biological pathway leading to liver injury and cirrhosis.

We investigated the role PNPLA3 rs738409 together with TM6SF2 1rs58542926 in the
development of HCC. In our study, the comparison between overall patients with and
without HCC but underlying CLDs showed that both PNPLA3 and TM6SF2 SNPs were
independent risk factors of HCC development. In this multivariate analysis, we had
adjusted for the well-known confounders like age, gender, different etiologies and
severity of CLD besides BMI and diabetes due to lack of data. However, even though
obesity and diabetes are two important risk factors of HCC, in the previous study, the
association between PNPLA3 rs738409 and BMI or diabetes was negligible (Romeo et
al., 2008). And another study confirmed that insulin sensitivity was related to liver fat

content independently of PNPLA3 genotype status (Kotronen et al., 2009).

In line with a large number of retrospective case-control studies, our subgroup analysis
according to etiologies validated that both PNPLA3 rs738409 and TM6SF2 rs58542926
were independent risk factors of HCC in patients with ALD. However, well-defined
prospective study is of the gold standard to assess the association between genetic traits
and the development of liver cancer in order to avoid bias of case/control study. In consist
with a previous study (Guyot et al., 2013), the link between PNPLA3 rs738409 and ALD-
related HCC incidence was also well validated in our prospective cohort of ALD-related

cirrhosis. And we confirmed for the first time in a prospective manner the link between
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TMG6SF2 rs58542926 and HCC occurrence. In contrast, the association between PNPLA3
rs738409 and the risk of HCC in patients with HCV-related cirrhosis was controversial
either in European or Asian populations (Balasus et al., 2016; Ezzikouri et al., 2014;
Guyot et al., 2013; Hai et al., 2017; Nakaoka et al., 2015; Nischalke et al., 2011; Valenti
etal., 2011). In our study, we did not identify a significant association neither in our case-
control nor in prospective cohorts. Similarly, we did not observe an obvious impact of
TM6SF?2 1rs58542926 on HCC incidence in patients with HCV-related cirrhosis. The
negative association with HCV-related HCC in our study together with controversial
results reported in literature probably indicate that the two variants have very limited role

in the pathogenesis and progression of HCV-related cirrhosis.

Since the two variants were originally identified as risk factors of NAFLD, the impact on
NAFLD-related HCC was also assessed. However, there is not yet a well-defined
conclusion about the association between PNPLA3/ TM6SF2 SNPs and the risk of
NAFLD-related HCC due to limited number of cases analyzed in a limited number of
studies (Donati et al., 2017; Y. L. Liu, Patman, et al., 2014; Y. L. Liu, Reeves, et al., 2014;
Seko et al., 2017). In our study, we observed that the frequency of at-risk genotypes of
PNPLA3 and TM6SF2 SNPs were higher in HCC patients. However, due to a limited
number of patients of NAFLD with or without HCC, the association didn’t reach a
statistic significance. Regarding the increasing incidence of HCC due to NAFLD,
additional studies including a larger number of patients are required to fully investigate
the role of PNPLA3 rs738409 and TM6SF2 1s58542926 in liver carcinogenesis due to
NAFLD. Although the PNPLA3 and TM6SF2 SNPs were less studied in patients with
CHB, there seems to be a lack of association with the risk of HBV-related HCC (Brouwer
etal., 2015). But it would be informative to further confirm whether the two variants play

also a role in carcinogenesis in patients with CHB.

Moreover, a subset of HCC developed in patients without liver cirrhosis and without any
known risk factors of HCC. However, due to lack of effective predisposing markers, they
were rarely enrolled into a surveillance program. And there are few data about the impact
of PNPLA3 variant on HCC developed on non-fibrotic liver. Only one study suggested
this association in a case-control study including 25 HCC developed on non-cirrhotic

liver (FO-F2) in patients with HCV or ALD (Donati et al., 2017). In our study, we
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confirmed this association in a larger series of 212 patients with HCC developed on non-
fibrotic liver (FO-F1), mostly without any etiologies of liver diseases, using two different
control populations composed of a total of 2,484 healthy subjects. It suggested a direct

role of PNPLA3 in the liver carcinogenesis.

Normally, a complex trait is influenced by multiply genetic variants with gene-gene
interactions. PNPLA3 1s738409 and TM6SF2 1s58542926 shared a similarity in their
heritability with risk of liver steatosis, fibrosis, and progression to HCC in patients with
ALD and NAFLD. However, no gene-gene interaction has ever been identified between
them. In line with previous studies (Falleti et al., 2016; Stickel et al., 2018b), we also
observed a progressive increase of HCC risk with increasing number of the at-risk alleles
of PNPLA3 and TM6SF2 SNPs, probably due to an additive effect of these 2 SNPs on
HCC risk.

