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INTRODUCTION 

Nonalcoholic Fatty Liver Disease (NAFLD) 

NAFLD definition and epidemiology 

Nonalcoholic fatty liver disease (NAFLD) is rapidly becoming the most common liver disease 

worldwide. Due to obesity epidemic, represents a clinical issue of growing importance in the 

Western countries. NAFLD is defined as a liver fat content >5%, as assessed both directly by liver 

histology or indirectly using non-invasive methods as imaging by magnetic resonance (1-4), in 

absence of other liver injury etiologies as drug abuse and excess alcohol intake (<30 g/die in men 

and <20 g/die in women) (4-6). Today ≈25% of the worldwide population is estimated to be affected 

by NAFLD and the prevalence of the disease is growing dramatically. Furthermore, due to the 

obesity epidemic, NAFLD is very common in some Western countries (7, 8) (Figure 1). Indeed, NAFLD 

most frequently represents the hepatic feature of the metabolic syndrome as its relationship with 

metabolic disorders, as obesity, insulin resistance (IR), type 2 diabetes mellitus (T2M), and metabolic 

syndrome (MetS) is today well established (6, 9-11). The umbrella term “NAFLD” refers to a wide 

spectrum of liver disorders ranging from isolated steatosis to a Nonalcoholic steatohepatitis (NASH).  

NASH is characterized by the establishment of a chronic inflammatory response in the liver, 

hepatocyte degeneration (Hepatocellular ballooning), characteristic histological lesions as Mallory-

Denk bodies with or without presence of liver fibrosis. While steatosis is considered a benign 

condition and not necessarily evolve into a progressive disease, NASH is a chronic and progressive 

liver disease that can lead to severe complications. About one-third of NAFLD patients develop 

NASH, and NASH patients are estimated to represent about the 5% of the UK population. 
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Furthermore, 20% of all NASH patients progress to advanced fibrosis (bridging fibrosis or cirrhosis)  

(12, 13). Both NASH and cirrhosis are severe risk factors for the development of hepatocellular 

carcinoma (HCC), the third most common cause of cancer death (14). Disease progression is 

summarized in Figure 1.  

 

Figure 1 - Spectrum of Nonalcoholic Fatty Liver Disease 

Pathogenesis of NASH 

The “two hits” model 

Molecular mechanisms beyond NAFLD progression toward NASH and fibrosis are still object of 

active research. A pathogenetic model, the so called “two hits model”, was proposed by Day and 

Jones 1998. In this paradigm, dyslipidemia, hyperinsulinemia, and excessive dietary intake of lipids 

promote a “first hit” represented by steatosis development. Fat accumulation in the liver represents 
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a risk factor for the development of a chronic inflammatory response in the liver due to different 

“second hits” (15).  Initially, Day and Jones identified a key role for reactive oxygen species (ROS) 

produced in the P450 cytochromes (e.g. CYP2E1) dependent lipid peroxidation pathway. Indeed, is 

today well established the role of these molecular species in promoting oxidative stress, cell damage 

and tissue inflammation. Furthermore, other possible causes of tissue inflammation, as gut-derived 

endotoxins and FFAs, were also identified (15, 16). 

The “Multiple parallel hits” model  

The contribution of liver inflammation to steatosis and insulin resistance development and the 

observation that not always steatosis precedes NASH were not accounted in the “two -hits” 

hypothesis. For this reason, more complex models, as the “multiple parallel hits model” 

(summarized in Figure 2), were proposed. In this pathogenetic model, steatosis and inflammation 

are seen as correlated factors, but different hits can induce liver inflammation in parallel. Liver fat 

accumulation can be the “first hit” sensitizing the tissue to the action of other stressors, but can be, 

in some cases, a consequence of other insults (17). 
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Figure 2 - The multiple parallel hits model. Lipotoxicity: (1) A liver loaded with lipids consisting 

primarily of triglycerides might reflect a benign condition. Furthermore, hyperleptinemia leads to 

peroxidation of hepatic lipids, thereby also protecting this organ from lipotoxicity. When the capacity 

of peripheral and central organs of detoxifying ‘‘aggressive lipids’’ fails, lipotoxic attack of the liver 

might begin. Inflammation may precede steatosis in NASH. Gut-derived signals: Many signals 

beyond endotoxin might affect hepatic steatosis and inflammation. Several pathways have been 

identified how the gut microbiota might influence host energy metabolism: (2) Absence of the 

microbiota in germ-free mice correlates with increased activity of phosphorylated AMPK in the liver 

and the muscle (not shown). (3) Some of the breakdown products of polysaccharides are metabolized 

to short chain fatty acids (SCFAs). SCFAs such as propionate and acetate are ligands for the G 

protein–coupled receptors Gpr41 and Gpr43. Shortage of SCFAs might allow the evolution of 
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systemic inflammatory events. (4) The microbiota decreases epithelial expression of fasting-induced 

adipocyte factor (Fiaf), which functions as a circulating lipoprotein lipase (LPL) inhibitor and 

therefore is an important regulator of peripheral fat storage. (5) Several TLRs, such as TLR5 or TLR9, 

are not only able to affect microbiota but also to regulate metabolism, systemic inflammation, and 

insulin resistance, thus highlighting the role of the innate immune system in metabolic inflammation 

as observed in NASH. (6) Various nutrients such as trans fatty acids (TFAs), fructose or aryl 

hydrocarbon receptor (AhR) ligands such as 2,3,7,8-tetrachlorodibenzodioxin (TCDD) may directly 

lead to steatosis/liver inflammation. Adipose tissue–derived signals: Signals derived from the 

adipose tissue beyond toxic lipids might play a central role in NAFLD/NASH. (7) Here, adipokines such 

as adiponectin and leptin, certain proinflammatory cytokines such as TNF-α or IL-6 and others (the 

death receptor Fas, PPARc) are of key relevance. The cytokine/adipokine milieu might be critical 

because ob/ob-adiponectin TG mice, although becoming severely obese, are not insulin-resistant. 

This suggests that in the hierarchy of processes soluble mediators play the central role. Adipose-

derived mediators might indeed affect target organs such as the liver, because JNK1 adipose -

deficient mice are protected from diet-induced obesity, and experiments have demonstrated that 

this effect is mediated mainly by IL-6 (a cytokine), which is of key importance in human obesity (17). 
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Hepatic steatosis as a trigger of liver inflammation 

Lipids accumulating in the liver can derive form different sources. Dietary lipids are taken up and 

stored by the liver via chylomicron remnants uptake. The major contribution comes from fatty acids 

released from the adipose tissue. During systemic inflammation and adipose insulin resistance 

typical of metabolic syndrome (MetS), impaired of insulin signaling in the adipose induces lipolysis 

leading to an aberrant and continuous efflux of free fatty acids (FFAs). Hepatic tissue uptake and re-

esterify FFAs producing triglycerides (TGs). In turn, TGs are stored into the lipid droplets (17, 18). 

Furthermore, due to the so called “selective insulin resistance”  occurring in the liver, 

hyperinsulinemia induces hyperactivation of the sterol receptor elements binding protein 1c  

(Srebp-1c) promoting also hepatic de-novo lipogenesis and further TGs accumulation (19).  

FFAs esterification into TGs seems to protects the tissue against lipotoxicity and inflammatory 

response activation. Indeed, mice NASH models defective for TGs synthesis pathways due to 

deletion of diacylglycerol acyl transferase 2 (DGAT2), the last enzyme of the TG synthesis pathway 

were protected from steatosis development but more susceptible to liver damage progression. 

Today, the role of “aggressive lipids” as cholesterol and free fatty acids in inducing oxidative stress, 

inflammation and fibrosis is well established (1, 20). 

Inflammation promotes hepatic steatosis 

Steatosis grade is highly variable among NASH patients. Indeed, NASH patients can also be affected 

by low or moderate steatosis (21). This process can be partly modulated by myeloid population role 

in promoting lipid deposition. Furthermore, anti TNF-α antibodies (infliximab) are associated to 

steatosis improvement in by alcoholic steatohepatitis (ASH) patients (22). These evidences, together 
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with the key role of liver inflammation in inducing insulin resistance in insulin sensitive tissues, point 

out role for inflammatory response in further promoting fat accumulation in the liver (17).  

 Endotoxins and gut microbiota in obesity 

Gut microbiota derived endotoxins, as lipopolysaccharide (LPS), are known triggers of innate 

immune responses and were considered  one important “second hit” in the earlier NASH 

pathogenetic model (15). Indeed, they are recognized as danger signals “DAMPs” by cells via 

activation of different Toll-like receptors triggering an innate immune response (23). Impairment of 

the gut barrier determining an increased efflux of endotoxins towards the liver often occurs in 

NAFLD patients and is associated with liver steatosis (24). However, its association with liver 

inflammation is still on debate A clear association between steatosis and increased gut permeability 

was identified. However, increased gut permeability was not associated with liver inflammation 

appears to be less evident and is still on debate (24).  

To date, the role of gut microbiota composition in modifying NAFLD onset and progression is widely 

recognized. Indeed, obesity and NAFLD are often associated with alternation in the microbiota 

composition and different bacterial species have been pointed out as disease modifiers  (1, 23, 25, 

26). This association is partly explained by the ability of different bacterial species in metabolizing 

several nutrients producing bioactive molecules as ethanol and short chain fatty acids (SCFAs) (17). 

However, molecular mechanisms beyond this association are still debated (1, 27).  
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Role of adipose tissue and adipokines 

Adipose tissue is widely recognized as an endocrine tissue producing several mediators active on 

target tissues. Among anti-inflammatory adipokines Adiponectin is one of the most studied as is 

known to play an important role in NASH (28, 29). Studies on leptin-deficient genetically obese mice 

(ob/ob mice), together with clinical observations, demonstrated adiponectin ability in improving 

insulin resistance, liver steatosis and inflammation (30, 31).  

Leptin is a hormone produced by adipose tissue that promotes fatty acids mobilization in adipocytes 

through an autocrine/paracrine mechanism. Increased leptin production by the hypertrophic 

adipose tissue seems to contribute to dyslipidemia in obesity, thus promoting liver steatosis and 

inflammation due to toxicity of FFAs (17, 31).  

In obesity, adipose tissue is reported to produce high levels of interleukin -6 (IL-6) and TNF-α 

significantly promoting systemic inflammation (32). These cytokines are reported to promote insulin 

resistance in liver in a JNK-IKKB-NF-kB dependent manner thus promoting liver steatosis, 

hyperinsulinemia, and hyperglycemia (17). It has also been demonstrated that, in a mouse model of 

obesity induced HCC, IL-6 and TNF-α play a central role in the induction of inflammation and tumor 

development. Indeed IL-6 or TNFR1 (TNF receptor 1) deficient mice are protected against obesity 

induced tumorigenesis (33). Role of IL-6, anyway, is not completely clear: IL-6-/- mice are in fact 

prone to obesity (34). Adipose tissue inflammation is a common event in morbid obesity, and this 

tissue may be the major cytokines source in obesity. Adipose tissue–derived mediators might attack 

the liver, thus promoting liver inflammation (17). 
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Genetics of NAFLD 

As previously stated, NAFLD is an “umbrella term” referring to a spectrum of liver pathophysiological 

alterations ranging from isolated steatosis toward a progressive hepatitis leading to liver fibrosis 

and HCC. Notably, NAFLD is characterized by a strong interindividual variability in all aspects of its 

natural history. Only ∼40% of patients with NAFLD have progressive liver fibrosis. The same, only in 

the 20% of individuals in this group fibrosis progress rapidly toward cirrhosis (35, 36). This strong 

inter-individual variability is, at least in part, explained by the contribution of hereditary factors as 

demonstrated in different studies with complementary approaches including genetic and 

epidemiological studies (37). Family studies demonstrated that first degree relatives of NAFLD 

patients have an increased disease susceptibility independently of body mass index (BMI) (38, 39). 

