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ABSTRACT

Hepatocyte nuclear factors (HNF) are transcription factors that crucially 
regulate cell-specific gene expression in many tissues, including the liver. Of these 
factors, HNF4A acts both as a master regulator of liver organogenesis and a tumor 
suppressor in the liver. In our whole genome sequencing analysis, we found seven 
somatic mutations (three Zn-finger mutations, three deletion mutants, and one intron 
mutation) of HNF4A in liver cancers. Interestingly, three out of seven mutations were 
clustered in its Zn-finger DNA-binding domain; G79 and F83 are positioned in the 
DNA recognition helix and the sidechain of M125 is sticking into the core of domain. 
These mutations are likely to affect DNA interaction from a structural point of view. 
We then generated these mutants and performed in-vitro promoter assays as well as 
DNA binding assays. These three mutations reduced HNF4 transcriptional activity at 
promoter sites of HNF4A-target genes. Expectedly, this decrease in transcriptional 
activity was associated with a change in DNA binding. RNA-Seq analysis observed 
a strong correlation between HNF4A expression and expression of its target genes, 
ApoB and HNF1A, in liver cancers. Since knockdown of HNF4A caused a reduction in 
ApoB and HNF1A expression, possibly loss of HNF4 reduces the expression of these 
genes and subsequently tumor growth is triggered. Therefore, we propose that HNF4A 
mutations G79C, F83C, and M125I are functional mutations found in liver cancers 
and that loss of HNF4A function, through its mutation, leads to a reduction in HNF1A 
and ApoB gene expression with a concomitant increased risk of liver tumorigenesis.

www.oncotarget.com                               Oncotarget, 2018, Vol. 9, (No. 40), pp: 26144-26156

INTRODUCTION

Chronic liver damage arising from excessive 
tobacco or alcohol consumption as well as hepatitis B and 
C viral infections often sets the stage for the oncogenic 
transformation of liver cells [1–4]. Nonetheless, precise 
mechanism driving the oncogenic transformation of liver 
cells remains unclear. The development of next generation 
sequencing (NGS) has led to an ever-increasing number 
of research projects investigating the liver cancer genome. 
These studies have identified many single nucleotide variants 
and copy number alterations implicated in liver cancer [5–7]. 

In this regard, the International Cancer Genome Consortium 
(ICGC) has coordinated a large number of research projects 
that have the common aim of comprehensively elucidating 
the genomic changes present in many forms of cancers 
including liver cancer [5, 7–10]. Though of great interest to 
the scientific community, the results of these high-throughput 
research projects must be validated through functional studies 
to interpret these mutations and to expand their full potential 
to benefit society.

In our NGS analysis of virus-related liver cancers, 
the most significantly mutated genes were CNNTB1, 
TP53, ARID1A/ARID2, and TERT [7]. In addition to 
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these major driver genes, we identified many low-
frequency driver genes such as HNF4A. HNF4A is 
a transcription factor which plays a major role in a 
variety of developmental events, especially in hepatic 
organogenesis [11–13]. HNF4A is also a master regulator 
of liver-specific gene expression, and these target genes 
are involved in intermediary metabolism, xenobiotic 
and drug metabolism, and liver cancer [14–20]. HNF4A 
binds to a specific DNA consensus element, which is 
known as the DR1 binding site (AGGTCAxAGGTCA), 
as well as a recently identified HNF4A-specific binding 
element xxxxCAAAGTCCA [19]. Tissue-specific 
Hnf4a knock-out (KO) mice revealed that the loss of 
Hnf4a caused severe hepatomegaly and steatosis with 
a selective disruption of very-low-density lipoprotein 
secretion due to decreased expression of genes encoding 
apolipoprotein B [20, 21]. Moreover, the KO of Hnf4a 
suggested that Hnf4a could act as tumor suppressor in 
liver [21]. Interestingly, several studies demonstrated 
that a reduction in HNF4A activity is highly related 
to tumor establishment [21–23]. IDH-mutant mice, 
exhibiting a reduction in Hnf4a expression, expressed 
severe HCC liver phenotypes [18]. A recent study of 
Yap KO and Mst1/2 double KO mice also demonstrated 
severe HCC phenotypes with a concomitant reduction in 
Hnf4a expression [17], suggesting that the inhibition of 
mouse Hnf4a activity is an important trigger in tumor 
formation and/or progression in liver. On the other hand, 
germline HNF4A mutations are linked to maturity-onset 
diabetes of the young (MODY)-1, which is an atypical 
form of type 2 diabetes (T2D) [24, 25]. Therefore, 
the relationship between HNF4A and T2D has been 
extensively studied [26]. Although previous studies of 
Bonzo et al. and others have further identified HNF4A 
as potential tumor suppressor [21–23], the functional 
importance of its mutation is not well understood. Our 
analysis successfully revealed relatively rare gene 
mutations which play crucial roles in hepatic tumor 
formation. HNF4A controls the expression of many 
genes, especially those involved in metabolism and liver 
cell fate decisions through the binding to its target gene 
promoter regions via the Zn-finger DNA binding domain 
[27]. Thus, we here focused on the functional analysis 
of HNF4A mutations in liver cancers, namely HNF4A 
G79C, F83C, and M125I, which are in the Zn-finger 
DNA binding domain of HNF4A. 