1.3 Biological function of PNPLA3/TM6SF2 on lipid metabolism and liver

carcinogenesis

PNPLA3 is one of the nine members in patatin-like phospholipase domain-containing
(PNPLA) family, a group of lipid-metabolizing enzymes. In human tissue, PNPLA3 is
highly expressed in the liver, followed by retina, skin, adipose tissue (Y. Huang et al.,
2010; Pirazzi et al., 2014). The expression level is predominantly observed in hepatic
stellate cells (HSCs) in human liver, whereas is predominately observed in hepatocytes
in mice liver (Bruschi, Claudel, et al., 2017; Y. Huang et al., 2010; Pirazzi et al., 2014).
Expression of PNPLA3 is regulated by two key factors of the glycolytic and lipogenic
pathways, indicating its implication in the metabolism of carbohydrates and lipids
(Dubuquoy et al., 2011). Sterol regulatory element-binding proteins 1c (SREBP-1c)
promotes accumulation of PNPLA3 directly by activating PNPLA3 transcription and
indirectly by inhibiting PNPLA3 degradation through the stimulation of fatty acid
synthesis (Y. Huang et al., 2010). Regarding cellular organelles, it localizes principally
on the membrane of lipid droplets (He et al., 2010). In hepatic stellate cells (HSCs), there
is colocalization of PNPLA3 with profibrogenic protein alpha-smooth muscle actin in
biopsies of patients with NASH, indicating the potential role of PNPLA3 in fibrosis
progression in NAFLD (Bruschi, Claudel, et al., 2017).
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Since the genetic variant of PNPLA3 (rs738409) is robustly associated with an increased
risk of liver steatosis, fibrosis progression, HCC development in ALD/NAFLD, several
studies focuse on PNPLA3 function and try to understand the biological consequences of

PNPLA3 rs738409 in the liver.

In our study, we have questioned whether the different genotypes of PNPLA3 rs738409
and TM6SF2 rs58542926 were associated with a different level of transcription of their
respective genes. We analyzed the expression of PNPLA3 and TM6SF?2 in non-tumor
tissues from 340 patients with HCC and we didn’t find any association between mRNA
expression level and different genotypes of PNPLA3 rs738409 and TM6SF2 rs58542926.
Actually, several studies showed that simple genetic manipulations of PNPLA3 either by
knockout or overexpression strategies failed to influence the TG content (W. Chen, Chang,
Li, & Chan, 2010; Lake et al., 2005). It suggests that the role of PNPLA3 is probably not
dependent on its expression level but on the modification of the protein itself. Consistent
with the data observed in human, several studies showed that the PNPLA3 rs738409
causes accumulation of hepatic fat. For example, expression of PNPLA3 148M increased
TG accumulation compared to the wild type PNPLA3. Moreover, PNPLA3 148M could
abolish the activity of wild type PNPLA3 (He et al., 2010). Then, further study was
performed to understand how 148M lead to PNPLA3 loss-of-function statue. In mice
model harboring the 148M variant, the posttranslational regulation of PNPLA3 by fasting
and refeeding was blunted. In addition, it was observed that inhibition of the proteasome
(bortezomib) markedly increased PNPLA3 levels in WT mice, coincident with the
appearance of ubiquitylated forms of the protein. However, bortezomib did not increase
PNPLA3 levels in PNPLA3148M/M mice and only trace amounts of ubiquitylated
PNPLA3 were seen in these animals. It suggested that 148M variant disrupted the
ubiquitylation and proteasomal degradation of PNPLA3, resulting in accumulation of
dysfunctional PNPLA3, impaired mobilization of TG from LDs, and larger LDs
(BasuRay, Smagris, Cohen, & Hobbs, 2017; Chamoun, Vacca, Parton, & Gruenberg,
2013; He et al., 2010). This observation explained also why simple overexpression of