These results were confirmed by twin studies conducted in different populations (40, 41). Recent 

studies exploiting non-invasive and highly accurate liver fat and liver fibrosis assessment by 

magnetic resonance imaging, confirmed a 52% heritability of NAFLD in general population. Also, 

50% of liver fibrosis variability was explained by hereditary traits. Importantly steatosis and fibrosis 

shared largely (78%) their heritable component (42). Overall, these data points out NAFLD as a 

complex disease influenced both by environmental factors and heritable traits. In the last decades 

many studies including genome-wide association studies (GWAS) and candidate gene studies, 

identified different genetic modifiers of NAFLD. A growing number of variants in genes involved in 

the hepatic lipid metabolism have been associated with NAFLD onset and progression (Table 1) (43).  
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Variant 
(MAF in Italy) 

Function 
Class 

(Impact) 
Phenotype 

PNPLA3 rs738409 C>G 

(0.27) 

Lipid droplets 

remodeling 

Coding 

(LOF) 
↑ NAFLD, NASH, fibrosis, HCC 

TM6SF2 rs58542926 C>T 
(0.07) 

VLDL secretion 
Coding 
(LOF) 

↑ NAFLD, NASH, fibrosis 

MBOAT7 rs641738 C>T 

(0.44) 

Phosphatidylinositol 

metabolism 

eQTL 

(LOF) 
↑ NAFLD, fibrosis, HCC 

GCKR rs1260326 C>T 
(0.29) 

de novo lipogenesis 
Coding 
(LOF) 

↑ NAFLD, NASH, fibrosis 

GCKR rs780094 A>G 

(0.30) 
de novo lipogenesis 

Intronic 

(-) 
↑ NAFLD, NASH, fibrosis 

LYPLAL1 rs12137855 C>T 
(0.16) 

TG catabolism 
Intronic 

(-) 
↑ NAFLD 

APOB Several 

(<0.001) 
VLDL secretion 

Coding 

(LOF) 
↑ NAFLD, NASH, fibrosis, HCC 

MTTP Several 
(<0.001) 

VLDL secretion 
Coding 
(LOF) 

↑ NAFLD 

LPIN1 rs13412852 C>T 

(0.21) 
Lipid metabolism 

Intronic 

(-) 
↓ NASH, fibrosis 

SOD2 rs4880 C>T 
(0.41) 

Antioxidant system 
Coding 
(LOF) 

↑ fibrosis 

UCP2 rs695366 G>A 

(0.26) 
Lipid metabolism 

eQTL 

(LOF) 
↓ NASH 

ENPP1 rs1044498 A>C 
(0.34) 

Insulin signalling 
Coding 
(GOF) 

↑ fibrosis 

IRS1 rs1801278 A>C 

(0.05) 
Insulin signalling 

Coding 

(GOF) 
↑ fibrosis 

IFNL3 rs12979860 C>T 
(0.36) 

Innate immunity 
eQTL 
(LOF) 

↓ fibrosis 

KLF6 rs3750861 G>A 

(0.07) 

de novo lipogenesis 

fibrogenesis 

Splice 

(LOF) 
↓ fibrosis 

MERTK rs4374383 G>A 
(0.36) 

Innate immunity 
fibrogenesis 

Intronic 
(LOF) 

↓ fibrosis 

FNDC5 rs3480 A>G 

(0.41) 
Fibrogenesis 

eQTL 

(-) 
↓ fibrosis 

HSD17B13 rs72613567 T>TA 
(0.22) 

Lipid metabolism 
Splice 
(LOF) 

↓ NASH, fibrosis, HCC 
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Table 1 – Genetic variations associated with NAFLD onset and/or progression. MAF: Minor allele 

frequency; eQTL: expression quantitative trait locus; LOF: loss of function; GOF: gain of function. 

Main genetic determinants of NAFLD 

Patatin-like phospholipase domain-containing protein 3 

The rs738409 C>G encoding for an isoleucine to methionine substitution at position 148 in the 

Patatin-like phospholipase domain-containing protein 3 (PNPLA3 I148M) aminoacidic sequence 

represents the major validated genetic determinant of NAFLD (44-46). Carriage of this variant in 

homozygosis is associated with an almost 9 fold increased risk of NAFLD-HCC development among 

general population of European descent (47). PNPLA3 plays a key role in lipid droplets remodeling 

and fat mobilization in hepatocytes and hepatic stellate cells due to its triglycerides and retinyl 

esters hydrolase activity (48-50). The I148M substitution is associated with a reduced PNPLA3 

enzymatic activity resulting in an entrapment of triglycerides and retinyl esters in lipid droplets thus 

inducing liver steatosis (48-50). Furthermore, I148M substitution impairs proteasomal degradation 

of PNPLA3. Defective PNPLA3 accumulates on lipid droplets inhibiting activity of other lipases as 

PNPLA2 in hepatocytes (51). Indeed, Pnpla3 deletion do not results in steatosis in mice upon excess 

intake of carbohydrate, while overexpression of mutant Pnpla3 does (51). Furthermore, the 

rs2294918 variant, that encodes the E434K PNPLA3 variant but also behave as an expression 

quantitative trait locus (eQTL) affecting gene expression level, shows an interaction effect with 

rs738409 further supporting this mechanism (52). Indeed, PNPLA3 downregulation by antisense 

oligonucleotides have been proposed a therapeutic strategy for NAFLD therapy in patients carrying 

the 148M allele (53). 
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Transmembrane 6 superfamily member 2  

The rs58542926 C>T polymorphism encodes for an E to K function-loss substitution at position 167 

of the Transmembrane 6 superfamily member 2 (TM6SF2). TM6SF2 mediates the transfer of 

triglycerides to the apolipoprotein B100, thus representing a key factor in the very low-density 

lipoprotein secretory pathway. Carriage of the rs58542926 T allele results in a reduction of 

circulating lipoproteins together with an increased risk of NAFLD onset and progression. 

Interestingly, carriers are protected from cardiovascular events (54-57). Recent studies suggest also 

a TM6SF2 role in regulating also lipid biosynthesis and the number of secreted lipoprotein particles 

(58, 59). 

Membrane bound O-acyltransferase domain-containing 7 

Membrane bound O-acyltransferase domain-containing 7 (MBOAT7) is involved in the cell 

membrane remodeling catalyzing arachidonic acid transfer to lysophosphatidylinositol within the 

so called “Lands cycle”. The rs641738 C>T in the 3′ untranslated region (UTR) of MBOAT7 mRNA is 

a common eQTL variant associated with reduction of MBOAT7 expression both at mRNA and protein 

levels. MBOAT7 impairment results in reduced levels of arachidonic acid containing 

phosphatidylinositol in hepatocytes and the circulation (60, 61) and was recently associated with 

increased risk of liver steatosis, inflammation, fibrosis  and cancer (60, 62). 

Glucokinase regulator 

Genetic variants in the glucokinase regulator (GCKR) gene, that is involved in the hepatocytes de 

novo lipogenesis by controlling glucose influx, have also been associated with NAFLD (63-66). The 
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common GCKR P446L variant (rs1260326) seems to be the causal variant beyond the gene to 

phenotype association (67). Indeed, the P446L substitution impairs GCKR ability to inhibit 

glucokinase in response to fructose-6-phosphate resulting in aberrant glucose uptake in 

hepatocytes (66). This leads to decreased glycemia and insulin levels, but induces aberrant de novo 

lipogenesis, malonyl-CoA accumulation and subsequent blockade of fatty acids beta-oxidation in 

hepatocytes favoring NAFLD onset and progression. 

Other genes involved in NAFLD 

A large number of other genetic determinants of NAFLD have been identified in case control and 

cross-sectional studies. Different variants in genes involved in lipid metabolism, inflammation, 

insulin signaling, oxidative stress and fibrogenesis were associated to NAFLD progression (37).  

Lipid metabolism 

Other variants in lipid metabolism have been associated in NAFLD. Recent study from our group 

highlighted the possible role Apolipoprotein B (APOB) gene variations in determining lipoprotein 

export impairment resulting in lower circulating triglycerides and susceptibility to NAFLD-HCC, with 

a mechanism similar to that of the TM6SF2 E167K variant (68).  

Recently an insertion affecting splicing (rs72613567 T>TA) of the 17β-Hydroxysteroid 

dehydrogenase type 13 (HSD17B13) mRNA, has also been pointed out as a strong genetic modifier 

of both alcoholic and non-alcoholic liver disease. HSD17B13 protein has been reported to be highly 

expressed on hepatocyte lipid droplets and seems to be involved in retinol metabolism.  However, 

the molecular mechanism behind this association are still object of active research  (69).  
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Transcriptional regulators 

Transcription factors involved in regulation of lipid metabolism as those of the peroxisome 

proliferator-activated nuclear receptors (PPAR) family play a key role in NAFLD pathogenesis. In 

particular, PPAR-α activation regulates fatty acids catabolism inducing mitochondrial uptake and 

lipids β-oxidation. PPAR-γ is instead associated with an insulin sensitizing and anti-inflammatory 

activity. Variation in these receptors were associated to NAFLD progression, however results are still 

inconsistent and requires further validations (70, 71). LPIN1 is a phosphatidate phosphatase highly 

expressed in the liver and adipose tissue and involved in phospholipids and triglycerides 

biosynthesis. Furthermore, a role in regulating lipid metabolism through its transcriptional co -

activator activity has been identified for this protein (72). The rs13412852 TT allele in the LPIN1 

locus,  has been associated with increased LPIN1 expression levels and protection against NAFLD  

(73). 

Oxidative stress 

Mitochondrial fatty acids oxidation represents a key pathway in NAFLD. Indeed, activation of this 

pathway results in protection against liver steatosis. On the other hand, due to the high amount of 

ROS generated by this catabolic pathway, its activation is associated with progression to NASH (74). 

The Uncoupling protein 2 (UCP2) , plays a key role in regulating mitochondrial redox potential and 

excess energy dissipation (75).The UCP2 promoter region rs695366 G>A minor allele is associated 

with UCP2 overexpression and protection from NASH (76). Another example is represented by the 

rs4880 in the superoxide-dismutase 2 (SOD2) gene. This common polymorphism encodes for A to V 

change at position 16 of SOD2 altering mitochondrial targeting consensus sequence, facilitating 
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mitochondrial import, and protecting against oxidative stress (75). Indeed, this variant has been 

linked with reduced fibrosis in NASH patients (77, 78). Of particular importance are variants involved 

in iron metabolism. Different variants associated with hepatic iron overload are involved in liver 

damage progression mainly due to iron ability in catalyzing ROS production through the Fenton 

reaction (79-81). 

Insulin resistance 

The role for insulin resistance in NAFLD pathogenesis is well established. Different variants involved 

in insulin signaling have been pointed out as disease modifiers. In example rs1044498 single 

nucleotide polymorphism (SNP) associated with a gain-of-function effect of the insulin-signaling 

negative regulator Ectonucleotide Pyrophosphatase/Phosphodiesterase 1 (ENPP1), as well as the 

rs1801278 variant determining a loss-of-function of the insulin receptor substrate 1 (IRS1) protein 

were both associated with more sustained fibrosis in NAFLD patients (82).  

Innate immunity and inflammation 

Chronic inflammation represents a key process in NAFLD progression (83). Genetic variation at the 

interferon (IFN)-λ3 and 4 locus are associated with NAFLD (84, 85). Of particular importance, 

rs12979860 CC allele in the INFL3 locus is associated with a higher risk in developing liver 

inflammation and fibrosis (86, 87). Furthermore, variations in the MER proto-oncogene tyrosine 

kinase (MERTK), involved in immune cells activation, behave as disease progression modifiers. The 

rs4374383 G>A SNP, associated reduction of MERTK expression, protects against fibrosis 

development both in NAFLD and chronic hepatitis C infection (88-90).  
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Remarks 

In conclusion, as previously underlined, NAFLD is a highly prevalent condition with a large heritable 

component. A few genetic modifiers of this disease have been identified to date by genome-wide 

association and targeted studies. Common variants with a large effect on the disease have been 

identified, being those in PNPLA3, TM6SF2, MBOAT7 and GCKR the most validated. A schematic 

representation of the major pathways implicated by genetic studies in the pathogenesis of NAFLD 

development and progression, and the gene loci whose involvement has been most robustly 

validated are depicted in Figure 3. Genetic associations described in almost all processes involved 

in NASH pathogenesis represents another proof of the importance of genetic background in the 

disease. Today novel sequencing technologies allow researcher to evaluate the possible role of rare 

genetic variants exploiting hypothesis-free studies. These data will provide important information 

to improve risk stratification and to further clarify NAFLD pathogenesis leading to the identification 

of new molecular targets for the treatment of this disease. 
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Figure 3 - Major pathways involved in the susceptibility towards NAFLD and gene loci robustly 

associated with development and progression of the disease. Modified from (91). 

