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Abstract. Hepatocyte nuclear factor 4 α (HNF‑4α) is a 
nuclear receptor and mediates hepatic genes. WB‑F344 
liver epithelial cells can differentiate into hepatocytes. The 
present study aimed to examine the roles and mechanisms 
of action of HNF‑4α on the hepatic differentiation of 
WB‑F344 cells. WB‑F344 cells were divided into a normal 
cell group (WB‑F344), empty vector group (PLKO), and 
gene silencing group (PLKO‑SH). The expression levels of 
HNF‑4α were measured using reverse transcription‑quan-
titative polymerase chain reaction analysis. Proliferation 
of the cells was determined using a Cell Counting kit‑8 
assay. Based on western blot analysis, the protein levels 
of α‑fetoprotein (AFP), albumin (ALB) and cytokeratin 19 
(CK19) were determined. The positive cell rates of the three 
groups were assessed using periodic acid‑Schiff (PAS) 
staining. Following construction of an RNA‑sequencing 
library, differentially expressed genes (DEGs) between 
the HNF‑4α‑silenced and normal samples were screened 
using the limma package and enrichment analysis was 
conducted using the DAVID tool. Protein‑protein interac-
tion (PPI) and microRNA‑targeted regulatory networks 
were constructed in Cytoscape software. The PLKO‑SH 
group exhibited a lower mRNA level of HNF‑4α, higher 
protein level of AFP, lower protein levels of ALB and CK19, 
increased cell proliferation, and a lower PAS‑positive cell 
rate. The HNF‑4α‑silenced and normal samples differed in 
499 DEGs. In the PPI network, matrix metallopeptidase 9 
(MMP9), early growth response 1 (EGR1), SMAD family 
member 2 (SMAD2), and RAS‑related C3 botulinum 

substrate 2 (RAC2) were key nodes. HNF‑4α may promote 
the differentiation of WB‑F344 cells into hepatocytes by 
targeting MMP9, EGR1, SMAD2 and RAC2.

Introduction

Hepatocyte nuclear factor 4 α (HNF‑4α; also known an 
nuclear receptor subfamily 2 group A member 1) is a nuclear 
receptor and a major mediator of liver‑specific gene expres-
sion (1). HNF‑1α acts as a transcription factor that mediates 
hepatic genes, and HNF‑4α protein can regulate the expres-
sion of HNF‑1α (2,3). HNF‑4α is critical for the development 
of the kidney, liver and intestines (4). By regulating HNF‑4α, 
nuclear receptor subfamily 1 group H member 3 can promote 
the hepatic differentiation of hepatocyte‑like cells  (5). 
HNF‑4α also influences the expression and synthesis of 
sex‑hormone‑binding globulin, a key glycoprotein that is 
mainly produced by the liver (6,7). WB‑F344 cells, which 
originate from monoclonal epithelial cells of the rat liver, are 
analogous to liver precursor cells (8,9). WB‑F344 cells acquire 
some phenotypic and functional characteristics of hepatocytes 
when they are transplanted into the liver (10,11). However, the 
roles and mechanisms of action of HNF‑4α on WB‑F344 cell 
differentiation remain to be fully elucidated.

Bone morphogenetic protein 4 (BMP4), belongs to the 
transforming growth factor‑β (TGF‑β) superfamily. It can 
promote the differentiation of WB‑F344 cells to the hepa-
tocyte lineage (12). WB‑F344 cells cultured on Matrigel can 
differentiate to biliary cells, during which the expression 
of Ras homolog family member A (RhoA) is increased and 
the RhoA‑Rho‑associated protein kinase‑stress fiber system 
is essential (10,13). The canonical Wnt signaling pathway 
has a positive effect on self‑renewal and proliferation of rat 
WB‑F344 cells (14). Through suppression of the Hes family 
bHLH transcription factor 1 signaling pathway, matrine (an 
alkaloid constituent of plants in the genus Sophora) can 
stimulate the differentiation of WB‑F344 cells into hepato-
cytes (11).