wild type PNPLA3 in mice created no clear phenotype.
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Regarding its robust association with the whole spectrum of liver disease, the key
question relies on the mechanism involving in progression from steatosis to cirrhosis thus
liver tumor. Firstly, it was found that PNPLA3 148M induced widespread effects on
metabolism beyond its classical participation in TG remodeling. Overexpression of the
PNPLA3 148M was associated with an increase in lactic acid, indicating a shift to
anaerobic metabolism and mitochondrial dysfunction (Min et al., 2014). Second, the
enrichment of long-chain fatty acids, such as n-6/n-3 polyunsaturated fatty acids (PUFAs),
contributes to a proinflammatory condition (Araya et al., 2004). Strikingly, PNPLA3
148M was associated with increased n-6 PUFA in hepatic fat content (Santoro et al., 2012).
It indicates a possible way how PNPLA3 148M induces liver inflammation. Then,
regarding liver fibrosis, a study showed that PNPLA3 148M was required for the
activation of HSCs, the key player in fibrosis development. PNPLA3 148M promotes the
release of proinflammatory mediators that favor immune cell recruitment. Moreover,
PNPLA3 148M expressing cells harbored a higher number of specific FA species and
enhanced phosphorylation of JNK, resulting in PPARy inhibition and increased AP-1
transcriptional activity that fostered the profibrogenic features of HSCs (Bruschi, Claudel,
et al., 2017). The Figure-5 summarizes the potential biological mechanisms of PNPLA3
rs738409 involved in the pathogenesis of liver disease progression. In our study with 563
patients with a unique HCC nodule, we searched for the link between pathological and
molecular features of tumor and PNPLA3 rs738409. We didn’t notice a significant
association with histological features of tumor, but patients with at-risk G allele of
PNPLA3 15738409 were more likely to have a tumor with somatic mutation of ARIDIA.
However, the association is quite limited and the biological meaning behind remains

unclear.
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Figure 5 : The possible mechanism of PNPLA3 involved in the pathogenesis of liver disease progression.
PNPLA3 is highly expressed in human hepatocytes and hepatic stellate cells, involved in TG metabolism.
Expression of PNPLA3 is regulated by glycolytic and lipogenic pathways. PNPLA3 148M could abolish
the activity of wild type PNPLA3, increasing TG accumulation and disrupting the ubiquitylation and
degradation on of PNPLA3. It induces liver inflammation and activates HSCs, the key player in fibrosis
development, via enhancement of AP-1 and inhibition of PPARy. PNPLA3 1148M plays a role in the whole
spectrum of liver disease, from hepatic steatosis to HCC. (Adopted and modified from (Bruschi, Tardelli,

Claudel, & Trauner, 2017, Dubuquoy, Burnol, & Moldes, 2013))

TM6SF2 is expressed mainly in liver and intestine and localizes in endoplasmic reticulum
and the ER-Golgi intermediate compartment. In vitro study showed that TM6SF2 is
involved in lipid metabolism, particularly in secretion of TG-rich lipoprotein and
affecting hepatic lipid droplet content and plasma lipid levels (Mahdessian et al., 2014).
Figure-6 showed the potential mechanism of TM6SF2 involved in lipid metabolism. ATP
binding cassette subfamily G member (ABCG) 5 and ABCGS are two genes promoting
hepatic cholesterol elimination from the body through hepatobiliary secretion. CRISPR-
Cas9 generated TM6SF2 knockout mice altered their expression, indicating the role of
TM6SF?2 in the hepatobiliary secretion of cholesterol (Y. Fan et al., 2016). These data
confirmed the studies that showed the association between loss-of-function variant of

TM6SF2 rs58542926 and the accumulation of hepatic fat, a lower level of serum VLDL
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and an increased risk of NAFLD. In contrast, wild type TM6SF?2 1rs58542926 (CC) was
associated with elevated plasma lipid content and increased risk of cardiovascular disease
(Kozlitina et al., 2014; Wong, Wong, Tse, & Chan, 2014). Moreover, protein expression
of TM6SF2 was markedly decreased in the liver of NAFLD patients. And carriers with C
allele of TM6SF2 rs58542926 have 1.79-fold higher mRNA expression of TM6SF2 than
carriers with at-risk T allele. (Sookoian et al., 2015). In our study, no association between
genotype and transcriptional level of non-tumor tissue was found in patients with HCC.
Moreover, patients with at-risk TT + CT genotype of TM6SF2 rs58542926 had HCC with
higher rate of somatic mutations in 7TERT promoter (70% vs. 55%; p = 0.01), with lower
rate of somatic mutations in ARID2 (0% vs. 11%, p = 0.02) compared to patients with CC
genotype. However, the biological significance of these weak associations is unknown.
Consequently, further studies are warranted to uncover the biological function of
TMO6SF2 in hepatic lipid metabolism and to provide new insights about the potential

mechanism of its variant in disease progression and HCC occurrence.
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Figure 6 : The possible mechanism of TM6SF?2 involved in lipid metabolism.
TM6SF?2 is mainly expressed in liver and intestine. In liver, it can promote expression of DHCR7 that
induces cholesterol biosynthesis. It could also decrease expression of ABCG5/8 which are associated with
TG and VLDL secretion. In small intestine, TM6SF2 may promote dietary lipids absorption, increasing TG

and VLDL in circulating system (T. T. Li et al., 2018).