RESULTS

Somatic mutations of HNF4A in liver cancers 

Our whole genome sequencing analysis of liver 
cancers identified HNF4A as a driver gene candidate 
[7]. Sanger sequencing validated the somatic mutations 
located in the Zn-finger region of HNF4A (G79C, 
F83C, and M125I, in Figure 1A). Since G79 and F83 

are located in the DNA recognition helix and M125 is in 
the backside of the DNA recognition helix, mutation at 
these sites is expected to have a large impact on DNA-
binding and protein stability (Figure 1B). To examine 
effect of the mutations from a structural point of view, 
we modelled 3D-structures of the mutants based on 
a crystal structure (PDB ID: 3cbb) by replacing a 
sidechain with the structurally best fit rotamer from 
a rotamer library using pymol software (The PyMOL 
Molecular Graphics System, Version 2.0 Schrödinger, 
LLC). In case of G79C, any rotamer did not fit in at 
the position and the mutation caused a clash with the 
phosphate backbone of DNA. F83C mutant produced 
a cavity in the interior of the protein, which surely 
destabilizes the protein. M125I also produced a cavity, 
destabilizing the protein (Figure 1C). 

In the ICGC database (Release 23, https://dcc.icgc.
org/), there are other HNF4A mutations reported, which 
are mostly located in the Zn-finger region or the ligand 
binding domain of HNF4A (Figure 2A and Table 1). Five 
mutations (G79C, G79S, F83C, R113C, and M125I) in 
the Zn-finger region and six mutations (Q164X, M191X, 
A247X, I268S, F294I, L341P) in the ligand binding 
domain are listed in the database. These data suggest 
that HNF4A mutations in these regions may have some 
impacts on liver carcinogenesis. From an evolutionary 
perspective, the Zn-finger mutations found in this study 
are well conserved among various species including fly 
(Figure 2B). The asterisks in red indicate the location of 
the Zn-finger mutations (G79, F83, and M125) and the 
asterisks in black indicate the location of ligand domain 
mutations. The conserved domains among the analyzed 
species (human, mouse, bovine, zebrafish, and fly) are 
highlighted in red and the domains that we performed 
functional analysis in this study are 100% conserved 
throughout the different species. The mutations in such 
evolutionary conserved elements suggest a strong effect 
on the protein function although further studies are 
necessary. 