 

NAFLD as a risk factor for HCC 

Epidemiology and risk factors 

Liver cancer is the fifth most frequent cancer and the second cause of cancer-associated mortality 

(92). Hepatocellular carcinoma (HCC) accounts for 70-85% of liver cancers representing the most 

frequent histological type (92). In the past, due to NAFLD misdiagnosis and lack of targeted studies, 

the importance of NASH and NAFLD as risk factors for HCC was not specifically addressed (93). 

Furthermore, the lower prevalence of metabolic risk factors as compared to chronic viral hepatitis 

reduced the impact of NAFLD on the burden of liver disease. On the contrary, NAFLD is now 

emerging as one of the leading causes of HCC particularly in the Western countries. A first study 

highlighting NASH as an HCC risk factor was conducted by Powell et al. in 1990 (94). A later study 

confirmed these observation reporting a 2,6% HCC incidence among NAFLD-cirrhosis patients (95). 

Despite this incidence was lower to that observed in chronic C hepatitis patients with cirrhosis (4%), 

these data raised concerning due to the rising prevalence of NAFLD in the population. A large cohort 

study by Sanyal and colleagues (96) in the US population, identified NAFLD as the most frequent risk 

factor for HCC being present in the 59% of HCC cases. In keeping, HCC due to NAFLD was pointed 

out as an emerging cause for liver transplantation in the USA (97). The association between NAFLD 

and HCC was recently confirmed in a large cohort study from the Veterans Health Administration 

(98). Indeed, NAFLD patients had a higher incidence of HCC than those without (0.21/1000 vs 
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0.02/1000 person-years, HR = 7.62, 95% CI 5.76–10.1). Furthermore, NAFLD cirrhosis was confirmed 

to be a key risk factor for HCC development as HCC incidence among NAFLD-cirrhosis patients was 

higher (10.6 per 1000 person-years). However, 20% of NAFLD-HCC patients in this cohort did not 

have evidence of cirrhosis, thus confirming previous reports that NAFLD represents a risk factor for 

HCC also independently of liver fibrosis (99) Indeed, NAFLD along with obesity, insulin resistance 

and T2M are considered established risk factors for HCC (100-102). However, due to the well-known 

relationship between these risk factors, the leading cause NAFLD to HCC transition remains an open 

question (103). 

Molecular mechanisms involved in pathogenesis of HCC in NAFLD 

Both chronic inflammation, metabolic alterations, and liver regeneration in response to damage 

occurring in NASH can favor hepatic tumorigenesis (104, 105). Despite the precise molecular 

mechanisms driving carcinogenesis related to hepatic fat overload are still largely unknown, a 

contribution of different molecular pathways has been pointed out. These include cell proliferation, 

DNA damage response (DDR), oxidative stress, immune responses, autophagy and the contribution 

of the gut microbiome (106).  

Cell Proliferation 

Activation of oncogenes involved in cell proliferation was demonstrated to be the leading event of 

tumorigenesis in mouse models of diethylnitrosamine (DEN) induced HCC (107). Furthermore, the 

Ras oncogene – MAP kinases (MAPK) axis is known to be a master regulator of cell proliferative 

responses and was  dysregulated by multiple mechanisms in HCC related with different etiologies 

(108). Studies in mouse models of HCC induced by both chemicals and high fat diet (HFD), 



24 

 

 

demonstrated a link between carcinogenesis and the dysregulation of micro RNA (miRNA) of key 

importance in the regulation of different proliferative pathways including the Wnt/β-catenin, MAPK, 

mTOR, and EGF signaling cascades (109). Further studies exploiting pure NASH-HCC models will be 

of key importance to clarify the exact contribution of proliferative pathways in the context of NAFLD 

related carcinogenesis. 

Oxidative stress  

Response to DNA damage due to oxidative stress plays a key role in HCC development in NAFLD. In 

NAFLD patients, high levels of DNA damage due to oxidative stress and aberrant epigenetic 

modifications of key tumor suppressor genes have been reported (110). Importantly, oxidative DNA 

damage is even more sustained in NASH patients developing HCC compared with individuals not 

developing tumors (111). As previously discussed, ROS are produced in hepatocytes due to fatty 

acids metabolism through the mitochondrial fatty acid β-oxidation pathway. In NASH, due to liver 

fat overload, disruption of fatty acids homeostasis with hyperactivation of β -oxidation and lipid 

biosynthesis along with impairment of cell anti-oxidant system always occurs, thus leading to excess 

ROS production and cell stress (112, 113). Establishment of a chronic inflammatory response also 

contributes to oxidative stress in NASH. Indeed, activated effectors of both innate and adaptive 

immune response represent major sources of reactive oxygen and nitrogen species. Furthermore, 

oxidative stress associated with immune response is a key factor in the pathogenesis of different 

tumors (114, 115). ROS are mainly generated by phagocytes as a defense mechanism against 

pathogens. In NASH, ROS produced by neutrophils and macrophages recruited to the liver induce 

DNA damage playing a key role in HCC pathogenesis (116, 117).  
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DNA damage response in NAFLD 

DNA damage response (DDR) is a network of cellular pathways that sense, signal and repair DNA 

lesions.  Surveillance proteins that monitor DNA integrity can activate cell cycle checkpoints, DNA 

repair pathways, and apoptosis in response to DNA damage, to prevent the generation of potentially 

deleterious mutations. Impairment of DDR seems to be strongly associated with the progression of 

NASH and the development of HCC however its contribution has not been fully understood.  

ATM kinase is a master regulator of DDR being activated in response to double strand DNA breaks 

or ROS leading to DNA repair or apoptosis (118). In rodent models of NAFLD the activation of the 

ATM kinase was associated to liver damage progression in NASH by promoting liver apoptosis and 

fibrosis (119). However, patients with defects in this kinase affected by ataxia-telangiectasia 

syndrome show genomic instability, due to impaired in DNA repair (120). Overall, the effect of the 

ATM pathway activation may represent a risk factor in NASH, leading to increased liver damage in  

response to ROS, but also may represent a protection mechanism against HCC development 

favoring DNA repair or apoptosis in response to DNA damage and so counteracting genomic 

instability  (121). 

The DNA dependent protein kinase (DNA-PK) is nuclear kinase encoded by the PRKDC gene 

regulating response to DNA double strand breaks mediating repair by the non homologous end 

joining (NHEJ) pathway. NHEJ pathway mediates DNA repair without the need for a repair template 

as the homology directed repair (HDR) pathway. However, the NHEJ pathway always introduces 

random mutation at the repaired breakpoint potentially leading to genomic instability (122). Genes 

involved in the DNA-PK dependent NHEJ pathway are overexpressed in HCC suggesting an important 
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role for this pathway in tumorigenesis (123) (124). Indeed, copy-number-variations (CNVs) in the 

PRKDC locus resulting in increased DNA-PK expression occurs in >50% of human HCCs (123). 

Furthermore, DNA-PK complex overexpression in tumor is associated with reduced survival in HCC 

patients (123). Inhibition of DNA-PK activity is in study as a novel therapeutic approach for HCC 

(125).  

Autophagy and HCC 

Autophagy is a catabolic process mediating lysosome dependent degradation of macromolecules 

and entire organelles in response to metabolic stress to maintain cell energetic homeostasis (126). 

Autophagy related (ATG) proteins are key players in this process that, of course, occurs in a selective 

manner by tagging autophagy targets with a ubiquitination-like process (127). NAFLD is associated 

with autophagy impairment due to fatty acids overload resulting in increased oxidative stress (128). 

In response to oxidative stress cells activate the Sequestosome 1 (SQSTM1) - Kelch-like ECH-

associated protein 1 (KEAP1) - Nuclear factor erythroid 2-related factor 2 (NRF2) axis (129). NRF2 

acts as a transcription factor inducing the expression of key protein of the antioxidant system as 

gluthatione-S-transferase and thioredoxin reductase 1 to counter high levels of ROS (130). When 

the antioxidant system is not sufficient to balance the high ROS levels anymore cells undergo DNA 

damage and eventually death (131, 132). However, the constitutive activation of the SQSTM1 axis,  

due to autophagy impairment, seems to be a major contributor to the HCC pathogenesis. Indeed, 

activating mutations in the NRF2 and KEAP1 genes are frequently found in human HCCs (133, 134). 

Also, studies on rodents HCC models confirmed this association (135). NRF2 activation is also 

associated to increased cell proliferation and overexpression of the biliary/hepatic progenitor 
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marker cytokeratin 19 (CK19) (135). CK19 expression in HCC is associated with invasion, metastasis, 

chemoresistance, early recurrence and reduced overall survival (106, 136). Furthermore, SQSTM1 

can also activate MYC oncogene thus further inducing cell proliferation (106).  

Gut microbiome and bile acids signalling.  

As previously discussed, a growing number of studies underlined importance of the gut microbiota 

as a NAFLD natural history modifier. Importantly, composition of the gut microbiota regulates the 

composition of bile acids (137, 138) through induction of both hepatic and gastrointestinal 

Farnesoid X Receptor (FXR) signaling (139). FXR is a transcription factor regulating bile acids 

metabolism mainly inducing expression of fibroblast growth factor 19 (FGF19) in the ileum and small 

heterodimer partner (SHP) in the liver. Both these molecules suppress cholesterol 7α-hydroxylase 

(CYP7A1), a key enzyme of the hepatic bile acid synthesis (140). Furthermore, FXR is also involved 

in glucose metabolism regulation, insulin signaling, and the immune response (106).  Dysregulation 

of bile acids metabolism has been associated with HCC both in patients and mouse models (141, 

142). Indeed, higher hepatic levels of certain species, such as deoxycholic acid (DCA) and lithocholic 

acid (LCA), is associated with DNA damage, cell death and activation of the inflammatory response, 

thus promoting hepatic carcinogenesis (141, 143). Moreover, deletion of FXR in mice is associated 

with spontaneous tumor development (144), intestinal FXR activation was sufficient to restore 

homeostasis in these mice (145). Role of gastrointestinal FXR transition remains a field of active 

research potentially providing key information about in NASH and NASH to HCC transition.  
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The immune response in NAFLD 

Today chronic inflammation relationship with carcinogenesis is well  established and representing a 

field of in intensive research in oncology (106). In the context of NAFLD-HCC this correlation hase 

been extensively studied (33, 146). Studies in rodent HCC models have demonstrated the role of 

local intrahepatic chronic inflammatory responses in hepatocarcinogenesis in the context of NASH 

(106). In the context of NAFLD-HCC this correlation has been extensively studied (33, 146). However, 

the overall contribution of the different inflammatory pathways, soluble mediators of inflammation 

and immune cell populations is still to be clarified.  

Inflammatory pathways 

Tumor necrosis factor alpha (TNFα) is one of the cytokines most studied in cancer and activates both 

the NF-κB and Janus Kinases (JNK) signaling pathways (147, 148). In rodent models of NAFLD 

carcinogenesis (HFD DEN mice) knockdown of TNF receptor type I (TNFRI) resulted in protection 

from tumor development (33, 149, 150). Nf-KB role in carcinogenesis remains elusive. Inflammation 

mediated by NF-κB is known to promote tumorigenesis (149-151). Indeed, in different models of 

genetically induced HCC, NF-κB inhibition was reported to suppress carcinogenesis. Conversely, an 

opposite effect was observed in chemically induced HCC models (DEN mice) (152). Interleukin 6 

(IL6)-Signal Transducer and Activator of Transcription 3 (STAT3) axis is known to play a pivotal role 

in liver repair and hepatocyte replication, promoting hepatocarcinogenesis (147). Indeed, increased 

IL-6 levels and overactivated STAT3 have been observed in HCC patients (153) and activation of the 

IL6-STAT3 axis promoted DEN induced carcinogenesis DEN in mice (154, 155). The IL6-STAT3 axis 

may be of important in NAFLD HCC pathogenesis especially in patients carrying the PNPLA3 I148M 
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mutation. Indeed, HCC cells with carrying this mutation showed increased proliferation via the IL6-

STAT3 pathway upon exposure of low dose FFA in vitro and in an HFD-fed xenograft HCC model in 

vivo (156).  Innate immune receptors as Toll-Like Receptor 4 (TLR4) role in carcinogenesis is to date 

well established (154, 157). Indeed, knockout of TLR4 reduced HCC risk in PTENΔhep mice, developing 

NASH-like HCC. Although, this reduction was dependent on gut microbiota depletion by orally 

administering nonabsorbable antibiotics (158). These findings suggest that TLR4 and gut-derived 

LPS make an essential contribution to HCC development. Another report demonstrated that hepatic 

stellate cell (HSC) derived tenascin C induces TLR4 signaling cascade activation in hepatocyte and 

Kupffer cells promoting HCC development in diet induced obesity mice models (159).  