To conclude, the association between PNPLA3 and TM6SF2 genetic variants and HCC

development highlighted the role of lipid metabolism in liver tumorigenesis. However,
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we need to admit that more data are warranted to better decipher their role in progression

of liver disease and in HCC development.
1.4 Protective effect of HSD17B13 variant on alcohol-related HCC risk and
potential mechanism of action

HSD17B13 is abundant in liver tissue. Similar to PNPLA3, it is selectively expressed on
the membrane of lipid droplets (Horiguchi, Araki, & Motojima, 2008; Su et al., 2014).
Last year, an exome sequencing data of 46,544 individuals identified a SNP (rs72613567)
in HSD17B13. Normally, HSDI17B13 rs72613567 with wild type T allele encoded
transcript A, while this TA allele encoded transcript D, which was a truncated isoform
with reduced enzymatic activity. This splicing variant was identified associated with
reduced levels of ALT. It was also negatively associated with risk of ALD, NAFLD and
especially the progression from simple steatosis to liver cirrhosis. (Abul-Husn et al.,
2018). However, this variant didn’t protect from simple steatosis alone. Another two
SNPs, that are, in a close proxy with HSD17B13 rs72613567 (1s6834314: R*=0.94; and
rs10433879: R*=0.985), were also separately identified associated with lower level of
liver enzyme (Chambers et al., 2011; Whitfield et al., 2019). Remarkably, the protective
TA allele of rs72613567 was less frequent (0.27 vs 0.33) in Europeans than Asians.
Another loss-of-function variant of HSD17B13 (rs143404524) was associated with
reduced risk of liver disease and was also less frequent in Hispanics than blacks,
explaining the inter-ethnic heterogeneity of risk of liver disease (Kozlitina, Stender,
Hobbs, & Cohen, 2018). In our study, we compared the genotype distribution of
HSD17B13 1s72613567 in patients with CLD versus healthy control, and validated the
protective effect of HSDI17B13 1s72613567 from ALD, NAFLD and liver cirrhosis.
Another two studies investigated the association between HSDI/7B13 SNP and the
histological features of NAFLD. They precisely confirmed that this splicing variant
1572613567 was associated with increased steatosis but decreased inflammation and
fibrosis and prevented the progression of fibrosis in patients with NAFLD (Ma et al.,
2019; Pirola et al., 2019). In line with another study (About, Abel, & Cobat, 2018), we
also observed a protective effect against HCV-related liver disease, including HCV-

related cirrhosis.
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However, the associations between HSD17B13 variants and HCC development were
never fully investigated. Therefore, our study aimed to dissect the potential role of
variants in hydroxysteroid genes in liver carcinogenesis. In the discovery study, by whole
exome sequencing, we studied 23 predicted damaging variants of HSDs gene family in
285 patients with HCC. In comparison to healthy population, TA allele of HSD17B13
1s72613567 was closely associated with a reduced risk of HCC development. As most of
HCC develops on chronic cirrhosis along with different etiologies, using healthy
population as a control may cause some bias. To avoid that, in validation study, we
included a case-control cohort of patients with or without HCC but all underlying CLD.
We identified that TA/T and TA/TA genotypes of HSD17B13 1rs72613567 protected from
ALD-related HCC even after the adjustment for age, gender and fibrosis. The protective
effect remained when we restrained the analysis only in subgroup of patients with ALD-
related cirrhosis. Interestingly, a previous study showed that BMI could have an impact
on the effect of the HSD17B13 variant in NAFLD (Pirola et al., 2019). Moreover, it is
well known that BMI and T2D could increase the risk of HCC development in patients
with CLD (N'Kontchou et al., 2006). Unfortunately, a large proportion of patients had
missing values for these clinical variables which did not allow a robust analysis. Further

studies are warranted to clarify this point.