HNF4A mutants display reduced transcriptional 
activity 

To investigate the effect of these human HNF4A 
mutations in the Zn-finger regions, we examined the 
transcriptional activity of three missense mutants (G79C, 
F83C, and M125I), which were detected in our report 
[7]. The HNF4A mutants were first compared with 
the wild-type protein for their ability to trans-activate 
HNF4A-responsive element containing promoters. These 
experiments were conducted in heterologous HEK 293 
cells lacking endogenous HNF4A expression (Figure 3A). 
Although the wild-type HNF4A overexpression induced 
the activity of the HNF4A-responsive element containing 
promoters, the HNF4A G79C, F83C, and M125I mutations 
completely lost their transcriptional activity. 
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Western blot analysis was performed to assess the 
overexpression of the Flag-tagged HNF4A wild-type and 
the Zn-finger mutants. The result shows that the HNF4A 
wild-type and the Zn-finger mutants are equally expressed 
and they are also detected by the HNF4A antibody. Thus, 
it is concluded that the observed effect was intrinsic to 
the mutant proteins since neither the expression level nor 
the cellular localization of the overexpressed proteins were 
affected (Figure 3B). Similar results were also observed in 

HuH7 cells (data not shown). Furthermore, our functional 
analysis reveals that the mutations in the ligand binding 
domain caused a reduction of the HNF4A transcriptional 
activity. 

Much like the Zn-finger domain, the HNF4A ligand 
binding domain is important to exert the proper transcriptional 
activity. Therefore, it is possible that mutations in the ligand 
binding domain cause a defect in the transcriptional activity 
of HNF4A. Indeed, other HNF4A mutants (Q164X, 191X), 

Figure 1: HNF4A mutations in liver cancer and their 3D structures. (A) Detection of HNF4A mutations by Sanger sequencing 
in blood and liver cancer. (B) The locations of G79, F83 and M125 in a complex structure of the wild-type of HNF4A and DNA (PDB code: 
3cbb). These amino acids are represented with stick model and are colored in magenta with residue number. The figures were drawn using 
pymol (The PyMOL Molecular Graphics System, Schrödinger, LLC.). (C) 3D-stuructures of HNF4A mutants (G79C, F83C, and M125I). 
The wild-type and mutated residues are colored in blue and magenta, respectively, and represented with stick and space filling models. 
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Figure 2: Positions of HNF4A mutations in liver cancer. (A) Positions of novel mutations are indicated in the human HNF4A 
protein structure (DNA binding domain; green, Ligand biding domain; blue). (B) The alignment of the human, mouse, bovine, zebrafish, 
and fly HNF4A amino acid sequence and mutations found in our NGS analysis. Red color box shows highly conserved (100%) elements 
among the species. HNF4A mutations were indicated by asterisks. 



Oncotarget26148www.oncotarget.com

which lead to truncation of the ligand binding domain, also 
reduced their transcriptional activity (Figure 3A), suggesting 
that the mutations located in the ligand binding domain of 
HNF4A merit further study. Interestingly, ICGC database 
has also identified five potential HNF4A mutations in the Zn-
finger region (G79S) and the ligand binding domain (I268S, 
F294I, and L341P) of HNF4A, as well as one mutation 
(Q32X) in the N-terminal region of HNF4A (Figure 2A), 
suggesting that these mutations are possibly functional in 
liver cancer development. Further studies are needed to 
clarify this point. 

HNF4A mutants have reduced DNA-binding 
affinity 

The reduced transcriptional activity of certain 
HNF4A mutants suggests that amino acid alterations may 
directly influence HNF4A DNA binding. In this regard, 
we compared the ability of the wild-type and mutant 
HNF4A proteins to bind to the HNF4A binding elements 
of HNF1A and Apolipoprotein B (ApoB) promoters using 
EMSA analysis. Along with reduced transcriptional activity, 
HNF4A G79C, F83C, and M125I mutants show a markedly 
reduced binding to HNF1A and ApoB promoters compared 
to the wild-type HNF4A (Figure 4A), though expression 
levels of the wild-type and mutant HNF4A proteins were 
similar (Figure 4B). Moreover, the fact that the HNF4A 

antibody shifted the binding of HNF4A to the HNF1A and 
ApoB promoter DNA sequences suggests that the binding 
found in this study is specific for HNF4A/DNA binding. 

