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Abstract

The epidemiological features of hepatocellular carcinoma have changed significantly in the last decades. While for
a long-time viral hepatitis and alcohol consumption have been the leading risk factors, the current spread of obesity
and type 2 diabetes has contributed to the emergence of non-alcoholic fatty liver disease (NAFLD) worldwide,
which has become the leading chronic liver disease as well as one of the main etiologies of hepatocellular
carcinoma (HCC), especially in western countries. In this review, we resume the latest data about the epidemiology
of metabolic liver disease and HCC arising from NAFLD and discuss the main clinical and molecular features
leading to the progression of liver disease and the development of HCC in NAFLD. The emerging concept of
metabolic associated fatty liver disease and its association with the development of HCC are also introduced.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is today one of the main chronic liver diseases and a leading
cause of hepatocellular carcinoma (HCC) worldwide'. Its emergence over the past decades, parallel to the
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decrease in the prevalence of hepatitis C, is partly explained by the global increase in obesity and type 2
diabetes (T2D) since the end of the 20th century™’. Surgical series suggest that 25-45% of HCCs develop in
a non-cirrhotic liver during NAFLD'**!. In this review, we summarize the latest data on the epidemiology of
NAFLD-related HCC and discuss its genetic, epigenetic, and pathogenic mechanisms.

DEFINITION AND EPIDEMIOLOGY OF NAFLD WORLDWIDE

NAFLD is commonly defined as the continuum of two distinct pathological entities [Figure 1], associated
with different progression and severity profiles®”. Non-alcoholic fatty liver, considered to be a slow and
non-aggressive condition with a low risk of progressing to severe liver disease®”, is characterized by the
presence of histological steatosis in more than 5% of hepatocytes, without hepatocellular injury and
steatohepatitis, and is rarely associated with transaminase disturbances. Non-alcoholic steatohepatitis
(NASH), defined by steatosis (> 5%) associated with lobular inflammation and hepatocyte ballooning with
or without fibrosis, is considered to be a more aggressive condition. Metabolic factors are associated with
progression to NAFLD: dyslipidemia (69%), obesity (51%), metabolic syndrome (43%), arterial hypertension
(39%),and T2D (22%)"".

Alcoholic liver disease (ALD) shares with NAFLD and NASH some common histological features,
including steatosis, inflammation, hepatocellular ballooning, and Mallory bodies, but NAFLD is an
exclusion diagnosis, traditionally defined in opposition to ALD"*"". The diagnosis of NAFLD can therefore
be made after excluding excessive alcohol consumption and eliminating the other risk factors for chronic
liver disease and the secondary causes of steatosis such as drugs, toxic substances, or undernutrition. A
recent international expert consensus statement proposes another definition of the liver disease linked to
metabolic syndrome"”. Thus, the term metabolic associated fatty liver disease (MAFLD) meets positive
diagnostic criteria for liver disease associated with a metabolic disorder, independently of other causes of
liver disease. Given the major increase in its prevalence in the world, this nomenclature considers MAFLD
as an autonomous disease, not excluding the coexistence of other chronic liver diseases, in particular ALD.
The diagnostic criteria of MAFLD are based on the demonstration of hepatic steatosis by histology,
imaging, or non-invasive tools, associated with at least one criterion among obesity/overweight, T2D, or a
normal weight with the presence of at least two metabolic disorders (pre-diabetes, HDL
hypocholesterolemia, hypertriglyceridemia, augmented waist circumference, hypertension, augmentation of
plasma high-sensitivity C-reactive protein level, and positive HOMA score). In clinical practice, patients
with MAFLD frequently present cofactors of chronic liver disease. Indeed, the association of MAFLD with
excessive alcohol consumption is frequent, estimated at 46% of patients with NAFLD-related HCC in an
Italian multicenter cohort"”, and some studies suggest that moderate alcohol consumption may slow the
regression of steatosis and NASH and worsen the progression of liver fibrosis"*'.