As mentioned in a previous study, the HSD/7B13 variant could mitigate the liver injury
due to the at-risk G allele of PNPLA3 rs738409 (Abul-Husn et al., 2018). Therefore, we
investigated whether it could also mitigate the risk of HCC induced by the at-risk G allele
of PNPLA3 in patients with ALD with or without cirrhosis (shown in Figure 7). A
protective effect of the TA allele of HSD17B13 was significant in patients carrying wild
type or one at-risk G allele of PNPLA3 rs738409. In patient with GG genotype of
PNPLA3 rs738409, incidence of HCC was lower in patients harboring the protective TA
allele than those with wild type HSD17B13 rs72613567. However, the effect was no more
statistically significant. It might be explained for two reasons. First, the number of
patients with homozygous of minor allele was limited that led to a lack of statistical power.
Second, the HCC risk with two G allele of PNPLA3 rs738409 (odd ratio, OR=3.9[2.5-
6.1]) was quite high whereas the protective effect of TA allele of HSDI7BI3
(OR=0.6[0.4-0.8]) was quite moderate. Therefore, in order to better use these genetic

variants as HCC predisposing markers, further prospective study is required.
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Figure 7 : Risk of ALD-related HCC according to the combination of at-risk G allele of PNPLA3
rs738409 and the protective TA allele of HSD17B13 rs72613567.
Analysis was performed using logistic regression to adjust for age, gender and degree of fibrosis on the

non-tumor liver. * P Value < 0.05

In addition, more data will be useful to understand the biological function of HSD17B13
and to understand how the genetic variant of HSD17B13 could protect against CLDs in
ALD/NALFD/CHC and progression to HCC in alcoholic liver diseases.

HSD17B13 belongs to an enzyme family (HSD17Bs) catalyzing the interconversion
between the weak 17keto-hydroxysteroids and the highly active 17b-hydoxysteroids.
Among the fifteen family members, most of them regulate the metabolism of sex
hormones, and some members of HSD17Bs are involved in fatty acid metabolism,
cholesterol biosynthesis and bile acid production (Saloniemi, Jokela, Strauss, Pakarinen,
& Poutanen, 2012). Unfortunately, little is known about function of HSD17B13. SREBP-
lc, a protein regulated by insulin, saturated fatty acid and LXR agonists, could increase
the expression of HSD17B13, which promotes SREBP-1 maturation in a feedback loop
(Figure-8) (Su et al., 2019). It may partly explain why this loss-of-function variant of
HSD17B13 was associated with decreased mRNA expression of PNPLA3 (Abul-Husn et
al., 2018), whose translational expression is also directly regulated by SREBP-Ic.
However, we did not observe any association between HSDI7B13 rs72613567 and
mRNA expression of PNPLA3 in our study.
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Figure 8 : Proposed mechanisms by which HSD17B13 is involved in hepatic lipid droplet homeostasis.

Lipid homeostasis is controlled by metabolic nuclear receptors, among which the major contributors are
liver X receptors (LXRs) and SREBP-1c. HSDI17B13 is a direct target gene of SREBP-1c. SERBP-1c
induced by insulin, saturated fatty acid or LXR agonists such as T0901317, could increase expression of

HSD17B13, which promotes SREBP-1 maturation in feedback loop (Su et al., 2019).

Using a comparative proteomic approach, LDs associated proteins were compared
between patients with and without NAFLD. The authors suggested that HSD17B13
played an important role in the pathogenesis of NAFLD. Among the upregulated LD-
associated proteins, 17B-HSD13 represented a previously unidentified LD-associated
protein significantly up-regulated in NAFLD. Overexpression of human HSDI/7B13
increased the number and size of LDs in cultured hepatocytes (Su et al., 2014). In contrast,
HSD17B13 KO mice displayed impairs hepatic-lipid metabolism in mice, resulting in age
related liver steatosis and inflammation at 9 months, indicating a complex interaction of
HSDI17BI13 in lipogenesis (Adam et al., 2018). The discrepancy between the data
observed in mice and in human remains to be better deciphered. There are some
hypotheses: 1) HSD17B13 is an enzyme, whose substrates and metabolites are still
unknown. The change in HSD17B13 activity might be more important to modulate liver

lipid homeostasis. 2) Due to species difference, the mice knockout model could not fully
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mimic the biological process in human. Therefore, further studies are required to clarify

how expression and activity of HSD17B13 are modulated with fatty liver disease.