Since the nuclear localization may alter HNF4A 
mutant transcriptional activity, we have tested whether 
HNF4A mutants have proper nuclear localization ability. 
The localization of these mutant proteins did not change 
in HEK293 or HuH7 cells. Immunofluorescent staining 
shows that both the wild-type and mutants HNF4A 
were localized in the nucleus of HEK293 and HuH7 
cells (Figure 5). These results together with the loss of 
transcriptional activity caused by the mutations suggest 
that HNF4A G79C, F83C, and M125I mutants have 
reduced transcriptional activity due to the loss of their 
ability to bind to target elements of promoter regions and 
not because of changes in their nuclear localization. Since 
the nuclear localization signal of HNF4A is located at the 
C-terminus, the Zn-finger mutations did not appear to 
disrupt nuclear localization signal. This is supported by 
the result that the wild-type and mutant HNF4A proteins 
were similarly expressed in the nucleus (Figure 4B).

HNF4A expression is silenced in undifferentiated 
liver cancer cells

Our siRNA-mediated knockdown of HNF4A led 
to a significant reduction in HNF1A and APOB mRNA 

Table 1: Novel human HNF4A mutations identified in 300 liver cancer patients and in ICGC database

ID Donor ID RIKEN 
ID

ICGC 
Project Position DNA change Protein 

change Consequence Verification 
Status

Disease-free 
survival (M)

MU29810660 DO50767 LICA-FR chr20:g.43030106 C > T p.Q32X pathogenic tested and 
verified

MU29810680 DO50751 LICA-FR chr20:g.43034709 insT Frame
shift pathogenic tested and 

verified

MU861370 DO23436 LINC-JP chr20:g.43034732 delG Frame
shift pathogenic not tested

MU31515711 DO50834 RK282 LIRI-JP chr20:g.43034817 G > T p.G79C pathogenic tested and 
verified 56 M free

MU29410029 DO52396 LIHM-FR chr20:g.43034817 G > A p.G79S pathogenic? not tested

MU31043472 DO50829 RK277 LIRI-JP chr20:g.43034830 T > G p.F83C pathogenic tested and 
verified 59 M free

MU3451867 DO45225 RK106 LIRI-JP chr20:g.43034873 del GTGAGGA 
GCCTCAATTTC

splicing donor 
change pathogenic not tested 70 M free

MU29697520 DO48483 LIHC-US chr20:g.43036067 C > T p.R113C not tested

MU3379694 DO45247 RK141 LIRI-JP chr20:g.43036105 G > A p.M125I pathogenic tested and 
verified 51 M free

MU3297063 DO45237 RK126 LIRI-JP chr20:g.43042438 C > T p.Q164X pathogenic tested recurrent 56 M, 
survival 68 M

MU5623417 DO48732 RK200 LIRI-JP chr20:g.43043118
del CAGCATTTT 
CTTCCCTGTATC 

TCTCGAAGA
frameshift pathogenic not tested recurrent 12 M, 

survival 55 M

MU2808102 DO45096 RK006 LIRI-JP chr20:g.43047101 del CT frameshift pathogenic tested recurrent 12 M, 
death 43 M 

MU29810713 DO50952 LICA-FR chr20:g.43048427 T > G p.I268S not tested

MU29810719 DO44864 LICA-FR chr20:g.43048504 T > A p.F294I not tested

MU845816 DO23122 LINC-JP chr20:g.43052787 T > C p.L341P not tested
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expression in HuH7 cells (Figure 6A and 6B). We have 
used three different siRNAs for HNF4A and all the 
siRNAs showed similar results whereas control siRNA did 
not show any effect on the HNF1A and APOB expressions. 
Similarly, HNF1A protein reduction was found when 
HuH7 cells were treated with siRNA for HNF4A whereas 
the expression of Lamin B1 was not altered by the 
treatment of HNF4A siRNA (Supplementary Figure 1). 
These results suggest that HNF4 controls HNF1A and 
APOB expressions. To confirm the correlation of HNA4A 
and its target gene expressions, we analyzed our RNA-seq 
data from 210 HCC patients [7]. 