Although the above studies have reported that several genes 
are correlated with the hepatic differentiation of WB‑F344 
cells, the mechanism of action of HNF‑4α on WB‑F344 cell 
differentiation remains to be elucidated. To address this gap in 
knowledge, the present study experimentally investigated the 
roles of HNF‑4α on WB‑F344 cells and examined the potential 

Roles and mechanisms of action of HNF‑4α 
in the hepatic differentiation of WB‑F344 cells

YUMENG SHI1*,  DEHUA ZHOU2*,  BINGYI WANG2,  DEREN ZHOU2  and  BAOMIN SHI2

1Cheeloo College of Medicine, Shandong University, Jinan, Shandong 250012;  
2Department of General Surgery, Tongji Hospital, Tongji University Medical School, Shanghai 200065, P.R. China

Received May 10, 2018;  Accepted November 26, 2018

DOI: 10.3892/ijmm.2018.4010

Correspondence to: Dr Baomin Shi, Department of General 
Surgery, Tongji Hospital, Tongji University Medical School, 
389 Xincun Road, Shanghai 200065, P.R. China
E‑mail: baominsph@163.com

*Contributed equally

Key words: hepatocyte nuclear factor 4 α, WB‑F344 cells, 
hepatocyte differentiation, differential expression of genes, protein 
interaction network

https://www.spandidos-publications.com/10.3892/ijmm.2018.4010
https://www.spandidos-publications.com/10.3892/ijmm.2018.4010


SHI et al:  TARGETS OF HNF‑4α IN WB‑F344 CELLS 1022

mechanisms of action using comprehensive bioinformatics 
analyses.

Materials and methods

Vector construction. The WB‑F344 cells were purchased from 
Shanghai Bioleaf Biotech Co., Ltd. (Shanghai, China). 
Full‑length HNF‑4α was synthesized from the cDNA of 
WB‑F344 cells using the forward primer 5'‑CCG​GGC​TGC​
AGA​TCG​ATG​ATA​ATG​ATC​AAG​AGA​TCA​TTA​TCA​TCG​
ATC​TGC​AGC​TTT​TTG​GAT​CC‑3' and the reverse primer 
3'‑CGA​CGT​CTA​GCT​ACT​ATT​ACT​AGT​TCT​CTA​GTA​ATA​
GTA​GCT​AGA​CGT​CGA​AAA​ACC​TAG​GTT​AA‑5'. The 
HNF‑4α fragment was inserted into the AgeI and EcoRI sites 
of the pLKO.1‑EGFP‑Puro vector (Takara Bio, Inc., Otsu, 
Japan) to construct the recombinant plasmid. The recombinant 
plasmids were amplified, purified, and finally verified by 
agarose gel electrophoresis and DNA sequencing.

Virus packaging and the identification of stably transfected 
WB‑F344 cells. The cells were digested in pancreatin and 
plated in culture dishes (60x15  mm, 2.5x106  cells/dish). 
Following growth to 80% confluence in Dulbecco's modified 
Eagle medium (DMEM; Gibco; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) in a humidified 5% CO2 incubator 
(Thermo Fisher Scientific, Inc.), the cells were used for transfec-
tion experiments. Into tube 1 4 µg pCDH plasmid/recombinant 
plasmid, 3 µg psPAX2, and 2 µg pMD2.G were dissolved in 
600 µl opti‑MEM and were placed at room temperature for 
5 min following gentle mixing. In tube 2, 600 µl serum‑free 
medium was mixed with 20 µl Lipofectamine 2000 (Thermo 
Fisher Scientific, Inc.) and left at room temperature for 5 min. 
The solutions in tubes 1 and 2 were mixed again and left for 
20 min. The mixture was cultured in a humidified 5% CO2 incu-
bator (Thermo Fisher Scientific, Inc.) at 37˚C and the medium 
was replaced with complete medium after 6 h. Following culture 
for 48 h, the supernatant was collected in a 15‑ml centrifuge 
tube and maintained at 4˚C. Subsequently, the supernatant was 
added to 4 ml complete medium and cultured in an incubator for 
24 h. The supernatant was transferred into a 15‑ml centrifuge 
tube and mixed with the virus suspension collected the previous 
day. The virus suspension was concentrated.