NAFLD is one of the leading chronic liver diseases in the world today, its overall prevalence being estimated
at nearly 25% in the general population™*"”. The emergence of NAFLD over the past decade may be
explained in part by the global increase in the prevalence of obesity and T2D since the end of the 20th
century™®". Despite the global rise in its incidence and prevalence, the distribution of metabolic liver
disease is heterogeneous around the world with the highest prevalence reported in the Middle East (32%)
and South America (31%) and the lowest distribution in Africa (14%)". The epidemiology of NAFLD in
Europe and the United States is relatively similar, with a very heterogeneous prevalence varying from 4% to
50% depending on the country in Europe and from 11% to 46% depending on the study in the United
States'*°\. The analysis of the French CONSTANCES cohort permitted estimating the prevalence of NAFLD
at 18.2% of the general population™, reaching 80% in obese patients and 60% in diabetic patients; the risk of
NAFLD also increased with age. Moreover, in the United States, NAFLD is nowadays the primary etiology
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Figure 1. Epidemiology and natural history of NAFLD: from liver steatosis to HCC. NAFLD: Non-alcoholic fatty liver disease; NASH: Non-
alcoholic steatohepatitis; HCC: Hepatocellular carcinoma; T2D, type 2 diabetes™*>%4748]

of cirrhosis in some cohorts”*). In Asia, the emergence of NAFLD could be associated with changes in
economic, ethnic, and lifestyle conditions, with a prevalence varying from 15% to 44% depending on the
country, being higher in Southeast Asia, suggesting that NAFLD is no longer a “western disease”****,

The overall prevalence of NASH in the general population is currently estimated between 1.5% and 6.5%
worldwide. In France, national data suggest an overall prevalence of 2.6%. In the United States, NASH
appears to be the second indication for liver transplantation (LT) behind ALD!"****? Epidemiological
modeling estimates a 21% increase in the prevalence of NAFLD between 2015 and 2030 and a 63% increase
in the prevalence of NASH during the same period™!

NAFLD NATURAL HISTORY: FROM STEATOSIS TO HCC

According to some prospective studies based on paired biopsies, NAFL may progress to NASH""*,
implying an increased risk of progression to liver damage and liver-related death. The risk of progression
from NAFL to NASH is estimated at around 15-20%[1,9](Figure 1). The mean progression of hepatic
fibrosis in NASH patients is less than 0.1%, with an estimated incidence of severe fibrosis of 68 per 1000
person-years®. In the French CONSTANCES cohort, the prevalence of advanced fibrosis was 7.6% in
NAFLD patients with T2D?".

NASH is associated with an increased death rate compared to the general population, and cardiovascular
disease is believed to be the leading cause of death in these patients”. However, some recent data suggest
that the risk of complications and mortality in NASH is also related to the severity of liver fibrosis™**”. In
fact, in a Swedish histopathological study conducted in a cohort between 1966 and 2017, the absolute risk of
death at 20 years progressively increased by 11% in NAFL, 18.5% in NASH without fibrosis, and 49% in
NASH-induced cirrhosis, compared to the general population; however, this excess mortality was mainly
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due to extrahepatic cancers and cirrhosis”. In the American prospective cohort of Sanyal et al.”", NAFLD
patients with stage F4 fibrosis had higher all-cause and liver-related mortality compared to fibrosis stages Fo
to F2 (HRs of 3.9 and 12.7, respectively). HCC is also an independent risk factor for liver-related mortality
in patients with NASH. In fact, in two prospective studies conducted in the United States and Japan, HCC
was the cause of 45% of deaths in patients with NASH"**,

During the 1980s, the main risk factors for HCC were related to viral hepatitis and alcohol. The recent
decrease in the prevalence of hepatitis C thanks to the advent of direct-acting antiviral treatments and
reduction of transmission and the better control of hepatitis B has changed the etiological profile of HCC
worldwide® 7. NASH is currently one of the main causes of HCC in the world: in the 2000s, it was
responsible for 14% and 34% of HCCs in the United States and England, respectively, and today represents
the second etiology of HCC treated with LT in the United States™ . However, the incidence data for
NAFLD-related HCC currently available are very heterogeneous, varying from 0.25% to 7.6% depending on
the population study™'[Figure 1].