Interestingly, our data from HuH7 cells is consistent 
with RNA-seq data from liver cancer patients in which 
the expression of HNF4A, HNF1A, and APOB mRNA are 
significantly correlated (HNF4A vs. HNF1A; correlation 
coefficient= 0.6813578, p-value < 2.2 × 10–16 and HNF4A 

vs. APOB; correlation coefficient = 0.7737859, p-value 
< 2.2 × 10–16, Figure 6C). Thus, similar to previous 
studies that demonstrate the importance of HNF4A in the 
regulation of HNF1A and ApoB expressions, our findings 
strongly suggest that HNF4A is a master regulator of liver 
cell differentiation and lipid metabolism and support the 
idea that any disruption of this mechanism may cause liver 
cancer development and progression. 

RT-PCR and Western blot analysis revealed that high 
levels of HNF4A mRNA and HNF4A protein expression 
were found in highly differentiated liver cancer cells but 
not in undifferentiated liver cancer cells, including HLE 
and HLF cells (Supplementary Figure 2). Furthermore, 
we have re-analyzed RNA-seq data of hepatocellular 
carcinomas (HCC), a subset of previously published data 
[7], and evaluated overall survival of HCC patients. In 
this analysis, patients were stratified according to HNF4A 

Figure 3: HNF4A mutations affect its transcriptional activity at target promoter regions. (A) The ability of the wild-
type (WT) and mutant HNF4A to transactivate target promoters when overexpressed in HEK293. The cells were co-transfected with 
the indicated luciferase reporters along with either an empty expression vector (serving as a control) or expression vectors (50 ng) for 
the indicated HNF4A proteins in 24-well culture plates. The bars indicate fold activation of HNF4A WT and mutants (vs control) on 
HNF4A target promoter. The corresponding promoter activity is reported as fold activation over control (±SD, n = 3). We performed there 
independent experiment and each experiment was performed as duplicate. Data reported represent the average of three experiments, each 
done in duplicate. Statistical significance between WT and mutants (G79C, F83C, M125I, Q164X, and 191X) is indicated as asterisks: 
p-value < 0.05 (Student’s t-test) (B) HEK293 cells were transfected with expression vectors encoding WT HNF4A or the indicated mutants. 
Western blot analysis shows that all proteins were properly expressed. 
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expression. The “high” expression group made up the 75th 
percentile and the “low” expression group encompassed the 
25th percentile. The overall survival rates of the two sets 
were compared with the log-rank test. We found that low 
HNF4A expression was associated with worse prognosis in 
liver cancers (p-value < 0.05, Supplementary Figure 3). 

DISCUSSION

Our previous study presented a systematic analysis 
of the distribution of mutations within 3D protein 
structures and further identified several genes governing 
oncogenesis [6]. Accordingly, HNF4A’s molecular 
functions are highly related to its 3D protein structure 
[27]. A significant proportion of the HNF4A mutations 
was distributed near its Zn-finger DNA-binding domain 
(Figures 1 and 2). This implies that the HNF4A mutations 

we identified are pathogenic mutations. In particular, 
G79C and F83C mutations are both located within the 
DNA-recognition helix. These residues do not directly 
interact with DNA bases (Figure 1B). A closer structural 
observation suggests that mutation at these sites may 
change the relative position of DNA recognition helix 
[27, 28]. We therefore speculate that these two mutations 
lead to a diminished binding capacity and this in turn 
impairs HNF4A’s transcriptional ability. The remaining 
mutation (M125I) may also destabilize the protein itself 
because side-chain of M125 is extended to the core of 
domain where a dense packing of residues are achieved. 
M125I mutation is thought to corrupt or change a 
hydrophobic packing, destabilizing the domain. Therefore, 
we infer that this mutation indirectly imparts DNA-binding 
affinity. Accordingly, combining our method to detect the 
distribution of mutations within a protein’s 3D structure 