The cells were spread on medium in 12‑well plates and 
cultured at 37˚C overnight. The original medium was replaced 
with a half‑volume of fresh medium, and the virus solution 
was mixed with the cells. Following infection at 37˚C for 4 h, 
the medium was supplemented to the normal volume. The 
medium containing the virus was replaced with fresh medium 
on the second day following infection, and cultivation of the 
cells was continued at 37˚C. Following infection for 48 h, 
fluorescence microscopy examination (Olympus Corporation, 
Tokyo, Japan) was used to detect viruses harboring the green 
fluorescent protein (GFP) reporter gene to observe the expres-
sion efficiency of GFP. For the viruses carrying the puromycin 
resistance gene, the medium was replaced with fresh medium 
containing an appropriate concentration of puromycin to iden-
tify the stably transfected cells.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. Total RNA was extracted using RNAiso 

Plus (Takara Bio, Inc.) according to the manufacturer's 
protocol. The density and purity of RNA were measured by 
spectrophotometry (Merinton, Beijing, China). Total RNA 
was reverse transcribed into cDNA using PrimeScript™ RT 
Master mix (Takara Bio, Inc.). The primer sequences for the 
RT‑qPCR experiments were produced by Sangon Biotech Co., 
Ltd. (Shanghai, China) and are listed in Table I. Using the 
SYBR Green master mix kit (Applied Biosystems; Thermo 
Fisher Scientific, Inc.), RT‑qPCR amplification was performed 
using the following amplification system: 10 µl SYBR Premix 
Ex Taq (2X), 2 µl cDNA template, 0.4 µl forward primer, 
0.4  µl reverse primer, and RNase‑free distilled water up 
to 20 µl. The reaction processes were as follows: 95˚C for 
10 min; 95˚C for 15 sec and 60˚C for 1 min for 40 cycles. The 
subsequent melting processes were 95˚C for 15 sec, 60˚C for 
1 min, and 95˚C for 15 sec. All samples had three repeats, 
with actin as the reference gene. The relative gene expression 
was calculated using the 2‑ΔΔCq method (15).

Cell Counting kit‑8 (CCK‑8) assay. Following culture of the 
cells for 12, 24 and 48 h, they were digested to prepare the cell 
suspension (1.5x105 cells/ml). Subsequently, 100 µl of each cell 
suspension was inoculated into 96‑well plates (ABI; Thermo 
Fisher Scientific, Inc.; 1.5x104  cells/well). The cells were 
divided into the WB‑F344 normal cell group (WB‑F344), 
empty vector control group (PLKO), and gene silencing group 
(PLKO‑SH). Each group had three replicate wells. The 96‑well 
plates were cultured in an incubator (Thermo Fisher Scientific, 
Inc.) for 0, 24 and 48 h, following which 10 ml CCK‑8 solu-
tion (Tongren, Shanghai, China) was added. The plates were 
incubated in an incubator (Thermo Fisher Scientific, Inc.) for 
1.5 h. Using a microplate reader (BioTek Instruments, Inc., 
Winooski, VT, USA), the absorbance of each well at an optical 
density of 450 nm was detected. The absorbance value with 
time was plotted.

Western blot analysis. The cells were lysed in radioim-
munoprecipitation assay lysis buffer (Beyotime Institute 
of Biotechnology, Shanghai, China) on ice for 30 min. The 
lysates were centrifuged at low temperature (4˚C, 12,000 x g, 
15  min) and the supernatants were transferred to sterile 
centrifuge tubes. Protein concentrations were measured 
using a bicinchoninic acid protein assay kit (Sangon Biotech 
Co., Ltd., Shanghai, China). The cell lysates (15  µl each 
hole) were used for SDS‑PAGE on 10% polyacrylamide and 
resolved proteins were transferred onto a polyvinylidene 

Table I. Primer sequences used for reverse transcription‑ 
quantitative polymerase chain reaction analysis.