Some studies have been performed in order to understand the role of HSD17B13 in liver
carcinogenesis. In comparison to non-tumor tissue, expression of HSDI7BI13 was
downregulated in tumor tissue of HCC (J. Chen et al., 2018; Cotoi, Khorsandi, Plesea, &
Quaglia, 2012; X. Wang et al., 2019; Xing et al., 2015; G. Xu et al., 2014). A
transcriptome analysis of HCC samples using RNAseq found that overexpression of
HSDI17B13 was associated with a favorable prognosis (C. B. Yu et al., 2016), whereas,
another study using GSE36376 dataset showed that a high expression of HSD17B13 was
associated with poor prognosis (X. Wang et al., 2019). We have to highlight that none of
these two studies had precise which isoform of HSD17B13 has been analyzed. In the
following studies, the isoform of HSDI7B13 should be considered. In our study, we
investigated the association between genotype of HSD17B13 rs72613567 and prognosis
of HCC treated by liver resection. However, we didn’t observe any significant association
with prognosis. The discrepancy expression of HSD17B13 in NAFLD and HCC suggests

that it may play distinct roles at different stages of liver disease.

To conclude, increasing data showed a close association between genetic variants of
HSDI7B13 and protection against liver disease and HCC development. Functional
studies suggested that HSD17B13 could play a role in hepatic lipid metabolism. Enhance
expression was observed in liver tissue of patients with NAFLD and mice with NAFLD,
with an accumulation of hepatic fat content. However, to date, the mechanisms by which
HSD17B13 1572613567 protects form CLD and HCC development need to be better

understood.
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2. Potential clinical applications

2.1 Identification of patients at risk of HCC development

Regarding the vast number of HCC diagnosed at advanced stages and the poor outcomes
after the current available treatments, identification of high-risk population of HCC
development is a major issue to improve HCC prevention and surveillance. However, due
to the great complexity of liver carcinogenesis, the consideration of only traditional
factors as predictors of HCC is insufficient for risk stratification. One of the way to refine
risk prediction is taking into account individual genetic heterogeneity using SNP.
Nowadays, with the popularization of GWAS, more and more HCC-associated genetic

variants were identified, shedding light on HCC risk prediction.

Among all the SNPs ever identified, PNPLA3 and TM6SF2 SNPs are the most robust
variants potentially useful as genetic markers. There are two raisons. First, their
association with HCC is the most well investigated and validated. Normally, a variant
often performs best in the population from which it was identified, and then its
performance could decrease in validation cohort due to differences in genotype frequency,
phenotypic effect sizes and diseases incidence (Wray, Goddard, & Visscher, 2008). For
PNPLA3 15738409 and TM6SF2 rs58542926, they were validated in numerous studies,
including ours, as risk factors ALD, NAFLD and HCC in Western countries. Second,
their effect on risk of HCC phenotype is relatively strong. Since the GWAS emphasis on
common polymorphisms (minor allele frequency more than 5%), most of the variants
associated with complex human diseases have quite a small odds ratio (often less than
1.5). In order to improve predictive accuracy, larger odd ratio is needed (Manolio, 2010).
Consistent with other studies, we have showed that PNPLA3 and TM6SF?2 variants were
associated with ALD-related HCC with relatively strong odds ratios (GG=2.5~6.0,
CG=1.5~3.0 vs. CC of PNPLA3 1s738409; TT=2.7~25.9, CT=1.1~2.3 vs. CC of TM6SF?2
rs58542926) after adjustment for other important confounders.

Regarding that both PNPLA3 and TM6SF2 have a role in hepatic lipid metabolism and
their SNPs share similar strong association in occurrence of ALD-related HCC, we

performed a combination analysis in our retrospective study. We observed that patients
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with ALD had more HCC if they carry more at-risk alleles of PNPLA3 and TM6SF2 SNPs.
In our prospective cohort of patients with ALD-related cirrhosis, HCC incidence in
patients with more than two at-risk alleles of PNPLA3 rs738409 and TM6SF2 1s58542926
are 4.4-fold higher compared with those harboring double wild type variants.

Then we tested the performance of these two genetic variants to predict HCC occurrence.
The receive operator characteristic (ROC) curve and the increase in the area under the
curve (AUC) are frequently used to test the value of a predictive factor to classify patients
between cases and controls (Jakobsdottir, Gorin, Conley, Ferrell, & Weeks, 2009). We
were aware that the common SNPs could not be useful alone to predict the occurrence of
a common disease in clinical practice. Then two models were tested: clinical factors alone
or clinical factors with genetic markers. In our retrospective and prospective cohorts,
genetic markers improved only marginally the AUC of clinical factors (Figure 10). We
need to admit that, although PNPLA3 and TM6SF2 SNPs have solid association with
HCC risks, they only explain a small part of HCC heritability. According to the theory of
Janssens et al, a much larger number of genetic variants than what we have to date are
needed to achieve a high AUC (Janssens et al., 2006; Janssens et al., 2007). We could
hypothesize that, as more risk variants will be identified, the predictive value of

cumulative genotypes scores will increase (Jakobsdottir et al., 2009).
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Figure 9 : HCC risk prediction with genetic variants of PNPLA3 and TM6SF2.