Immune cell populations 

The complex contribution of the different cell population in HCC pathogenesis is summarized in  

Figure 4. Both Kupffer cells (KC), resident liver macrophages, and liver infiltrating macrophages have 

been shown to promote hepato-carcinogenesis in mice (160). Nevertheless, macrophages may have 

an even more important role in HCC progression (160). Today the role of tumor associated 

macrophages (TAM) modulating inflammatory microenvironment promoting tumor progression is 

extensively studied in different neoplasms (161). However, in the context of HCC the overall 

contribution of these cells remains to be determined (106).  Amon innate immune cells, natural 

killers (NK) play a pivotal role in protection from tumorigenesis.  Indeed, myeloid derived suppressor 

cell (MDSC) dependent impairment of NK cells function in patients with HCC have been reported to 

impaired clearance of tumor cells (162). Also, cells involved in adaptive immunity plays a pivotal role 

in HCC onset and progression in NAFLD. Activation of CD8+ T lymphocytes and natural killer T (NKT) 
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cells has been shown to drive the NASH to HCC transition in rodents(146). Conversely, CD4+ T 

lymphocytes seems to have a protective role in both onset and progression of HCC being key 

effectors of the senescence surveillance of pre- malignant hepatocytes (163). On the other side, 

tumor- infiltrating CD4+ regulatory T (Treg) cells have been associated with poor prognosis in 

patients undergoing HCC surgical resection (164).  

 

Figure 4 - Role of the immune cell network in hepatocellular carcinoma (HCC) development. Immune 

surveillance by natural killer (NK) cells, CD4þ, CD8þ T cells, and B cells suppresses HCC development. 

However, the expansion of CD8 T cells, immunoglobulinA (IgA)-producing plasmacells, Th17-cells, 

NKT cells, regulatory T cells, myeloid-derived suppressor cells (MDSCs), and M2 macrophages 

promotes HCC development. Hepatic Stellate Cells (HSCs) senescence has been proposed to play both 

pro- and antitumorigenic roles by inducing the senescence-associated secretory phenotype (SASP) 

and by promoting M1 macrophages polarization (165). 
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Genetic determinants of NAFLD HCC 

As previously discussed, familial, epidemiologic and twin studies suggest a major role of  heritable 

traits in susceptibility of NAFLD (27). At the population level, occurrence of HCC in a NAFLD context 

can be considered a rare condition. Among inherited variants modifying NAFLD natural history, the 

PNPLA3 I148M SNP represents the one with the most established effect on hepatic carcinogenesis. 

Also, contribution of rare variability seems to play a role in determining HCC risk (44). Study of the 

rare variability associated with HCC in large cohorts will provide important knowledge to improve 

the clinical management of this disease. 

Common variants: Patatin-like phospholipase domain-containing 3 

As previously discussed, the rs738409 C>G SNP encoding for the I148M amino-acidic change in the 

PNPLA3 protein sequence represents the most relevant heritable modifier of the NAFLD natural 

history (44, 166). Importantly, the PNPLA3 variant has also been associated with increased HCC risk 

independently of its effect on liver fibrosis (167). This association was identified for the first time in 

a retrospective cohort of patients affected by chronic hepatitis C virus (HCV) infection (168) and 

confirmed by other studies in both HCV and alcoholic liver disease patients (27). Importantly, this 

SNP was associated with HCC both in the context of obesity and NAFLD (47, 169). The PNPLA3 I148M 

variant was also reported to be a modifier of the natural history of HCC influencing both 

histopathological features of the tumors and the response to treatment as evidenced in context of 

NAFLD or ALD in Italian patients and further confirmed by studies conducted in US (170, 171). 

Overall, evidence highlight the role for rs738409 as an independent modifier of also HCC onset and 

progression in different pathological backgrounds.  
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Rare variants 

Hypobetalipoproteinemia (HBL) represents a rare disorder of lipoprotein metabolism characterized 

by reduced plasma levels of total cholesterol, low-density lipoprotein-cholesterol (LDL-C) and 

apolipoprotein B (APOB). Familial HBL is a monogenic disease due to presence of loss of function 

variants in the APOB locus. In these patients, impaired lipoprotein export results in liver fat 

accumulation and truncating mutations in APOB were anecdotally reported in cases of HCC without 

cirrhosis as well as cryptogenic cirrhosis (172, 173). Associations between rare loss of function 

variants in APOB and HCC were also confirmed in a familial study by Cefalù et al (174) and in a recent 

next generation sequencing based study by our group (68). This evidence underpins the importance 

of rare APOB variants in influencing liver fat content and HCC risk.  

Rare mutations in the human telomerase reverse transcriptase (TERT) gene have been also 

associated with NAFLD HCC risk, though via a different mechanism. This gene encodes for the 

catalytic subunit of telomerase involved in maintenance of telomeres length  (175). Despite 

increased telomerase activity, mainly due to TERT overexpression, represents a hallmark of 

carcinogenesis (176-178), defects in telomerase activity lead to premature stem cell senescence, 

tissue fibrosis, chromosomal instability, and increased cancer risk (178). Indeed, TERT mutations are 

associated with a spectrum of familial hepatic liver diseases characterized by steatosis and iron 

overload due to hepatocellular senescence (178). Mutations in the TERT gene are relatively more 

frequent (3-8%) in cirrhosis patients (179). In rodents, telomere shortening due to Tert KO was 

associated also with impaired liver response to acute and chronic damage resulting in steatosis and 

fibrosis (180). Different studies form our group associated different loss of function mutations in 
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TERT (181, 182) and other proteins involved in telomere metabolism (Regulator Of Telomere 

Elongation Helicase 1, RTEL1)  with HCC development in NAFLD patients (68).   
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Interferon regulatory factor 3 

Interferon regulatory factor family 

Proteins of the interferon regulatory factor (IRF) family are key mediators of the innate immune 

response especially in the context of viral and bacterial infections (183, 184). These transcription 

factors are effectors of signaling cascades activated by different pattern recognition receptors (PRR) 

as transmembrane protein of the toll-like receptor family (TLR) and a broad range of cytosolic 

sensors as the stimulator of interferon genes (STING). Once activated they controls target gene 

expression by binding specific consensus on genomic DNA trough their amino-terminal binding 

domain (185). IRF3 

Interferon regulatory factor 3 (IRF3) represent a key regulator of innate immune response being the 

final effector of different signaling cascades and have been extensively studied in the context of viral 

infections (184). This ubiquitously expressed transcription factor have both a nuclear export signal 

and a nuclear localization signal (NES and NLS, respectively) and keeps shuttling between the 

nucleus and the cytoplasm (186). As IRF3 NES effect is dominant, in the steady state it localizes 

preferentially to the cytoplasm. Furthermore, it possesses an amino (N)-terminal DNA-binding 

domain (DBD) composed by a series of conserved tryptophan-rich repeats forming an helix-turn-

helix domain allowing interaction with specific consensus sequences on genomic DNA termed 

Interferon-sensitive response element (ISRE) (187). IRF3 also displays a C-terminal IRF association 

domain (IAD) mediating phosphorylation-dependent oligomerization and interaction with 

transcriptional coactivators. Also, functional analysis of IRF-3 revealed an autoinhibitory 

mechanism, mediated by the IAD flanking sequences (188). It is activated in response to different 
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pathogen or danger associated molecular patterns (PAMPs or DAMPs respectively) by signaling 

cascades of different sensors converging on the IKK-related kinases, TANK-binding kinase (TBK1) and 

IκB kinase ε (IKK ε) (189, 190). Phosphorylation of serine residues in the Carboxy-terminal regulatory 

region of IRF3 results in IRF3 homo-dimerization, nuclear translocation, association with 

transcriptional coactivators, including CREB-binding protein (CBP) and p300, and association of 

complex with genomic DNA (191). Importantly, IRF3 also possesses a BH3 domain allowing 

phosphorylated IRF3 to directly interact with Bax, a pro-apoptotic protein of the Bcl-2 family. IRF3-

Bax complexes translocate to the mitochondria activating apoptosis through the intrinsic apoptotic 

pathway (192). 

IRF3 activation pathways 

Different pathways, including RIG-I-like and Toll-like receptors (RLRs and TLRs), have IRF3 as a final 

effector. In particular, IRF3 is one of the most important effectors of innate response against 

cytosolic nucleic acids. Presence of single/double-stranded RNA (ss/dsRNA) or double-stranded DNA 

(dsDNA) in the cytosol results in IRF3 activation through specific pattern recognition systems (184, 

193). Exogenous dsRNA molecules are recognized by cytoplasmic DExD/H box helicases as the 

retinoic acid-inducible gene I (RIG-I) and the melanoma differentiation-associated gene 5 (MDA-5) 

(194, 195). RIG-I is involved in the recognition of antisense (−) ssRNA viruses or sense (+) 

ssRNA/dsRNA viruses. Conversely, MDA5 recognizes RNA structures of higher containing long 

dsRNA and ssRNA that are typically produced during replication of picornaviruses (196). Both RIG-I 

and MDA-5 activate a specific molecular adaptor (IFN β promoter stimulator 1; IPS-1, also known as 

MAVS) inducing recruitment IRF3 and TBK1 resulting in IRF3 phosphorylation and activation (197-
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199). Presence of dsRNA in the endosomal compartment is recognized by TLR3, a PRR highly 

expressed in leukocytes, epithelial cells, and central nervous system resident cells (200). TLR3 

activates IRF3 through a specific molecular adaptor: the TIR domain adaptor-inducing IFNβ (TRIF). 

In turn, TRIF activates IRF3 pathway in a TNFR-associated factor (TRAF)3-dependent fashion (201). 

Notably, in addition to dsRNA generated during viral replication, TLR3 also recognizes endogenous 

self mRNA that is released during necrosis (202). Importantly, endotoxins sensing by TLR4, also 

triggers TRIF-dependent signaling within the so called “MyD88 independent TLR4 signaling 

pathway”. This requires internalization of the receptor in the endosomal compartment in a CD14 

and phosphatidylinositol 3 kinase (PI(3)K)-dependent fashion (203, 204).Cytosolic DNA activates an 

IRF3 dependent response (205). Accumulation of cytosolic dsDNA happens in the context of 

infections with intracellular pathogens but also, importantly, in case of insufficient control of 

autologous DNA products, which may happen during oxidative damage and carcinogenesis (206). 

Different highly redundant sensors are involved in recognition of cytosolic DNA (207-209). However, 

virtually all of them requires the adaptor protein stimulator of interferon genes (STING) that appears 

to be necessary for IRF3 induction in response to cytosolic dsDNA (210). In response to cytosolic 

dsDNA, formation of an active STING dimer provides a scaffold inducing STING-TBK1-IRF3 complexes 

directing TBK1 dependent phosphorylation of IRF3 (211). Furthermore, STING is also a direct sensor 

of cyclic dinucleotides (CDN), a second messenger produced by bacteria and archaea (212). 

Importantly, cytosolic DNA also induces synthesis of cyclic di-GMP-AMP (cGAMP) by the cyclase 

cGAMP synthetase (cGAS). These second messengers are structurally related with CDNs and are 

able in induce STING dependent IRF3 activation (213). Furthermore, they can be transferred to 

neighboring cells through gap junctions, thereby spreading the antiviral state (214). Thus, STING 
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could function both as an adapter for DNA sensing and a receptor for cyclic dinucleotides (206). As 

it will be discussed in the “IRF3 and liver disease” section, the STING-IRF3 pathway is object of active 

research due to its implications in NAFLD, ALD and related complications (215-217). Major IRF3 

activation pathways are summarized in Figure 5 . 