Primer name	 Primer sequence (5'‑3')

HNF‑4α‑F	 CAGTATGACTCTCGGGGTCGTTTTG
HNF‑4α‑R	 CCATGCCAAAGAGCTTGATGAACTG
Actin‑F	 CCCATCTATGAGGGTTACGC
Actin‑R	 TTTAATGTCACGCGATTTC

HNF‑4α, hepatocyte nuclear factor 4α; F, forward; R, reverse.
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fluoride membrane (Merck KGaA, Darmstadt, Germany). 
The membranes were blocked in 5% skim milk (0.75 g milk 
powder in 15 ml phosphate buffered saline) at 37˚C for 1‑2 h, 
following which they were incubated at 4˚C overnight with 
the primary antibodies (ProteinTech Group, Inc., Chicago, 
IL, USA). The primary antibodies included albumin (ALB; 
cat.  no. 16475‑1‑AP; 1:2,000), α‑fetoprotein (AFP; cat. 
no. 14550‑1‑AP; 1:1,000), and cytokeratin 19 (CK‑19; cat. 
no. 10712‑1‑AP; 1:500). The membranes were incubated with 
horseradish peroxidase‑labeled goat anti‑rabbit secondary 
antibody (1:1,000; Beyotime Institute of Biotechnology; 
cat. no. A0208) at 37˚C for 2 h. The blots were developed 
using ECL detection reagent, and a gel imaging analysis 
system (Bio‑Rad Laboratories Inc., Richmond, CA, USA) was 
utilized to detect the results.

Periodic acid‑Schiff (PAS) staining. The slides of cells 
were prepared and PAS staining was performed using 
PAS/Glycogen Stain kit (Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China). The cells were incubated with 
reagent 1 at room temperature for 10  min and washed 
with tap water for 3‑5 min. They were then incubated with 
reagent 2 at room temperature for 10‑15 min and rinsed for 
30‑60 sec. Counterstaining was performed with reagent 3 
for 20‑30  sec. Following rinsing in tap water, the slides 
were covered and observed using an inverted microscope 
(Olympus Corporation).

RNA extraction and RNA‑seq library construction. Total 
RNA of the three HNF‑4α‑silenced WB‑F344 cells and 

three normal WB‑F344 cells were extracted using TRIzol 
reagent (Takara Bio, Inc.) and measured using a Nanodrop 
spectrophotometer. An RNA‑seq library was constructed with 
sequencing performed separately using a NEBNext® Ultra™ 
RNA Library Prep kit (New England Biolabs, Inc., Ipswich, 
MA, USA) and a Hiseq 4000 system, (PE150; Illumina, Inc., 
San Diego, CA, USA). The sequencing data were deposited 
into the Sequence Read Archive database (http://www.ncbi.
nlm.nih.gov/sra/), under accession no. SRP135721.

Differential expression and enrichment analyses. To filter out 
unreliable bases and reads, the raw data were quality control 
analyzed. The barcode and adaptor sequences were removed 
from the reads. Subsequently, any reads with >5% of N content 
were eliminated. Bases with continuous quality <10 were elimi-
nated from the 5' or 3' end. The low‑quality reads, in which the 
number of the bases with quality <20 exceeded 20%, and the 
short reads, which had a length <30 nt, were filtered out. These 
steps allowed the acquisition of clean reads of the six samples. 
Using Tophat software (version 2.0.8, with default parameters; 
http://www.ccb.jhu.edu/software/tophat/) (16), the clear reads 
were mapped to the rat reference genome downloaded from the 
Ensembl database (version 6.0; http://www.ensembl.org/) (17). 
Based on the rat gene annotation information in the Ensembl 
database, the raw reads corresponding to each gene were obtained 
using the Htseq‑count tool (version 0.6.1p2; http://www‑ huber.
embl.de/users/anders/HTSeq/doc/count.html) (18).