A) The AUC of HCC prediction model of clinical factors with and without genetic factors in patients with
alcoholic liver disease in our retrospective study. The AUC for clinical factors (age + sex) only was 0.827
[95%CI: 0.803-0.851]; The AUC of clinical factors + genetic factors was 0.844 [95%CI: 0.821-0.867].
P=0.03; B) The time dependent AUC for HCC prediction model of clinical factors with and without genetic
factors along the follow-up period in prospective cohort of patients with alcohol-related cirrhosis. Age,

gender, BMI and diabetes are clinical factors included in prediction model.

Although it seems too early to apply these genetic variants to make an effective prediction
of HCC in clinical practice, they may have a potential value for the patient reclassification.
A marker with a modest effect on the AUC can sometimes improve risk classification
(Cook, 2007). It is especially meaningful for patients who are initially classified to low
HCC risk category. For example, patients with chronic liver diseases, such as NAFLD

without liver cirrhosis, are outside the target population for HCC surveillance based on
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the current guideline. Actually, those with metabolic disorders, together with at-risk
genotypes of PNPLA3 and TM6SF2 SNPs might be reclassified into higher risk categories
to develop HCC. This reclassification is of particular value in clinical decision making.
Moreover, SNP could also be useful to stratify treatment. Among baseline (age, sex, BMI,
and liver fat) matched patients under the same hypocaloric low-carbohydrate diet, weight
loss was not that different but liver fat decreased by 45% in the group with PNPLA3 148M
(P <0.001) and by 18% in the group with wild type PNPLA3 (P < 0.01) (Sevastianova et
al., 2011). Then in clinic, patients with PNPLA3 148M could be priority suggested to

undergo a special diet to correct and decrease the disease risk.

In addition, another important issue is the complex gene-gene and gene-environment
interactions during the development of liver diseases. For example, the variant of
HSD17B13,1s72613567, was reported to mitigate liver injury induced by the at-risk allele
of PNPLA3 15738409, serving as a protective variant against liver disease. In our study,
we also observed that it could mitigate the risk of ALD-related HCC in patients harboring
at-risk allele of PNPLA3 rs738409. However, more evidences are required to confirm the
gene-gene interaction between PNPLA3 and HSDI17B13 underlying the difficulty to
capture all the “neutralized and diluted” associations. Along with the identification of
more and more genetic variants with bigger effect, further experiments are required to
clarify the physical and functional gene-gene interaction and gene-environment

interaction.

Therefore, the future association studies should include much larger and well-phenotyped
and prospectively followed-up cohorts to assess time-dependent exposition to risk factors
and better assess the gene-environment interaction (Manolio, Bailey-Wilson, & Collins,
2006). Creation of predictive models integrating genetic and environmental/ clinical data
will facilitate a better translation of biological information into clinical practice to target
surveillance, chemoprevention and treatment in liver cancer (Trepo, Romeo, Zucman-

Rossi, & Nahon, 2016).
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2.2 Drug development for chemoprevention

Apart from the predictive effect, single nucleotide polymorphisms could be used to
identify drugs to perform chemoprevention and identify patients who will respond to
these treatments. The genetic background of an individual could have an influence on
pharmacodynamics. For example, statins, a common drug to reduce cholesterol synthesis,
could protect from the full spectrum of liver damage in patients with NASH. However,
the beneficial effect was only seen in patients with wild type PNPLA3 in one clinical
study (Dongiovanni et al., 2015). Carriers of at risk G allele of PNPLA3 had more risk of
liver steatosis and injury. Some studies showed that compared with carriers of wild-type
PNPLA3, patients with PNPLA3 148M will have a greater improvement of hepatic
steatosis after a bariatric surgery, or loss of weight or an increase of vegetable
consumption (Krawczyk et al., 2016; Nobili et al., 2014; Sevastianova et al., 2011).
Pharmacogenomics is going to become increasingly more relevant in the future to tailor
the diet, exercise regimen and pharmacological treatment in patients’ management

(Kovalic, Banerjee, Tran, Singal, & Satapathy, 2018).