Figure 4: DNA-binding properties of HNF4A mutants. (A) Electrophoretic mobility shift assays were used to assess the binding 
of WT or mutated HNF4A nuclear proteins to a double-stranded oligonucleotide corresponding to the consensus HNF4A binding elements 
of the HNF1A and ApoB promoter regions. For all the experiments, HNF4A binding was supershifted using a HNF4A antiserum. (B) 
HEK293 cells were transfected with expression vectors encoding WT HNF4A or the indicated mutants. Western blot analysis shows that 
all proteins were similarly expressed.
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with the information from functional domain databases 
may help to identify genuine hot spot mutations with 
greater accuracy. Further structural and thermodynamical 
studies are required to fully elucidate the relevance and 
functional impact of these tumor mutations. 

HNF4A mutations are well studied in MODY. 
The p.R76W mutation of HNF4A causes congenital 
hyperinsulinemia associated with Fanconi syndrome. The 
HNF4A M125I mutation has also been identified as the 
cause of hyperinsulinemic hypoglycemia [29]. However, 
they have not yet been reported in liver cancer patients. 
Our current study identifies for the first time functional 
HNF4A mutations in liver cancers. Interestingly, HNF4A’s 
DNA binding ability and transcriptional activity are lost 
in the mutations. These results suggest that HNF4A loss-
of-function mutations cause reduction of HNF4A target 
gene expressions and in turn this event may induce hepatic 
tumorigenesis and/or tumor growth (Figure 7).

We also identified three mutations located within 
the ligand binding domain and Q164X and 191X mutants 
exhibited a reduction of the transcriptional activity (Figure 
3A). HNF4A’s ligand domain possibly interacts with several 
transcription factors including GATA4 and HNF1A [30, 31]. 
Interestingly, the amino acids where we found mutations 
in HNF4A are conserved among several organisms from 

human to fly (Figure 2B). Therefore, it is possible that 
mutations at evolutionary conserved positions in HNF4A 
Zn-finger region and ligand domain may augment risk 
of triggering liver cancer development. However, these 
mutations reduced HNF4A transcriptional activity but 
did not completely abolish it. This occurs since the DNA 
binding domain is intact, while the ligand domain is altered, 
leading to diminished binding between HNF4A and its 
partner proteins. On the other hand, A247X is located at the 
C-terminal of the HNF4A ligand binding domain and this 
mutant maintains some portion of its transcriptional activity 
(Figure 3A). Accordingly, the mutant may also still possess 
its ability to bind to the partner proteins. 

Our study presents several liver cancer-related 
HNF4A mutations that lead to alterations in DNA 
binding and/or transcription activity. Recent studies have 
demonstrated that HNF4A expression governs the state of 
liver tumor progression. In fact, genetic ablation of HNF4A 
in a mouse model prompted severe hepatomegaly and 
steatosis [20, 21]. Moreover, another study revealed that 
mutant IDH1 and 2, the most common genetic alterations 
found in intrahepatic cholangiocarcinoma, inhibit 
HNF4A expression, block hepatocyte differentiation and 
induce biliary cancer formation [18]. YAP activation has 
also been shown to block hepatocyte differentiation in 

Figure 5: Nuclear localization of HNF4A mutants using immunofluorescent staining. Cellular localization of WT and 
mutant HNF4A was visualized in (A) HEK293 cells and in (B) HuH7 cells using immunofluorescent staining. The nuclei were stained with 
DAPI and the images were taken at 10× magnification. 
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Figure 6: HNF4A expression is highly correlated with HNF1A and APOB expression. (A) HNF4A modulates HNF1A and 
APOB mRNA expression. HuH7 cells were transfected with either no treatment (RNAiMax: Lipofectamine® RNAiMAX), 20 nM of 
control siRNA (SIC; MISSION® siRNA Universal Negative Control #1) or HNF4A-specific siRNAs. The results were quantitated and then 
normalized using GAPDH expression. (B) Western blot analysis shows that HNF4A expression was decreased in HNF4A siRNAs-treated 
HuH7 cells. (C) RNA sequencing revealed that HNF4A mRNA expression is highly correlated with HNF1A and APOB mRNA expression. 
We analyzed RNA-seq of 210 hepatocellular carcinoma (HCC), which was a subset of previously published data candidate [7]. HNF4A 
vs. HNF1A; correlation coefficient = 0.6813578, p-value < 2.2 × 10−16 and HNF4A vs. APOB; correlation coefficient = 0.7737859, p-value 
< 2.2 × 10-16
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advanced HCC. This in turn leads to tumor progression in 
the context of decreased HNF4A mRNA expression [17]. 
Dysregulation of HNF4A mRNA expression may therefore 
play a role in tumor development. In this regard, we 
identified reduced HNF4A mRNA and protein expressions 
in undifferentiated liver cancer cell lines.