Using trimmed mean of M values normalization 
in the R package edgeR (http://www.bioconductor.
org/packages/release/bioc/html/edgeR.html)  (19,20), the 

Figure 1. WB‑F344 cells transfected with a packaged virus. Green represents the cells expressing green fluorescent protein.
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read count data of gene expression were preprocessed. 
Subsequently, the preprocessed data were converted into 
gene expression matrices using the voom method  (21) 
in the R package limma (http://www.bioconductor.
org /packages/release/bioc/html / l imma.html)   (22). 
Differential expression analysis was performed using the 
linear model method in the limma package  (22) and the 
significant P‑values were calculated via moderated t‑statis-
tics (23). Differentially expressed genes (DEGs) were defined 
as genes with P<0.05 and |log2fold change (FC)|≥0.58. 
Using the DAVID tool (version 6.8, https://david.ncifcrf.
gov/) (24). Gene Ontology (GO; http://www.geneontology.
org) functional terms (25) and Kyoto Encyclopedia of Genes 
and Genomes (https://www.genome.jp/kegg/pathway.html) 
pathways (26) were enriched for the DEGs. A count of genes 
in each term ≥2 and P<0.05 were taken as the thresholds for 
selecting significant results.

Protein‑protein interaction (PPI) network and microRNA 
(miRNA)‑target regulatory network analyses. Using 
the STRING database (version 10.0, https://string‑db.
org)  (27), the interactions among the proteins encoded 
by the DEGs were predicted. The parameter PPI score 
was set at 0.4. The PPI network was constructed based on 
Cytoscape software (version  3.4.0, http://www.cytoscape.
org) (28). Using the CytoNCA plug‑in (http://apps.cytoscape.
org/apps/cytonca)  (29) in the software, the importance of 
the network nodes were analyzed combined with the Degree 
centrality (DC) (30), Betweenness centrality (BC) (31), and 
Closeness centrality (CC) (32). Nodes with higher scores were 
considered key nodes in the PPI network.

Based on the Webgestalt tool (http://www.webgestalt.
org)  (33), miRNAs targeting the PPI network nodes were 
predicted. P<0.05 and a count of target genes ≥4 were defined 
as the thresholds. Finally, the miRNA‑target regulatory 
network was visualized in Cytoscape software (28).

Statistical analysis. Based on GraphPad Prism software 
(version 5.0; GraphPad Software, Inc., San Diego, CA, USA), 
statistical analysis was performed using one‑way analysis 
of variance with a two‑tailed t‑test and Bonferroni post hoc 
test. All data are presented as the mean ± standard error of 

the mean. P<0.05 was considered to indicate a statistically 
significant difference.

Results

HNF‑4α promotes the differentiation of WB‑F344 cells 
into hepatocytes. Following transfection of the WB‑F344 
cells with the packaged virus, >95% of the cells expressed 
GFP protein (Fig.  1). This infection efficiency of >95% 
indicated that the stably transfected WB‑F344 cells were 
suitable for used in subsequent experiments. Compared with 
the WB‑F344 and PLKO groups, HNF‑4α was significantly 
downregulated in the PLKO‑SH group (P<0.0001, Fig. 2). 
The CCK‑8 assay indicated that the proliferation of cells 
in the PLKO‑SH group was increased relative to those in 
the WB‑F344 and PLKO groups (Fig. 3A‑C). Cells in the 
PLKO‑SH group exhibited higher protein levels of AFP 
and lower protein levels of ALB and CK19 compared 
with cells in the WB‑F344 and PLKO groups (Fig. 4A‑C). 
PAS staining indicated that the rate of positive cells in the 
PLKO‑SH group was lower than the rate in the WB‑F344 

Figure 2. Relative mRNA expression levels of hepatocyte nuclear factor 4α in 
the normal WB‑F344, PLKO and PLKO‑SH groups. ***P<0.0001, compared 
with the WB‑F344 and PLKO groups. WB‑F344, normal cell group; PLKO, 
empty vector control group; PLKO‑SH, gene silencing group.