The presence of NASH, advanced liver fibrosis, and cirrhosis are recognized risk factors for progression to
HCCP*. According to a recent meta-analysis, the incidence of HCC in patients with NAFL was 0.44 per
1000 person-years, and it as 5.29 per 1000 person-years in NASH, which is still lower than the incidence
found in other chronic diseases of the liver, especially viral liver disease'. As observed in other chronic liver
diseases, the HCC developed on NASH occurs mainly in the context of advanced fibrosis'**»**"*,
Nevertheless, surgical series suggest that 25-45% of HCCs develop in the absence of cirrhosis in NASH.
Male sex is a major risk factor for developing NASH-related HCC in the absence of cirrhosis™>">'**/, A
recent meta-analysis reported that, in patients with NASH-related HCC, the likelihood of not having
cirrhosis was five times that of patients with HCC related to chronic hepatitis C, with a prevalence of
cirrhosis of 35% in NASH-related HCC, against 9% in hepatitis C, 8% in hepatitis B, and 11% in ALD™".
Compared with other etiologies of chronic liver disease, patients developing HCC on NASH appear to be
older, and several studies suggest a less favorable oncological prognosis, with tumors diagnosed at a more
advanced stage and shorter survival'***,

Since the proposal of an alternative nomenclature (MAFLD), few studies have explored the impact of this
condition on the development of HCC. A Swiss study analyzing regional data on HCC over a 25-year
period found an increase in the incidence of HCC associated with MAFLD between 1990 and 2014,
particularly in women, with an increase from 21% to 68% between the periods 1990-1994 and 2010-2014,
respectively, along with the increase in the prevalence of obesity from 26% to 41%*. In another study
conducted in the United States using the NHANES III database comparing the characteristics of MAFLD
(31% of participants) and NAFLD (33% of participants) patients, MAFLD patients were significantly older
and had a higher proportion of metabolic comorbidities and altered liver enzymes. The authors concluded
that the MAFLD nomenclature was more effective in identifying patients at risk for fibrosis progression'.

Although there is still a lack of reliable data to assess the prevalence of HCC associated with NAFLD, some
estimates have been made in predictive models. Unlike the predicted decline in HBV- and HCV-related
HCC in many parts of the world, NAFLD-related HCC is expected to increase. A Markov model built on
the basis of expected future frequencies of metabolic factors in the United States™ estimated that the HCC
prevalence will increase by 63% in NASH patients and 146% in NAFLD patients by 2030. Considering the
progression of metabolic factors in the population, the authors calculated that, in 2030, 72% of the annual
incidence of HCC will occur in patients with NASH-induced cirrhosis, compared to 64% in 2015. Another
predictive epidemiological model at the international level estimated 86% and 125% growths in cases of
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HCC linked to NAFLD between 2016 and 2030 in China and France, respectively'*.

MOLECULAR PATTERNS INVOLVED IN NAFLD INITIATION AND PROGRESSION

Certain hereditary factors as well as ethnicity could affect the susceptibility to the development and
progression of NAFLD. In patients of Hispanic origin, for example, the proportion of NAFL and NASH in
patients with hepatic metabolic disease is high, while a lower rate is reported in people of non-Hispanic
African American origin”**. The difference in the distribution of NAFLD based on ethnic variations has in
particular been attributed to the polymorphism of PNPLA3 (encoding the protein 3 containing the domain
of the patatin-type phospholipase or adiponutrin)®*. Furthermore the presence of polymorphism
rs738409 C > G in PNPLA3 has been linked to hepatic triglyceride accumulation**>*! and associated with
an higher risk of fibrosis progression and development of NASH-related HCC"“"***. Other single
nucleotide polymorphisms have been described in NAFDL, notably the rs58542926 C > T variant of
TM6SF2 (transmembrane 6 superfamily member 2) linked to development of NAFLD, progression to
cirrhosis, and HCC development in ALD and NAFLD" . The rs641738 C > T polymorphism of the gene
encoding membrane-bound O-acyltransferase domain containing 7 (MBOAT?7) promotes hepatocellular
triglyceride accumulation and production of inflammatory mediators and is associated with an increased
risk of progression to NAFLD, progression of hepatic fibrosis, and of HCC development during
NAFLD""**l, Moreover, the rs72613567 polymorphism of the 17p-hydroxysteroid dehydrogenase 13 gene (
HSD17B13) seems to have a protective effect on the progression of histological parameters in NASH, in