Recently, two well-differentiated and non-
proliferative subclasses of hepatocellular carcinoma 
(HCC), known as periportal-type (wild-type CTNNB1) and 
perivenous-type (mutant CTNNB1), have been identified. 
These subclasses of hepatocellular carcinoma are associated 
with negatively correlated gene networks [32]. Interestingly, 
the periportal subclass represents 29% of all HCCs and 
expresses a transcription factor HNF4A-driven gene 
network that is down-regulated in Hnf4a-KO mice [33]. 
This suggests that HNF4A modulates not only liver tissue 
differentiation but also liver cancer cell fate. Additionally, 
loss of HNF4A function is associated with perivenous-type 
HCC and poor prognosis [32]. In fact, our data demonstrates 
that HNF4A mRNA expression is lower in undifferentiated 
liver cancer cells (aggressive cancer cells). Additionally, we 
and others have identified 11 mutations (ICGC data from 
Japan, France, US) in the HNF4A protein sequence. Ten of 
these mutations are located in either the Zn- finger region 
or the ligand binding domain (Table 1) and may therefore 
be pathogenic mutations. Together, overall findings 
suggest that both HNF4A mutations and decreased HNF4A 
expression may increase the risk of hepatic tumor formation 
and/or progression. 

MATERIALS AND METHODS

Cell culture 

HEK293 and HuH7 liver cancer cells were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) 
that was supplemented with 10% fetal bovine serum 
(FBS) (Invitrogen), 4,500 mg/liter glucose, 40 μg/ml 
streptomycin, and 40 units/ml penicillin. The cells were 
stored in a humidified incubator at 5% CO2 and 37° C. 

Knockdown experiment by siRNA

The cells were treated with 20 nM of either control or 
HNF4A siRNAs and cultured for 48 h in medium without 
antibiotics, according to the manufacturer’s instruction. 
The sequences of the siRNAs and primers employed in the 
present study are listed in Supplementary Table 1 in the 
Supplementary Materials.

RNA extraction and real-time quantitative PCR 
(RT-qPCR)

Total RNA was extracted from cells with the 
RNAeasy mini kit (Qiagen), and subjected to cDNA 
synthesis with random primers and superscript II reverse 
transcriptase (Invitrogen), according to the manufacturer’s 
protocol. RT-qPCR was performed using the KAPA 
SYBR FAST qPCR Master Mix (Kapa Biosystems) and 

Figure 7: Hypothetical effects of novel human HNF4A mutations on its transcriptional activity on target promoters. 
Novel human HNF4A mutations (G79C, F83C, M125I) lose their ability to bind to target promoters (e.g. HNF1A and APOB) leading to a 
reduction in transcriptional activity. This loss of function caused by HNF4A mutations may induce cell growth in liver tumors.
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a LightCycler® 480 System (Roche). GAPDH expression 
was utilized for normalization.