 

Figure 5 – Activation of TLR3 (by dsRNA) in the endosomal compartment leads to TBK1 activation in 

a TRIF-dependent fashion. Similarly, TLR4 activation results in internalization in the endosmal 

compartment and TRIF dependent IRF3 activation. The presence of single/double-stranded RNA 

(ss/dsRNA) or double-stranded DNA (dsDNA) in the cytosol triggers TBK1 activation through specific 

cytosolic pattern-recognition systems. Cytoplasmic DNA from different sources induces the 

production of cGAMP by the cyclase enzyme cGAS and directly activate IRF3 through the STING 

adaptor molecule.  Viral ss/dsRNA in cytosol is sensed by RLR helicases, such as RIGI or MDA-5, that 

trigger IRF3 activation through the IPS-1 (MAVS) adaptor molecule. (184) 
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IRF3 regulatory isoforms 

IRF3 pathway is highly regulated also through different IRF3 splicing isoforms inhibiting main protein 

activity. The first was characterized in 2001 (218) and named IRF3a (or IRF3-nirs3). This isoform act 

as a decoy having a large deletion in the DBD and was found to counteract IRF3 activation both in 

response to viral infections and in the context of HCC (219). Another splicing isoform of IRF3 was 

characterized in 2010 and termed IRF3-CL (220). The transcript encoding for IRF3-CL share a 

common mRNA precursor with IRF3 and results from alternative splicing. This isoform uses a 

different splicing acceptor on exon VII that is 16 nucleotides longer compared with that of IRF3. 

Thus, from exon VII, IRF3-CL use a different ORF and displays a different C-terminal region compared 

with that of the main isoform. (Figure 6). Indeed, this splice variant does not display the consensus 

sequence for TBK1/IKKε and seems to be ubiquitously expressed. Overexpression experiments the 

revealed ability of IRF3-CL to antagonize IRF3 activation upon Sendai virus infection, by sequestering 

IRF3 in the cytoplasm, thereby highlighting a possibly regulatory role for this splice variant (220). 

 

Figure 6 – Interferon regulatory factor 3 main isoform and CL isoform splicing scheme (220) 
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IRF3 in liver disease 

Due IRF3 central activity in immune response to exogenous nucleic acids, its importance in the 

context of viral hepatitis is to date well established as reviewed in (221) and (222). However, growing 

evidence supports a key role for IRF3 also in the context of both ALD and NAFLD as well as the 

systemic inflammation characterizing the metabolic syndrome. Concerning ALD, in 2008 Zhao and 

collaborators reported a crucial role of the TRIF-IRF3 axis in inducing a TNFα response upon chronic 

ethanol administration in mouse models. Indeed, they demonstrated that  murine macrophages 

isolated from Trif-/- mice do not overexpress Tnfα upon Et-OH stimulation in vitro resulting in 

protection from EtOH-induced steatosis and Tnfα dysregulation in vivo (223). Furthermore, Petrasek 

et al in 2013, highlighted a role for the STING-IRF3 pathways in mediating liver damage induced by 

oxidative stress upon acute Et-OH administration. Their studies on rodent ALD models, identified 

the Irf3 ability in inducing mitochondrial Caspase 3 and 8 dependent apoptosis as necessary to 

mediate liver injury upon acute Et-OH administration (216). In a recent work, Sanz-Garcia and 

collaborators underlined the importance of both hepatocyte and leukocytes IRF3 non 

transcriptional activity in modifying liver disease progression by modulating liver immune cells 

environment and pointed out a pleiotropic and cell-specific contribution of IRF3 (224). Growing 

evidence also links IRF3 with NAFLD pathogenesis. Our results suggest that the STING-IRF3 pathway 

promotes hepatocyte injury and dysfunction by inducing inflammation and apoptosis and by 

disturbing lipid metabolism. This pathway may be a novel therapeutic target for preventing NAFLD 

development and progression. A recent study by Qiao et al (217) reported Irf3 overexpression in 

NAFLD in rodents. Knockdown of either Sting or Irf3 resulted in a marked improvement of steatosis, 

hepatic FFA-induced inflammation, and hepatocellular apoptosis also due to enhanced glycogen 
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storage, glycolysis and lipid catabolism. Importantly, another recent work by Reilly et al. 

demonstrated improvement of steatosis and adipose inflammation in rodents upon treatment with 

amlexanox, a TBK1/IKKε inhibitor already approved for the treatment of  asthma, recurrent 

aphthous ulcers and other inflammatory conditions. In mice fed high-fat diet, amlexanox treatment 

resulted in imporved insulin sensitivity, reduced adipose inflammation and abrogated liver steatosis 

and was proposed as a new therapeutic strategy against NAFLD (225). The first Amlexanox clinical 

trial resulted in improvement of insulin signaling and liver steatosis also in a subset of patients with 

T2D (226). A further trial (NCT01842282) is currently ongoing to further study the utility of this 

chemical for the treatment of metabolic syndrome complications. 

IRF3 in cancer 

IRF3 overall contribution to carcinogenesis is still elusive. Due to its proinflammatory role  and its 

ability to induce ER stress and mitochondrial instability driven apoptosis, it has been considered a 

tumor suppressor. Consistently, overexpression of DNA binding domain defective IRF3 is reported 

to induce transformation in in vitro models (227). Indeed, fatty acids overload is associated with 

mitochondrial dysfunction, damage, and release of mitochondrial DNA in cell cytosol resulting in 

STING dependent IRF3 activation, triggering in anti-tumor immune response and apoptosis (228). 

Furthermore, genomic instability associated with tumorigenesis leads to defects of segregation 

during cell mitosis resulting in genomic DNA release in cytoplasm activating STINGIRF3 axis 

representing a link between genomic instability and anti-tumor immune surveillance activation 

(229, 230).  Importantly, overexpression of TLR3 and of other components of the TLR signaling 

cascade in the tumor tissue was associated with improved prognosis and survival  in a cohort of 85 
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patients with HCC on different pathological backgrounds (231). On the other hand, IRF3 was 

reported to cross-talk with different pathways involved in control of cell proliferation as the Hippo 

pathway and the Wnt-β catenin axis (232, 233). Consistently a direct anti-tumor activity for 

amlexanox was reported in different context including gastric cancer, breast cancer, and 

glioblastoma (232, 234-236). Thus, the overall contribution of IRF3 in carcinogenesis, especially in 

the context of HCC remains elusive and further studies are required to evaluate amlexanox potential 

in NAFLD and NAFLD-HCC treatment. 

 

  



42 

 

 

AIMS 

All stages of NAFLD are deeply influenced by a strong heritable component. In the past decades both 

targeted studies and GWAS highlighted different common variants as modifier of both onset and 

progression of this multifactorial disease. However, NAFLD heritable component remains largely 

unexplained. Furthermore, a large number of rare variants is considered to have a large effect on 

the natural course of the disease (27) but, to date, there is only little information about the 

contribution of rare genetic variability. Discovery of novel genetic traits influencing NAFLD 

progression may provide important information both to improve clinical management in a 

perspective of personalized medicine and to identify novel therapeutic target for the treatment of 

NAFLD. 

To this purpose, the aim of this study wad to discover novel genetic risk factors for advanced NAFLD 

by evaluating rare variants altering protein sequence enriched in a cohort of Italian patients with 

NAFLD HCC as compared to the general population. We next validated these association in 

independent cohorts of Italian patients with NAFLD HCC or advanced fibrosis.  

As we identified a variant affecting the regulatory IRF3 isoform IRF3-CL (rs141490768) resulting in a 

gain of function of the transcription factor IRF3, we then examined the specific regulation of IRF3 

transcripts in NAFLD progression, studies IRF3 and IRF3-CL role in hepatocyte biology in vitro, also 

mimicking IRF3-CL loss of function effect in hepatocyte by developing specific IRF3-CL+/- models 

exploiting CRISPR-Cas9 technology. Finally, we evaluated the activity of amlexanox, a IKKε/TBK1-
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IRF3 axis inhibitor already approved for some inflammatory conditions, to reduce proliferation in 

hepatoma cells. 
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METHODS 

Whole exome sequencing study cohorts and design 

The discovery NAFLD-HCC Discovery cohort included 72 Italian patients, who were enrolled between 

January 2010 and 2016. All were of Caucasian ancestry. The diagnosis of HCC was based on the EASL-

EORTC clinical practice guidelines for management of hepatocellular carcinoma (237). Secondary 

causes of steatosis were excluded based on medical history, including at risk alcohol drinking (≥ 

30/20 g/day in M/F) and the use of drugs known to precipitate steatosis. Viral and autoimmune 

hepatitis, hereditary hemochromatosis, Wilson’s disease, overt  alpha-1-antitrypsin deficiency and 

present or previous infection with HBV (HBsAg) and HCV were ruled out using standard clinical and 

laboratory evaluation as well as liver biopsy features. HCC validation included 105 Italian NAFLD HCC 

patients with the same inclusion criteria used for NAFLD-HCC Discovery cohort. Advanced fibrosis 

validation cohort was represented by a set of 211 patients with advanced fibrosis due to NAFLD 

(histological stage F3-F4 or clinically overt cirrhosis) recruited at the Italian institutions during the 

same period. Discovery control population was represented by a local ethnically matched control 

population of comparable sex distribution including 50 Italian healthy blood donors without clinical 

and biochemical evidences of liver disease, NAFLD, metabolic abnormalities and no alcohol abuse 

(182), and the Non-Finnish Europeans (NFE) included in the Exome Aggregation Consortium (ExAC) 

database (ExAC-NFE, N=33,370). Validation control population was represented by other 270 

ethnically matched patients without clinical or biochemical evidence of advanced liver fibrosis or 

HCC and the NFE included in the genome aggregation consortium (238) (gnomAD NFE, N=64603). 

The study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki,  was 
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approved by the Ethical committee of the involved Institutions and was performed according to the 

recommendations of the hospitals involved. Informed consent was obtained from each patient or  

responsible guardian. Clinical features of patients stratified by liver disease severity are described 

in Table 2. Patients are part of the EPIDEMIC-NAFLD (Exome sequencing for the Identification of 

Inherited Variants Involved in HCC development in NAFLD) project, further studies about genetic 

predisposition to NAFLD HCC in these patients are reported in our previous publication (68). 

 Normal liver/Early 
fibrosis (N=320) 

Advanced fibrosis 
(N=211) 

HCC 
(N=177) 

p value 

Age 46±13 62±10 68±11 <0.001 

Sex, F 213 (77) 106 (56) 137 (80) <0.001 

BMI, Kg/m2 25±3 30±5 30±5 <0.001 

Diabetes, Yes 6 (2) 108 (61) 96 (58) <0.001 

ALT, U/L 22 {17-30} 39{29-60} 38 {27-61} <0.001 

AST, U/L 22 {18-25} 34 {27-49} 41 {27-67} <0.001 

Cholesterol, 
mg/dl 

194±34 177±43 163±37 <0.001 

LDL, mg/dl 123±35 119±73 96±34 0.003 

HDL, mg/dl 56±13 50±18 47±19 <0.001 

Triglycerides, 

mg/dl* 
85 {60-123} 122 {92-174} 107 {66-138} <0.001 

PNPLA3 I148M    

<0.001 
I/I 145 (53) 40 (23) 33 (22) 

I/M 105 (39) 80 (45) 64 (42) 

M/M 22 (8) 56 (32) 54 (36) 

Table 2 – Clinical features of patients in study. Data are presented as meansd, (): % values, {}: 

interquartile range BMI: body max index; NAFLD non-alcoholic fatty liver disease; LDL low-density 

lipoprotein; HDL high-density lipoprotein; PNPLA3: Patatin-like phospholipase domain-containing 

protein 3. 
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Study Design 

Variants Discovery 

Variants discovery workflow is summarized in Figure 7. Whole-exome sequencing was performed in 

NAFLD HCC Discovery cohort (N=72) and in local control population (N=50). To discover rare variants 

predisposing to NAFLD-HCC risk alleles, coding functional variants with a minor allele frequency 

(MAF) < 0.005 in ExAC NFE were selected (N= 51,226 variants). To exclude false positives due to 

ethnical differences between cases and control population, all variants with a MAF > 0.01 in our 

local ethnically matched control were excluded from the analyses. Variants enrichment in NAFLD-

HCC group vs control population was evaluated by Fisher Exact test corrected for multiplicity by 

Bonferroni method, significance threshold was thus set at 9.8*10-7.  
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Figure 7 – Variants discovery workflow 

IRF3 rs141490768 validation 

Validation workflow is summarized in Figure 8.  IRF3 rs141490768 genotype was assessed by 

TaqMan SNP genotyping assay (Life Technologies, Carlsbad, CA) in the HCC validation cohort 

(N=105) and in the Advanced Fibrosis validation cohort (N=211) either by TaqMan assay (N=59) or 

WES (N=152). IRF3 rs141490768 frequency was compared with control population including 270 

ethnically matched individuals where rs141490768 genotype was assessed TaqMan assay by and 