5[62,63,65].

particular on lobular inflammation, hepatocellular ballooning, and fibrosi

Pinyol et al."* recently described the mutational landscape of HCC linked to NASH and identified as main
mutations the promoter TERT (56%), CTNNBI (28%), TP53 (18%), and ACVR2A (10%), with a higher rate
of ACVR2A mutations and a lower rate of TP53 mutations in NASH-related HCC compared to HCC
related to other etiologies.

Furthermore, a recent genome-wide DNA methylation analysis identified alterations in DNA methylation
that are specific to NASH liver tissue and NASH-related HCC and not detected in samples of patients with
virus related-HCC (e.g., dysregulation of MAML3 and WHSC1 genes methylation), suggesting that this
modification could participate in hepatocarcinogenesis”. Among epigenetic alterations, a reduction of
global and gene-specific histone H4K16 acetylation has also been reported in NASH-related
hepatocarcinogenesis in mice, which induces silencing of genes related to cell death™. Several studies have
described dysregulation of non-coding microRNA (miRNA) during the development of NASH and the
transition to HCC, in particular downregulation of microRNA-122 and upregulation of microRNA -34a'*.

Currently, many studies are looking for clinical applications of these molecular deregulations for the risk
stratification of HCC in NAFLD. Notably, a genetic risk score was elaborated by Gellert-Kristensen et al."™
based on the sum of three risk-increasing alleles (PNPLA3, TM6SF2, and HSD17B13) to predict the risk of
progression to cirrhosis and HCC development in NAFLD. Another genetic risk score has been proposed
based on several variants (PNPLA3, TM6SF2, GCKR, and MBOAT?7) to assess the risk of HCC development
in NAFLD patients without severe liver fibrosis or obesity'”". However, further studies are needed to
validate the use and feasibility of these genetic scores in clinical practice.

Alteration of the gut-liver axis appears to play an essential role in liver damage and progression of liver
disease™. Chronic liver disease and cirrhosis are associated with low gut microbial diversity and increased
gut permeability compared to healthy patients””; the liver is more exposed to pathogen-associated
molecular patterns and bacterial metabolites causing a persistent inflammation”. Furthermore, obesity,
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T2D, and metabolic syndrome are associated with a dysbiotic intestinal microbiota, in particular with an
increase in the Firmicutes/Bacteroidetes ratio and a decrease in microbiota diversity”*”*. In NASH,
increased gut permeability results in endotoxemia, which has been shown to trigger inflammatory cytokine
responses and insulin resistance™. In humans, plasma levels of IgG against endotoxin appear to be higher
in NASH; moreover, the levels gradually increase with NASH grade, suggesting a relationship between
chronic exposure and the severity of histological findings”””*. The alteration of the gut microbiota in
NAFLD also affects bile acid metabolism, decreasing the biotransformation of primary bile acids, thereby
altering intestinal permeability and promoting bacterial translocation, which contribute to liver
damage*”. Additionally, the increase in endogenous ethanol produced by the microbiota in NASH
patients may contribute to the development of fibrosis and progression to cirrhosis by activating liver
stellate cells"™. In mice models, the degree of steatosis and lobular inflammation were enhanced by a high-
fat diet and impaired integrity of the intestinal barrier, suggesting a central role of bacterial translocation in
the progression of NAFLD""”. The link between the gut microbiota and hepatocarcinogenesis has also been
studied in NAFLD. A recent study in humans suggests that NAFLD cirrhotic patients with HCC had
increased intestinal inflammation and expression of pro-inflammatory cytokines and chemokines compared
to those without HCC or healthy subjects[80]. A high-cholesterol diet led to progression to steatohepatitis,
fibrosis, and the development of HCC in mice, with a gradually altered gut microbiota®*. However, to
date, the contribution of NASH-associated dysbiosis in the development of HCC is mainly based on animal
models.