Figure 3. Proliferation of cells. Proliferation of different groups of cells fol-
lowing culturing for (A) 12 h, (B) 24 h and (C) 48 h. **P<0.01, compared 
with the WB‑F344 and PLKO groups. WB‑F344, normal cell group; PLKO, 
empty vector control group; PLKO‑SH, gene silencing group.
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Figure 4. Protein expression levels of AFP, ALB, CK19 and GAPDH. Protein levels were determined in different groups of cells following culture for (A) 12 h, 
(B) 24 h and (C) 48 h. **P<0.01, compared with the WB‑F344 and PLKO groups. WB‑F344, normal cell group; PLKO, empty vector control group; PLKO‑SH, 
gene silencing group; AFP, α‑fetoprotein; ALB, albumin; CK19, cytokeratin 19; GAPDH, glyceraldehyde‑3‑phosphate dehydrogenase.

Figure 5. Periodic acid‑Schiff staining to identify mature hepatocytes. Images of staining (magnification, x100) of different groups following culture for 
(A) 12 h, (B) 24 h and (C) 48 h; (D) corresponding column diagram. **P<0.01, compared with the WB‑F344 and PLKO groups. WB‑F344, normal cell group; 
PLKO, empty vector control group; PLKO‑SH, gene silencing group; AIO, average optical density.
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and PLKO groups (Fig. 5A‑D). These results demonstrated 
that HNF‑4α contributed to the hepatocyte differentiation of 
WB‑F344 cells.

Differential expression and enrichment analyses. There were 
499 DEGs (305 upregulated and 194 downregulated) in the 
HNF‑4α‑silenced samples compared with the normal samples. 
The top five terms enriched for the upregulated genes and 
the downregulated genes are presented in Table IIA and B, 
respectively. The upregulated genes were mainly involved 
in response to drug (GO term) and chemical carcinogenesis 
(pathway). The downregulated genes were implicated in 

angiogenesis (GO term) and protein processing in the 
endoplasmic reticulum (pathway).

PPI network and miRNA‑target regulatory network 
analyses. The PPI network had 255 nodes and 485 edges 
(Fig. 6). According to the BC, CC and DC scores, matrix 
metallopeptidase 9 (MMP9), early growth response  1 
(EGR1), SMAD family member 2 (SMAD2), and 
RAS‑related C3 botulinum substrate 2 (RAC2) were among 
the top 15 nodes (Table III). Enrichment analysis for the 
nine key nodes indicated that RAC2, MMP9 and SMAD2 
were enriched in pathways in cancer  (Table  IV). A total 

Figure 6. Protein‑protein interaction network. Pink and blue circles represent upregulated genes and downregulated genes, respectively. Lines between nodes 
represent interactions.
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of 55 miRNAs targeting the PPI network nodes were 
obtained (Table V), which were used for constructing the 
miRNA‑target regulatory network (Fig. 7).

Discussion

The PLKO‑SH group exhibited a lower mRNA level 
of HNF‑4α, increased cell proliferation, and lower a 
PAS‑positive cell rate compared with the WB‑F344 and 
PLKO groups. The cells in the PLKO‑SH group had lower 
protein levels of ALB and CK19 compared with the cells in 
the WB‑F344 and PLKO groups, indicating that the number 
of mature liver cells in the liver stem cells was decreased. 
Although the protein level of AFP, a differentiated 
hepatocyte marker, was not reduced in the PLKO‑SH 
group, the WB‑F344 cell was considered a suitable cell line 
for examining hepatocyte differentiation. A total of 499 
DEGs (305 upregulated and 194 downregulated) between 
the HNF‑4α‑silenced samples and normal samples were 
identified. Based on the BC, CC and DC scores, MMP9, 
EGR1, SMAD2 and RAC2 were selected as the key nodes in 
the PPI network. Furthermore, 55 miRNAs were predicted 
for the PPI network nodes and used for constructing the 
miRNA‑target regulatory network.