NFE population of the gnomAD database (N=64,390). P<0.05 Frequency comparison was performed 

by Fisher Exact test, p<0.05 were considered statistically significant. 
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Figure 8 - IRF3 rs141490768 validation workflow 

 

IRF3-CL Burden test 

Burden test workflow is summarized in Figure 9. Enrichment in variants affecting IRF3-CL isoform 

but not IRF3 main isoform was evaluated by cohort allelic sum test (CAST) (239). Briefly, we selected 

all variants in cases and controls affecting IRF3-CL but not principal IRF3 isoform exploiting VEP 

annotation. Variants prioritization was performed to select all rare variants (ExAC NFE MAF <0.05) 

with a very high likelihood to impair protein activity based on in silico prediction (240) with a 

Combined Annotation Dependent Depletion (CADD) phred score > 20 thus being within the top 0.1% 

of most deleterious variants in genome as the CADD model. Enrichment in our discovery HCC cohort 

(N=72) was compared to that of our ethnically matched control population (N=50) and NFE of the 

gnomAD database. Association was validated in patients of the advanced fibrosis group with 

available WES data (N=112). p<0.05 were considered statistically significant. 
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Figure 9 - Burden test workflow 
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Whole exome sequencing, variants identification, annotation and prioritization  

Briefly, DNA was extracted from peripheral blood mononuclear cells. DNA amount was assessed 

using a Qubit 2.0 analyzer and Qubit dsDNA BR Assay Kit (Thermo-Fisher Scientific, Waltham, MA, 

USA) following Manufacturer’s instructions. Samples purity was evaluated using a Nanodrop 1000  

spectrophotometer (Thermo-Fisher, Waltham, MA, USA) and integrity was assessed by gel  

electrophoresis. The DNA library was enriched for exome sequencing by SureSelect Human All Exon 

v5 (Agilent, Cernusco sul Naviglio, Milan, Italy). Sequencing was subsequently performed on the 

HiSeq 4000 platform (Illumina). Raw reads quality control was performed using FastQC software 

(Brabaham bioinformatics, Cambridge, UK). Reads mapping on human GRCh37 genome was 

performed using MEM algorithm of Burrows Wheeler Aligner (BWA) version 0.7.10 (241). Reads 

with low quality alignments and duplicate reads were filtered out using Samtools (242) to generate 

high quality bam files. Mapping quality control was performed using Picard-tools 

(http://broadinstitute.github.io/picard) and Bedtools (243). Sequencing mean depth was of 73x, 

and no samples exhibit a mean depth lower than 50x. Sequencing resulted in a good target 

coverage: almost all samples exhibited more than 90% coverage of the target at 20x depth.  

Importantly, sequencing statistics in terms of input reads, high quality mapped reads, mean depth  

and coverage, did not show variations among the different cohorts. Variant calling was performed 

following GATK best practices (244). Briefly, indel local realignment, base quality recalibration and 

variants calling (Haplotypecaller algorithm) were performed using GATK version 3.3.0 (245). GVCF 

joint and variants filtering using variant quality score recalibration (VQSR) method were performed. 

Variants quality score log-odds (VQSLOD) above 99% tranche were considered true positives. To 

avoid the possibility of calling somatic variants due to the presence of circulating tumor DNA, 
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variants present in <20% of total reads were discarded. Indel left normalization was performed using 

BCFtools software (246). Variants annotation was performed using both variant effect predictor 

(VEP) (247) and ANNOVAR (248) tools. Variants filtering was performed using VCFtools (249) to 

exclude variants over VQSLOD threshold and variants which were called in less than 95% of samples. 

All intronic and synonymous variants according to VEP prediction were excluded from the analyses. 

ExAC NFE variant call format file was obtained by ExAC consortium (http://exac.broadinstitute.org). 

Variant called were prioritized and annotated using the same pipeline described for EPIDEMIC 

samples. 

TaqMan SNP genotyping assay patients and methods 

Genotyping has been performed in duplicate by TaqMan 5′-nuclease assays (Life Technologies, 

Carlsbad, CA) on a 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA) at the 

Metabolic Liver Disease lab center, at the University of Milan (Life Technologies, Carlsbad, CA). 

Transcriptomic analysis patients  

The study was conducted in 125 severely obese individuals (Transcriptomic cohort) who underwent 

to percutaneous liver biopsy performed during bariatric surgery, and for whom sufficient material 

for extraction of high-quality RNA was available. Informed consent was obtained from each patient 

and the study protocol was approved by the Ethical Committee of the Fondazione IRCCS Ca’  Granda, 

Milan and conformed to the ethical guidelines of the 1975 Declaration of Helsinki.   Individuals with 

increased alcohol intake (men: >30 g/day; women: >20 g/day), viral and autoimmune hepatitis or 

other causes of liver disease were excluded. Steatosis was graded based on the percentage of 

http://exac.broadinstitute.org/
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affected hepatocytes as 0: 0-4%, 1: 5-32%, 2: 33-65%, and 3: 66-100%. Disease activity was assessed 

according to the NAFLD Activity Score (NAS) with systematic evaluation of hepatocellular ballooning 

and necroinflammation; fibrosis was also staged according to the recommendations of the NAFLD 

clinical research network (250). The scoring of liver biopsies was performed by an expert pathologist 

unaware of patients’ status and genotype (56, 251). We arbitrarily defined “Severe NAFLD” as the 

presence of NASH, and/or NAS ≥4, and/or fibrosis stage F2 or higher. Patients clinical features are 

showed in Table 3. Evaluation pf the transcriptomic profile in these patients was part of another 

study (Appendix B, Baselli, Dongiovanni et al., Gut, under revision). 

 Normal liver/isolated 
steatosis (N=94) 

Severe NAFLD 
(N=31) 

p value 

Age 43.310.6 44.510.3 0.59 

Sex, F 86 (91) 21 (68) 0.003 

BMI, Kg/m2 39.76.7 43.58.3 0.013 

Diabetes, Yes 10 (11) 5 (17) 0.60 

ALT, U/L 18 {14-24} 31 {24- 44} <0.001 

AST, U/L 17 {15-20} 23 {19-31} <0.001 

Cholesterol, mg/dl 21244 19751 0.19 

LDL, mg/dl 13633 12047 0.098 

HDL, mg/dl 5513 5217 0.32 

Triglycerides, 
mg/dl* 

120 {90-161} 114 {85-175} 0.61 

PNPLA3 I148M   

0.47 
I/I 48 (51) 12 (38) 

I/M 40 (43) 16 (52) 

M/M 6 (6) 3 (10) 

Table 3 – Transcriptomic cohort clinical features 
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Transcriptomic analysis 

Total RNA was isolated using miRNeasy mini-kit (Qiagen, Hulsterweg, Germany), according to the 

manufacturer’s instructions. RNA quality was assessed through Agilent 2100 Bioanalyzer and 

samples with RNA integrity numbers (RIN) greater than or equal to 7 were used for library 

preparation. RNA sequencing was performed in paired-end mode with a read length of 150nt using 

the Illumina HiSeq 4000 (Novogene, Hong Kong, China). Raw reads were mapped against the Human 

Genome (252) using a custom pipeline based on the standard primary analysis procedure. The 

pipeline performed the primary analysis step including reads quality check (FastQC software, 

Babraham Bioinformatics, Cambridge, UK), low-quality reads trimming and the mapping on GRCh37 

reference genome using STAR mapper (253). Samples characterized by low coverage (<10 million 

mapped reads) or insufficient mapping specificity (uniquely mapped < 60% mapped reads) were 

excluded from the analysis. To quantify gene level expression, reads count (ENSEMBL human 

transcript reference assembly version 75) was performed using RSEM package (254). Reads counts 

normalization and variance stabilization was performed exploiting DESeq2 package (255). To 

quantify isoform expression, a per transcript reads count and normalization in transcript per million 

was performed exploiting RSEM package for transcript variance stabilization a square root 

transformation was applied. Comparison among IRF3 transcripts of interest was performed by on e-

way ANOVA followed by post-hoc Tukey test. Correlation between transcripts expression levels and 

liver disease stage was performed by ordinal logistic regression. For co-expression analysis variance 

stabilized expression of transcripts of interest were regressed to that of all genes quantified. Main 

technical confounding covariates as the library size and the batch factors were included in the 

model. Low expressed genes (mean count ≤ 5) were excluded. To identify co-expressed pathways, 
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pre-ranked gene set enrichment analysis (GSEA) was performed on nominally significant genes 

(256), correlation estimate was used as ranking metrics. The “hallmark” gene sets from the 

Molecular Signature Database (MSigDB) version 6.1 were employed (257).  

Western blot analysis 

Total protein lysates were extracted from cell cultures through RIPA lysis buffer (Hepes 10mM, EDTA 

1mM, KCl 60 mM and Nonidet P-40 2%) supplemented with protease inhibitor cocktail and Phospho-

STOP (Roche, Basal, Switzerland). Pierce 660nm Protein Assay (ThermoFisher scientific, Waltham 

U.S.A) is a ready-to-use method to quantify protein concentrations. Bolt system (ThermoFisher 

scientific, Waltham U.S.A) was employed for SDS-PAGE and western blotting. For protein detection 

anti P-IRF3 (Cell signaling #29047), IRF3 (Abcam #ab68481), β-actin (Abcam #ab6276) primary 

antibodies, anti-mouse and rabbit (Cell signalling #7074 and #7076) secondary antibodies, and ECL 

substrate (Bio-Rad, Hercules, U.S.A) were employed according to manufacturer’s instructions. 

Chemidoc XRS (Bio-Rad, Hercules, U.S.A) imager ImageJ software was employed for bands intensity 

quantification.  

Immunohistochemistry 

Immunohistochemistry was performed in a cohort of 18 samples stratified by liver disease severity. 

Liver biopsies were fixed in 10% PBS buffered formalin and then embedded in paraffin within 24 hrs 

of formalin fixation. We performed immunohistochemistry analysis to evaluate p(S396)-IRF3 and 

total IRF3 expression in liver biopsies from patients with normal livers, NAFLD, NASH or HCC. Briefly, 

de-paraffined sections were re-hydrated in alcohol and endogenous peroxidase activity was blocked 
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with methanol/10% hydrogen peroxide. After unmasking with the proper antigen retrieval and 

treating with blocking solutions, the slides were incubated overnight at 4°C with anti - p(S396)-IRF3 

or anti - IRF3 antibodies (Cell Signaling, 29047 and Abcam, ab68481 - respectively) 1:50. After 

rinsing, slides were incubated with the appropriate horseradish peroxidase-conjugated secondary 

antibody and developed with 3-3-diaminobenzidine (DAB). The slides were analysed with the Leica 

DMD108 microscope (Leica) connected to a digital camera (Leica). p(S396)-IRF3 and total IRF3 

quantification was performed in 10 random non-overlapping fields per slide (200X magnification) 

by manually counting the number of positive cells with the software ImageJ. The results are 

expressed as percentage of positive cells per field. Nuclei were counterstained by Hematoxylin.  

Cells culture and treatment 

HepG2 cells (ATCC, Manassas, U.S.A) was cultured at 5% CO2 and humidified atmosphere in DMEM 

supplemented with 10% FBS, 2 mM L-glutamine, 100 units/ml penicillin and 0.1 mg/ml streptomycin 

(all from ThermoFisher, Waltham, US). Before treatment, cells were starved for 24h using a 

quiescence medium containing 0,5% FBS. When specified, HepG2 cells or CRISPR Cas9 derived 

clones were exposed to a mixture of oleic (OA) and palmitic (PA) acids, respectively given in ratio 

2:1 at 0.5mM or 10% FBS for 24 hours.  Moreover, cells were treated with both Amlexanox (Sigma-

Aldrich, Sant Luis, U.S.A.) at 50-100 M and Sorafenib (Santa-Cruz biotech, Dallas, U.S.A.) 2.5 M 

alone or in combination.  
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CRISPR-Cas9 genome editing 

To evaluate the effect of IRF3-CL and noncoding transcripts knockout a somatic variant in the IRF3-

CL and ENST00000599680 specific exon 7 splicing acceptor was introduced. Briefly, a Doxycycline 

(Therm-Fisher, Waltham, US) inducible Cas9 expressing HepG2 cell line was produced by lentiviral 

infection exploiting was produced exploiting Edit-R Inducible Lentiviral Cas9 Nuclease vectors 

(Dharmacon, Lafayette, U.S.A.) according to manufacturer’s instructions. Specific guide RNA (3’-

CCCCGGGTCCTCGGATCAGT-5’) was designed using free online CRISPR design tool 

(http://crispr.mit.edu/) and cloned into a pGL3-U6-sgRNA-PGK-puromycin empty backbone 

(Addgene #51133) (258). After Cas9 induction cells were transfected with the expression vector, 

selected with 1ug/mL puromycin (Thermo-Fisher, Waltham, US) for two weeks. Single cell derived 

populations were obtained by limiting diluition method and presence of mutations in the specified 

locus was investigated by T7 nuclease assay (New England Biolabs, Ipswich, US) and further 

confirmed by Sanger sequencing using BigDye Terminator v1.1 Cycle Sequencing Kit (Thermo-Fisher, 

Waltham, US), on an ABI PRISM 310 genetic analyzer (Applied Biosystems, Foster City, CA). 