NAFLD DIAGNOSIS, SURVEILLANCE, AND HCC SCREENING

The gold standard for the diagnosis of NAFL and NASH remains hepatic biopsy. However, several non-
invasive tools have been developed to quantify the steatosis: CAP, attenuation of sound signals measured by
impulse elastometry; FLI, predictive score for steatosis calculated from clinical and biological parameters;
and SteatoTest®, NAFLD Liver Fat Score. Other non-invasive tools are accessible for the evaluation of
fibrosis stage (elastometry, Fib4, NAFLD Fibrosis Score, Fibrotest®, FibroMetre®, and ELF™); however, to
date, there are no tools capable of correctly assessing the degree of inflammation and thus discriminating
between NASH and NAFL™. Screening for NAFLD, by ultrasound (and/or steatosis biomarkers) and liver
enzyme dosage, is currently recommended by EASL in patients with metabolic syndrome, obesity, T2D, or
elevated liver enzymes in the presence of metabolic risk factors™. However, these recommendations do not
achieve consensus around the world. In the United States, for example, the AASLD does not recommend
screening for NAFLD, including in high-risk groups, given the lack of evidence of cost-effectiveness'”,
while, in Asia, the Asian Pacific Association for the Study of the Liver proposes considering screening in
obese or diabetic patients'®.

Liver ultrasound is the gold standard for HCC screening in patients with NASH cirrhosis'**; however, the
presence of liver steatosis and obesity can make it difficult to visualize deep structures on ultrasound®*,

Indeed, in a retrospective analysis of ultrasound data in a cohort of 941 patients with cirrhosis in the United
States™!, obesity and NASH were factors associated in multivariate analysis with insufficient quality of the
ultrasound examination. In this context, Park et al.*” evaluated in a prospective cohort the performance of
unenhanced MRI for the detection of HCC in patients with cirrhosis at high risk for HCC. Unenhanced T2-
weighted or diffusion-weighted MRI had a sensitivity of 79% and a negative predictive value of 99% for the
detection of HCC in the context of screening, compared with 28% and 97%, respectively, with ultrasound (P
< 0.001). More data are needed to assess the contribution and feasibility of MRI in screening for HCC in
NASH cirrhosis in clinical practice.
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In the 2016 cohort of Piscaglia et al."”, only 48% of NAFLD-related HCCs were diagnosed as part of a
screening program, compared to 63% for HCCs associated with HCV. Thus, a significant number of NASH-
related cirrhosis would already be complicated by HCC at diagnosis, with hepatic tumors detected at a more
advanced stage, limiting the access of these patients to curative treatment. The recommendations of the
American Gastroenterological Association (AGA) propose initiating screening at the stage of F3 fibrosis
(advanced fibrosis) in NAFLD patients™'. However, given the large number of NAFLD patients at risk of
developing HCC, it is currently not recommended in Europe to systematically screen for HCC in patients
without cirrhosis®**. Moreover, considering that about a third of HCCs develop in a non-cirrhotic liver
during NAFLD and the absence of recommendation for screening in these patients at present, the diagnosis
would be later and their prognosis altered™. In a prospective study by Tobari et al.*”, NAFLD-related
HCCs without cirrhosis were larger compared to cirrhotic patients, and this difference was attributed to the
lack of screening in these patients.

CONCLUSION

It is clear that the growing epidemics of NAFLD will dramatically influence the incidence of HCC. This
perspective will lead to facing challenges of different nature. On one hand, we will be obliged to design new
screening programs including a very large proportion of the population and thus requiring a sustained
economic effort. On the other hand, the higher impact of co-morbidities and age of patients with NASH-
related HCC will challenge us to offer a better tailored therapy. Furthermore, the efforts to simplify the
nomenclatures with the proposition of MAFLD will introduce an additional variable to analyze. Few data
are now available about the risk of developing HCC from MAFLD, and thus more data are needed to
evaluate the necessity of a screening program in this setting.
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