Western blotting

HuH7 cells were treated with different types of 
HNF4A siRNAs at a concentration of 20 nM for 48 h 
and subjected to preparation as whole-cell extracts with 
lysis buffer (20 mM sodium phosphate [pH 7.0], 150 
mM KCl, 30 mM sodium pyrophosphate, 0.1% NP-
40, 5 mM EDTA, and 1× protease inhibitor cocktail 
[Roche]). Cellular debris was removed by centrifugation 
for 5 minutes at 13000 g and 4° C. Protein concentrations 
were determined using the Pierce BCA Protein Assay 
kit. Protein samples were loaded on a 10% SDS-
polyacrylamide Wako Super Sep Ace precast gel (Wako), 
separated, and transferred to a PVDF Membrane using the 
iBlot® 7-Minute Blotting System (Invitorgen). Membranes 
were blocked with 5% skim milk and then incubated with 
the antibodies: anti-Flag (M2; Sigma), anti-α-tubulin 
(DM1A; Sigma), anti-HNF4A (3113S; CST), anti-
HNF1A (Santa Cruz; F7, sc393925), and anti-Lamin B1 
(Santa Cruz; C12, sc365214). The blots were treated with 
a horseradish peroxidase-conjugated secondary antibody 
(Invitrogen) and were developed using an enhanced 
chemiluminescence (ECL) kit (RPN2106; GE Healthcare). 
The signal was detected by ImageQuant LAS 4000 mini 
(GE Healthcare).

Immunofluorescence

Cells were fixed by incubating them in 4% 
paraformaldehyde for 15 min at room temperature. After 
washing the cells with PBS 0.1% Tween-20 (PBST), 
the cells were blocked in 1% skim milk for 20 min at 
room temperature. Next, the cells were rinsed once with 
PBS 0.1% Tween-20 (PBST), treated with PBS 0.5% 
Tween-20 (PBST) for 10 min, incubated with mouse 
monoclonal FLAG-antibody followed by extensive 
washes and incubation with Alexa546-conjugated 
anti-mouse IgG antibody (Life Technologies) for 1 h. 
After being washed with PBST three more times, the 
cells were stained with DAPI and examined using a 
fluorescence microscope.

Reporter assay

HEK293 cells, expressing the genes indicated in the 
Figure 3 legend, were lysed and the luciferase activity was 
measured with the PicaGene dual luciferase assay system 
(Toyo lnk) and ARVO (Perkin Elmer).

EMSA

Oligonucleotides synthesized by Sigma-Aldrich 
were used for DNA binding assays. Sequence information 
is provided in the Supplementary Table 1. Double-

stranded probes were generated by heating equal molar 
amounts of each of the 5’ to 3’ oligonucleotides with its 
respective complementary oligonucleotide at 95° C for 
10 min, followed by cooling to room temperature. Next, 
double-stranded oligonucleotides were labeled with 
DIG-11-ddUTP using a recombinant terminal transferase  
(20 units/ml) in a final volume of 25 μl; according to the 
DIG Gel Shift Kit, Second Generation instructions (Roche 
Applied Science). EMSA was performed according to the 
manufacturer’s directions. In brief, DNA binding reactions 
were set up using 5 μg of nuclear extract [34] of either 
wild-type or mutant proteins. These proteins were mixed 
with the above mentioned DIG-labeled oligonucleotides 
in a DNA binding buffer containing 1 μg of poly(dI-dC) 
and 0.1 μg of poly-l-lysine, in a final reaction volume 
of 20 μl. For supershift assays, 1 μl of HNF4A antibody 
(3113S; CST) was added to the nuclear proteins prior to 
the addition of the probe.

RNA-seq analysis

We analyzed RNA-seq of 210 liver cancer, which 
was a subset of previously published data candidate [7]. 
Sequence reads were mapped onto GRCh37 using TopHat 
v2.1.1, and reads per transcript were counted using 
HTSeq and GENCODE v19 as a transcript annotation. 
The gene expression level was measured by fragments per 
kilobase of exon per million mapped fragments FPKM, 
and the correlation of gene expression between two genes 
was tested by the Spearman’s rank correlation test. For 
prognosis association of HNF4A expression, the “high” 
expression group of HNF4A made up the 75th percentile 
and the “low” expression group encompassed the 25th 
percentile. Overall survival of informative 210 liver cancer 
patients was compared using the log-rank test.

Statistical analyses

Statistical analyses were performed using the 
Student’s t-test; a p-value < 0.05 was considered significant. 
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