CRISPR/Cas9 workflow is summarized in Figure 10. 

http://crispr.mit.edu/
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Figure 10 - CRISPR-Cas9 precise genome editing workflow 
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RNA extraction and RT-qPCR. 

Cell lysis and RNA extraction was performed using Trizol reagent. RNA was reverse transcribed using 

SuperScript VILO cDNA Synthesis Kit. Gene expression levels were measured by Real time 

quantitative polymerase chain reaction (RT-qPCR) exploiting the SYBR green chemistry (Fast SYBR 

Green Master Mix) on ABI 7500 fast thermocycler (all from ThermoFisher, Waltham, US). All 

reactions were performed in triplicate. Gene expression levels were normalized using the 2 -ΔCt 

method. β-Actin was used as housekeeping gene exploiting 3’-GGCATCCTCACCCTGAAGTA-5’ and 3’-

GGGGTGTTGAAGGTCTCAAA-5’ oligos (all oligos from Sigma-Aldrich, Sant Luis, U.S.A.) as forward 

and reverse primers, respectively. IRF3-CL was quantified using 3’-GCCCAGGAGCCTACAATGAA-5’ as 

forward and 3’-GGGAAGAGTGGGAGTTCGAG-5’ as reverse primers. For whole IRF3 mRNA levels 

assessment we used 3’-CGTGATGGTCAAGGTTGTGC-5’ and 3’-GTTGAGGTGGTGGGGAACA-5’ oligos 

as forward and reverse primers, respectively.  

MTS Cell Proliferation Assay 

To evaluate cell proliferation rate assay 2.500 cells/well on 96-well in triplicate and kept them in 

humidified atmosphere 5% CO2 at 37°C for 24 hours. Growing medium and treatments were given 

fresh daily in all experiments. CellTiter 96 AQueous One Solution Cell Proliferation Assay (MTS) 

(Promega, Madison, U.S.A) was employed according to the manufacturer’s instructions. Absorbance 

at 450 nm and 650 nm was measured using a Tecan microplates reader (Tecan Group, Switzerland).   
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Statistical analysis 

For descriptive statistics, continuous variables were shown as mean and standard deviation. Highly 

skewed biological variables were reported as median and interquartile range and were log-

transformed before analyses. Allele frequency were compared between groups using Fisher Exact 

test, multiplicity correction according to Bonferroni’s method was used when appropriate. Adjusted 

p values <0.05 were considered statistically significant. Categorical variables were tested by chi-

squared test and are presented as number and proportion. In all transcriptome-wide unsupervised 

analysis and gene set enrichment analysis, p values were corrected for multiplicity by Benjamini-

Hochberg false discovery rate (FDR) method, and adjusted p-values <0.1 were considered 

statistically significant. Differences between groups were evaluated by two-tailed Student’s t-test 

or analysis of variance followed by post-hoc Tukey’s honest significance test, when appropriate. 

Statistical analyses were carried out using the R software version 3.5.0 (http://www.R-project.org/). 
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RESULTS 

IRF3 rs141490768 is enriched in NAFLD HCC samples 

In the current project we evaluated contribution of rare variants determining an alteration of 

protein sequence in determining the predisposition to develop NAFLD HCC with a hypothesis-free 

approach. As specified in the method section, association with HCC of all rare nonsynonymous or 

splice variants retrieved was performed by Fisher exact test followed by Bonferroni’s multiplicity 

correction. As shown in Figure 11 and Table 4, analysis revealed a strong enrichment (OR=38.4; 95% 

CI= 12-97; p=3.85*10-7; Table 4), for Interferon regulatory factor 3 (IRF3) rs141490768 variant in HCC 

(N=72) group compared with European population (N=33173). Moreover, no patients of our local 

healthy donors group carrying the rs141490768 was identified. To validate the association, 

rs141490768 genotype was evaluated in 105 further NAFLD HCC patients (HCC validation cohort), 

211 NAFLD F3-F4 fibrosis patients (Advanced fibrosis validation cohort) and further 270 Italian 

patients without evidence of advanced liver disease. As reported in Table 4, we couldn’t identify 

other NAFLD HCC patients carrying the rs141490768. However, we detected a significant increased 

MAF in the Advanced fibrosis validation cohort (p=0.049; OR=5.8; 95% CI = 0.7-21; Table 4). Overall, 

variants were associated in NAFLD HCC/Advanced fibrosis patients compared with the European 

population (OR=11; 95% CI= 4-24; p=6.16*10-6; Table 4) or our ethnically matched control 

population alone.  
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Figure 11 - Manhattan plot of variants tested in the HCC Discovery cohort. 

 

 MAF 
Cases 

MAF 
Controls 

N Cases 
N 

Controls 
P OR 95% CI 

Discovery Cohort 0.035 0.0009 72 33223 3.85*10-7 38.4 12-97 

HCC  
Validation Cohort 

0 0.0008 105 64660 1 0 0-22 

Advanced Fibrosis 
Validation Cohort 

0.005 0.0008 211 64660 0.049 5.8 0.7-21 

Overall 0.009 0.0008 388 64710 6.16*10-6 11 4-24 

Table 4 - rs141490768 enrichment statistics in the WES and the expanded cohorts 
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IRF3 rs141490768 affects the IRF3-CL regulatory isoform 

Interestingly, rs141490768 does not affect IRF3 main isoform protein sequence, but results in a 

A418T change in the regulatory isoform IRF3-CL and was predicted in silico with a very high 

likelihood to alter protein activity (CADD Phred score (240)= 24.1). Moreover, rs141490768 also 

determined a single nucleotide change in two noncoding transcripts (NC) described in the ENSEMBL 

database as ENST00000596644 and ENST00000599680, hereafter referred to as IRF3-NC1 and IRF3-

NC2 (Figure 12). 

 

Figure 12 - IRF3 transcripts overlapping the rs141490768 locus 
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Rare IRF3-CL variants are enriched in patients with advanced NAFLD 

IRF3 enrichment in variants with the same features of the rs141490768 in Italian patients with 

advanced NAFLD vs control samples and the gnomAD NFE population (N=53006) was then evaluated 

by CAST burden test. We thus considered all rare (MAF≤0.005 ExAC NFE) variants affecting IRF3-CL 

isoform sequence but not that of IRF3 with a high likelihood of impair protein function (CADD phred 

score > 20) and compared mutational burden in our discovery HCC cohort (N=72) and NAFLD F3-F4 

fibrosis patients with available WES data (N=152). CAST test (Table 2) revealed significant 

association in both the discovery (p=5.69*10-7; OR= 35.5; 95% CI = 11-90, Table 5) and the validation 

cohorts (OR=6.4; 95% CI= 0.8-24; p=0.04; Table 5). Overall, rare variants affecting specifically IRF3-

CL isoform were more frequent in severe NAFLD patients compared to the general population 

(p=7.55*10-7, OR= 15, 95% CI = 6-33). Importantly, the lone variant affecting specifically IRF3-CL in 

patients was the rs141490768.  

 Cases 
(Mut/Total) 

Controls 
(Mut/Total) 

N variants p OR 95% CI 

Discovery Cohort 5/72 111/53006 24 5.69*10-7 35.5 11-90 

Advanced fibrosis 

Validation Cohort 
2/152 111/53006 24 0.04 6.4 0.8-24 

Overall 7/224 111/53006 24 7.55*10-7 15 6-33 

Table 5 - IRF3 Burden test analysis results  
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IRF3-CL and IRF3-NC1 are highly expressed in the Liver 

We therefore exploited the transcriptomic cohort to examine the expression and regulation of IRF3 

and its pathway during liver damage development. As shown in Figure 13, the canonical IRF3 isoform 

transcripts were the most expressed in the liver, but we also found high expression levels of the 

IRF3-noncoding 1 (IRF3-NC1) transcript. IRF3-CL was expressed at a lower levels, but it was 

detectable in almost all patients, while IRF3-noncoding 2 (IRF3-NC2) was the isoform with the lowest 

expression, being detectable only in a subset of patients (Anova p < 2*10-16, p < 10-10 for all 

comparisons).  

 

Figure 13 - Liver expression of IRF3 isoforms of interest. *** p<0.001 vs all other isoforms, post-hoc 

Tukey HSD test. 
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IRF3-CL and IRF3-NC1 mRNA levels correlated with liver disease severity 

We could not detect any difference in the overall expression of the IRF3 gene main isoform (figure 

14 A) according to liver disease severity. However, we identified a positive correlation between IRF3-

CL isoform mRNA levels and disease severity (figure 14B, β= 1.31, p=0.02). Conversely, IRF3-NC1 

expression was inversely correlated with liver disease stage (figure 14C, β=-0.76, p=0.02). 

Furthermore, we identified a positive correlation between expression levels of IRF3 main transcript 

and IRF3-NC1 (β=0.3, p<0.05, Figure 14D) but not with those of IRF3 (figure 14D).  

 

Figure 14 – A, B, and C: Liver mRNA levels of IRF3 main isoform (A), IRF3-CL isoform (B), IRF3-NC1 

transcript (C) assessed in the Transcriptomic cohort according to liver disease stage. D: IRF3 

transcripts expression correlation matrix. 
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IRF3, IRF3-CL and noncoding transcripts are associated with IRF3 pathway activation 

To explore the functions of the different IRF3 transcripts, co-expression analysis was performed. As 

shown in Figure 15A, gene set enrichment analysis (GSEA) revealed a positive correlation between 

the IRF3 main isoform with pathways involved in inflammation (e.g. TNFα, IFNα, IFNγ signaling 

pathways), fibrogenesis (epithelial to mesenchymal transition, myogenesis), apoptosis and response 

to DNA damage (e.g. P53 pathway, apoptosis), and cell proliferation (Wnt-β catenin pathway, 

mitotic spindle). Interestingly, pathways inversely correlated with IRF3 were mainly involved in lipid 

metabolism (e.g. Oxidative phosphorylation, peroxisomes, fatty acids metabolism).  On the other 

hand, pathways correlated with IRF3-CL (Figure 15B) were involved in both lipid metabolism (e.g. 

Oxidative phosphorylation, fatty acids metabolism), PI3K-AKT-mTOR axis, inflammation (e.g. IFNα 

signaling), apoptosis and cell response to stress (e.g. apoptosis, P53 pathway, ROS pathway). 

Consistently, a negative correlation with genes involved in reduction of UV response was evidenced. 