In addition, identification of new genetic variants by genome-wide association studies are
also of great importance to highlight new mechanisms involved in liver disease and liver
carcinogenesis. Then, it brings new insights to identify new targets for drug development.
The loss-of-function variant of PNPLA3 alters the posttranslational modification of
PNPLA3, protecting the protein from ubiquitylation and inducing dysfunctional PNPLA3
accumulated on the surface of lipid droplets. It leads to impaired mobilization of
triglycerides from the hepatic lipid droplets (BasuRay et al., 2017). Additional SNPs
(PNPLA3 12294918 E434K and HSDI7BI13 rs72613567) mitigate the detrimental
impact of the PNPLA3 148M mutant protein (Abul-Husn et al., 2018; Donati et al., 2016).
It indicates that reducing expression of the PNPLA3 148M mutant protein may exert
protective effects on NAFLD progression. In homozygous PNPLA3 GG knock-in mutant
mice, liver-targeted GalNAc3-conjugated antisense oligonucleotide (ASO)-mediated
silencing of PNPLA3 improved NAFLD features, including liver fibrosis, by suppressing
the expression of PNPLA3 148M. Improvement of NAFLD activity score (NAS) was also
seen in wild-type mice fed with a NASH- inducing diet, indicating that such a therapy
may also be beneficial in carriers with wild type PNPLA3 (Linden et al., 2019). This
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preclinical study provides a proof of concept evidence for personalized medicine, by
targeting a subgroup of patients with NASH (PNPLA3 148M allele carriers) using
PNPLA3 ASO therapy.

A splicing variant of HSD17B13 induces a loss-of-function transcriptional isoform. In
contrast with PNPLA3 rs738409, this HSD17B13 SNP has a protective effect against
ALD, NAFLD, liver cirrhosis and progression to ALD-related HCC. It also suggests that
therapeutic inhibition of HSD17B13 could be a new strategy to prevent progression of
CLD due to ALD/NALFD/CHC and decrease HCC incidence in patients with ALD.
Patients harboring the at-risk G allele of PNPLA3 rs738409 could be the ideal candidate
for this chemopreventive strategy. HSD17Bs are a group of multifunctional enzymes and
a large number of HSD17Bs inhibitors have been described in recent years (Marchais-
Oberwinkler et al., 2011). However, the exact function of HSD17B13 remains unclear
and our results underline the necessity of functional studies dedicated to understand the
potential interactions between the different constitutional variants leading to HCC
development. Currently, there is not yet inhibitor for HSD17B13 to investigate its
therapeutic effect. Nevertheless, emerging evidences suggest that HSD17B13 could

represent a new attractive target for drug development in chronic liver disease.
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Conclusions and perspectives

Our studies investigated the association between candidate SNPs and the risk of HCC
development in patients underlying chronic liver disease. Among them, single nucleotide
polymorphisms of PNPLA3 (rs738409) and TM6SF2 (rs58542926) were confirmed as
strong and independent risk markers of ALD-related HCC along with known HCC risk
factors such as age, gender and severity of liver disease. The associations were further
validated in a prospective manner in a cohort of patients with alcoholic cirrhosis.
Strikingly, PNPLA3 1s738409 was also associated with increased risk of HCC
development on non-fibrotic livers, indicating a potential direct role involved in liver
carcinogenesis. In addition, we discovered that a newly identified SNP of HSDI/7B13
(rs72613567), that are protective from alcoholic and non-alcoholic liver disease, protects
also against the progression from ALD to ALD-related HCC. We also observed that
HSD17B13 1572613567 could even mitigate the HCC risk in patients with at-risk G allele
of PNPLA3. Regarding all of our results, it suggests that PNPLA3 rs738409, TM6SF2
1558542926 and HSD17B13 rs58542926 are three genetic risk markers of ALD-related
HCC.

SNPs genotyping could constitute a useful tool to assess the magnitude of the risk of HCC.
However, more data are required before the use of these genetic markers in clinical
practice to identify patients at high risk of HCC development. A good risk predictive
model required more data to precise the genetic heritability of HCC. We advocate for
prospective studies with larger patient sets and with well-documented data, using NGS
methods. Genetic-based screening strategies may become feasible when host and
environmental factors will be taken into account in complex models of “genomic risk
prediction”.

Moreover, these current findings underline the heterogeneity of HCC pathogenesis and
highlight key mechanisms of liver carcinogenesis. As all these three genes are involved
in hepatic lipid metabolism, it suggests that NAFLD and ALD share several pathogenic
mechanisms which lead to addictive risk of HCC development. Further experimental
studies are warranted to clarify the involvement of lipid metabolism in HCC development.
Despite these challenges, the genomic studies will undoubtedly bring us closer to

personalized medicine in the field of HCC.
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