Concerning the noncoding transcripts, IRF3-NC1 (Figure 15C) was positively correlated with genes 

involved in DNA repair and Wnt-β catenin pathway. Interestingly, IRF3-NC1 was negatively 

correlated with genes mainly involved in metabolism (e.g. oxidative phosphorylation, PI3K-AKT 

signaling, fatty acids, bile acids and heme metabolism), cell stress response (UV response down) and 

inflammation (IL2, IL6 signaling pathways).  
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Figure 15 - Co-expression analysis of IRF3 main isoform (A), IRF3-CL (B), and IRF3-NC1 (C). 
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Expression of IRF3 protein and nuclear localization are increased with liver damage 

severity and transition to cancer 

To further investigate IRF3 role in NAFLD progression, IRF3 protein levels and its transcriptionally 

active form P-Ser396 IRF3 were evaluated in a cohort of samples (N=18) stratified by severity of liver 

disease (Figure 16A).  In NASH patients, we detected an increase in IRF3 (p<0.05) and P-IRF3 protein 

levels, as compared to isolated steatosis (Figure 16B, p<0.01) and normal liver. In NAFLD-HCC, we 

detected increased levels of both IRF3 and P-IRF3 compared as compared to the extra-tumoral 

tissue (Figure 16C), suggesting that IRF3 is upregulated during hepatic carcinogenesis and 

transcriptionally competent. In keeping, IRF3 mRNA levels were evaluated in HCC and control tissue 

of 20 patients of the cancer genome atlas project (TCGA), who were selected because they 

developed HCC not related to chronic viral hepatitis or alcohol abuse (Figure 17, p<0.05). 
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Figure 16 - IHC Staining(A) and quantification (B and C) of IRF3 and PSer396-IRF3. * p<0.05 vs Normal 

liver, ** p<0.01 vs Normal liver, Student’s T test 

 

Figure 17 – Expression levels of IRF3 in tumor healthy tissue of patients of the TCGA-LIHC cohort. * 

p<0.05 Student’s T test 

A 

B C 
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Free fatty acids and proliferation stimuli activates IRF3 

To investigate the mechanisms leading to IRF3 activation during NAFLD progression, we next tested 

whether increased free fatty acids exposure, which is the hallmark of NAFLD, can trigger IRF3 

activation in HepG2 hepatoma cells, a widely used in vitro model, characterized by relatively 

preserved regulation of lipid metabolism. HepG2 exposure to a mixture of saturated (palmitic acid) 

and mono-unsaturated (oleic-acids) determined an increase in Ser396 phosphorylation of IRF3 

(Figure 18A and 18B, p<0.05). These data are consistent with the hypothesis that free fatty acids 

play an active role in activating IRF3. Moreover, given the relationship between the expression of 

IRF3 principal isoform and pathways involved in cell proliferation, we asked whether IRF3 could be 

responsive also to proliferation stimuli. In HepG2 cells exposed to a growth medium supplemented 

with 10% fetal bovine serum we detected strongly increased IRF3 phosphorylation levels (Figure 

18C and 18D, p<0.05). 
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Figure 18 - Western blot analysis of IRF3 activation upon Free fatty acids (A and B) and Fetal Bovine 

Serum (C and D). Graphs (B and D) are representative of three independent experiments, * p<0.05 

Student’s T test 

  

A C 

B D 
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Amlexanox treatment inhibit FBS induced IRF3 activation 

Amlexanox is a selective inhibitor of IKKε/TBK1, a kinase cascade pathway that is responsible to 

activation of cellular stress responses during lipotoxicity and other triggers of cell stress. We first 

confirmed that 100µM amlexanox is capable of impairing of IRF3 activation in response to 10% FBS 

in HepG2. As shown in Figure 19, the upregulation of of P(Ser396)-IRF3 upon FBS stimulation was 

prevented by amlexanox pre-treatment. 

 

Figure 19 – Activation levels of IRF3 in HepG2 Cells upon FBS stimulation pre-treated or not with 

100μM amlexanox. 
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Amlexanox treatment impairs HepG2 cells proliferation 

To further investigate the relationship between IRF3 activation and cell proliferatio n, we next 

evaluated the effect of Amlexanox, on cells growth rate. We found that 100µM Amlexanox 

hampered cell number increased both when administered alone or in combination with 2.5 µM 

Sorafenib (Figure 20A and B, p<0.05). These data suggest that IRF3 activation favors the proliferation 

of hepatocytes, while inhibition contrast cell growth or favor apoptosis. 

 

Figure 20 - HepG2 treatment with Amlexanox (A) and Sorafenib + Amlexanox (B). Graphs are 

representative of three independent experiments, * p<0.05 vs Control ** p<0.05 vs Sorafenib, 

Student’s T test 
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Heterozygous disruption of IRF3-CL splicing consensus results in impaired IRF3-CL 

expression 

Following exposure of Cas9+ cells with specific sgRNA expressing plasmids after the induction of the 

enzyme, we could isolate a clone carrying insertion/deletion in the specific exon VII consensus 

sequence of IRF3-CL without affecting IRF3 canonical exon VII splicing consensus in heterozygosity 

(Figure 21). As specified in the method section recombination event was assessed by T7 nuclease 

heteroduplex analysis and confirmed by direct sequencing wit Sanger method. Importantly, in 

keeping with the predicted impact of this genetic alteration, we detected an 50% reduction of IRF3-

CL mRNA in IRF3-CL+/- cells (p<0.05, Figure 22). 

 

Figure 21 – Schematic representation of the mutation induced in HepG2 cells.   
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Figure 22 – Expression levels of the whole IRF3 gene products (left) and the specific IRF3-CL mRNA. 

Graphs are representative of three independent experiments, *p<0.05 Student’s T test.  
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Knockout of IRF3-CL results in IRF3 increased activity 

IRF3+- cells displayed higher pSer396-IRF3 levels upon exposure to 10% FBS, thus supporting an 

inhibitory role for IRF3-CL or noncoding transcripts on IRF3 activity (Figure 23A and B).  

 

Figure 23 - Western blot analysis of IRF3 activation upon Fetal Bovine Serum (A and B) in wild-type 

or IRF3-CL+/- cells. Graphs (B) is representative of three independent experiments, * p<0.05 Student’s 

T test 

  



77 

 

 

IRF3-CL+/- cells are more susceptible to amlexanox-induced inhibition of growth 

We then tested if IRF3-CL+/- could have an enhanced cell proliferation and a more sustained 

response to amlexanox. IRF3-CL+/- HepG2 and wild-type littermates were then cultured in presence 

or not of amlexanox 100μM, sorafenib 2.5µM or both the drugs. Cell growth was assessed at the 

baseline and after 24, 48, and 72 hours of treatment by MTS assay. We couldn’t identify an increased 

growth rate in IRF3-CL+/- cells compared with wild types in standard growing conditions. However, 

heterozygous knockdown of IRF3-CL resulted in an increased sensitivity to amlexanox treatment 

(Figure 24A, p<0.05). This effect was detectable also in presence of sorafenib (Figure 24B, p<0.05). 

These data suggest that inhibition of IRF3 pathway may increase the response to anti  neoplastic 

treatments in immortalized hepatocytes. 
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Figure 24 - HepG2 and IRF3-CL+/- clones treatment with Amlexanox (A) and Sorafenib + Amlexanox 

(B) Graphs are representative of three independent experiments; * p<0.05 vs Control ** p<0.05 vs 

Sorafenib, Student’s T test 
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DISCUSSION 

In the first part of the study we identified a novel genetic variant, IRF3 rs141490768, as associated 

with a strongly increased risk for the development of advanced NAFLD at exome-wide level. The 

lack of a statistically significant association of this variant with the risk of NAFLD-HCC in our 

validation cohort alone represent a limitation of the current study. However, we could validate the 

association in an independent cohort of patients with F3-F4 fibrosis. Furthermore, the association 

remained strongly significant considering all patients. Moreover, IRF3 gene resulted enriched in rare 

variants affecting specifically the previously described inhibitory isoform IRF3-CL, overlapping with 

non-coding transcripts (220), in both our WES discovery and validation cohort, supporting a role for 

mutations in this section of the gene in the progression of liver disease. Moreover, ENSEMBL 

database reports the presence of two non-coding transcripts altered by these two variants here 

referred as IRF3-NC1 and IRF3-NC2 of unknown functionIRF3 is a transcription factor involved in 

innate immunity response to exogenous nucleic acids as dsRNA or cytosolic dsDNA (193, 259). Its 

activation results mainly in a Type-I interferons inflammatory response activation and apoptosis 

(193, 259). Recently, IRF3 activity was linked also to cell proliferation due to crosstalk with WNT-B 

catenin and YAP-TAZ pathways (228, 232, 260). Moreover, other stimuli for its activation, e.g. ER 

stress and free fatty acids exposure (215), were identified. Importantly, a function of IRF3 in 

pathogenesis of both alcoholic hepatitis and NAFLD have been already identified (216, 217, 224, 

261). However, IRF3 activity in NAFLD along with the role of IRF3-CL and of the two noncoding 

transcripts remains largely elusive. Interestingly, transcriptome analysis revealed high expression 

levels for IRF3-NC1, also IRF3-CL was detectable in all patients. Moreover, both IRF3-CL and IRF3-
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NC1 expression levels were correlated to the liver disease stage suggesting an involvement in NAFLD 

pathogenesis. Co-expression analysis confirmed a possible role of IRF3 in orchestrating 

inflammatory response, cell proliferation and apoptosis, as it was coregulated with these pathways. 

Moreover, the analysis highlighted a strong relationship between IRF3 and metabolism. IRF3-CL 

effect on lipid metabolism was opposite to that of IRF3, while it was correlated with the 

inflammatory response, suggesting it may mediate a negative-feedback mechanism. Conversely 

IRF3-NC1 mRNA levels were negatively correlated with those of genes involved in inflammatory 

pathways. In keeping with the proposed role of IRF3 in promoting NASH and with our transcriptomic 

analyses, IRF3 was found to be progressively induced at the protein and localized to the nucleus 

during NAFLD progression level and particularly overexpressed in NAFLD HCC.  Moreover, in HepG2 

cells IRF3 was responsive to free fatty acids and proliferation triggers, further supporting its role in 

orchestrating hepatocytes metabolism and proliferation. Taken together, these data supports an 

active role for IRF3 in NAFLD progression toward fibrosis and HCC.  Indeed amlexanox, an inhibitor 

of the IKK/TBK1-IRF3 axis, is currently in study for the treatment of NAFLD and obesity linked 

disfunctions (225, 226). Importantly, amlexanox treatment reduced the in vitro growth of hepatoma 

cells, alone or in combination with sorafenib, further supporting a role for this transcription factors 

in modulating cell proliferation. Considering IRF3-CL, heterozygous IRF3-CL KO resulted in an 

increased activation of IRF3 in response to FBS confirming IRF3-CL activity as an IRF3 negative 

regulator. This suggest that the rs141490768 mutation results in increased IRF3 activity, promoting 

by this mechanism NAFLD progression and cancer development. Moreover, HepG2 IRF3-CL+/- 

clones were more sensitive to amlexanox treatment supporting that cell proliferation reduction 

observed in HepG2 cells were due to IRF3 activity impairment. These data suggest that amlexanox 
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treatment may be particularly useful for HCC showing upregulation of IRF3 or in patients carrying 

IRF3-CL loss-of-function mutations. 

 In conclusion, the rs141490768 IRF3 variant is associated with an increased risk to develop 

advanced NAFLD. Moreover, IRF3 was found to be upregulated during liver disease progression, in 

parallel with the inflammatory response, altered lipid metabolism, and cell proliferation. Even if 

further mechanistic studies are required to clarify the complex network of interactions among IRF3, 

IRF3-CL and the two noncoding transcripts considered, our in vitro experiments confirm that IRF3-

CL exerts an inhibitory effect on the activation of the main IRF3 isoform, which promotes cell 

proliferation. Altogether, data suggest that the mechanism underpinning the association of the 

rs141490768 variant with NAFLD progression to severe fibrosis and HCC is related to facilita tion of 

IRF3 pathway activation. Finally, results support the necessity of further studies to examine the 

possible role of amlexanox (or other Ike inhibitors) in NAFLD treatment and points out this chemical 

as good candidate to be further evaluated also in the treatment of NAFLD HCC in combination with 

Sorafenib.  
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LIMITATIONS AND FUTURE DIRECTIONS 

Association between rs141490768 and endpoint NAFLD and burden test results have to be further 

confirmed in larger cohorts. Our study together with literature confirm IRF3 involvement in NAFLD 

transition to severe fibrosis and NAFLD HCC. However, further insights about the contribution of 

this transcription factor to hepatocytes biology as well as further information about IRF3-CL activity 

are required. To this purpose, further studies on IRF3-CL+/- models are currently ongoing to 

determine variations in terms of cell cycle stage, metabolism and apoptosis. Furthermore, the 

generation and characterization of IRF3-full KO HepG2 hepatocytes is ongoing. Considering the two 

noncoding transcripts, we could provide only limited insights about function of IRF3-NC1 

representing another limitation of the current study.  Finally, rs141490768 effect on IRF3-CL activity 

is based on an in silico prediction (240). Due to its extremely low allele frequency we could not 

perform any further genotype-phenotype association providing insights about the overall effect of 

this variant. Moreover, rs141490768 impact on the functions of IRF3-NC1 and IRF3-NC2 activity 

remains unexplored. To address these limitations, we are now developing an HepG2 cell line 

carrying this variant (knock-in line) exploiting CRISPR/Cas9 precise genome editing method (262). 

Studies on this model will be of great value to confirm the link between rs141490768 and cancer 

and to clarify the molecular mechanisms beyond this association. 
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