HNF‑4α is critical in the transdifferentiation process of 
hematopoietic cells into hepatocytes (34). As an orphan nuclear 
receptor, HNF‑4α is important in hepatic differentiation 
through the regulation of hepatocyte marker genes (35,36). A 
previous study demonstrated that HNF‑4α, Snail, miR‑200, and 
miR‑34a are epistatic elements that regulate the maintenance 
and differentiation of hepatic stem cells (37). HNF‑4α functions 
in hepatocyte differentiation and can suppress hepatocyte 
proliferation by inhibiting pro‑mitogenic genes (38). These 
observations support the hypothesis that HNF‑4α stimulates 
the hepatic differentiation of WB‑F344 cells.

Activated MMPs control hepatic matrix remodeling, 
which helps to mediate the environment surrounding hepa-
tocytes in the processes of liver regeneration (39,40). The 
MMP activation cascade and the positive feedback loop of 
MMP9 contribute to the transdifferentiation of hepatic stel-
late cells induced by interleukin 1, indicating that MMPs are 
involved in liver injury and repair (41,42). By regulating the 
mesenchymal‑to‑epithelial transition (MET) process, EGR1 
stimulates the hepatic differentiation of bone marrow‑derived 
mesenchymal stem cells (43). EGR1, which is a key mediator 
of liver fibrosis‑associated genes, is regulated by a feedback 
loop between HNF‑4α and small heterodimer partner (44). 
Therefore, MMP9 and EGR1 may be targets of HNF‑4α 
during the hepatic differentiation of WB‑F344 cells.

SMAD2 inhibits the growth and dedifferentiation 
of hepatocytes through a TGF‑β signaling‑independent 
pathway (45). The cyclin D1‑SMAD2/3‑SMAD4 signaling 
pathway contributes to the self‑renewal of liver cancer stem 
cells, and TGF‑β/SMAD inhibitor can induce liver cancer 
stem cell differentiation (46). RAC1 is correlated with actin 
polymerization, and its inhibition can promote MET and 
enhance the differentiation of mesenchymal stromal cells 
toward hepatocytes  (47). These observations indicate that 
HNF‑4α may also promote the differentiation of WB‑F344 
cells into hepatocytes by targeting SMAD2 and RAC2.

Table III. Top 15 protein‑protein interaction network nodes 
according to Degree centrality, Betweenness centrality, and 
Closeness centrality.

Gene	 Degree

Degree centrality	
  Nos3	 24.00
  Mmp9	 21.00
  Egr1	 17.00
  Smad2	 16.00
  Rac2	 15.00
  Oasl	 13.00
  Rrp12	 13.00
  Rrad	 12.00
  Prkar2b	 12.00
  Rel	 12.00
  Oas1a	 12.00
  Aldh1a1	 12.00
  Eif2ak3	 12.00
  Atf3	 11.00
  Prkdc	 10.00
Betweenness centrality	
  Nos3	 15,488.65
  Mmp9	 6,738.23
  Prkar2b	 6,486.67
  Egr1	 5,810.34
  Smad2	 5,786.24
  Rac2	 5,224.65
  Rel	 4,200.35
  Irf7	 4,080.12
  Ass1	 4,069.44
  Eif2ak3	 3,783.77
  Oasl	 3,774.34
  Oas1a	 3,735.38
  Tspo	 3,703.37
  Gstt1	 3,385.96
  Atf3	 3,226.96
Closeness centrality	
  Nos3	 0.04
  Mmp9	 0.04
  Smad2	 0.04
  Prkar2b	 0.04
  Rel	 0.04
  Egr1	 0.04
  Eif2ak3	 0.04
  Hdac5	 0.04
  Atf3	 0.04
  Ass1	 0.04
  Snai2	 0.04
  Tspo	 0.04
  Rac2	 0.04
  Irf7	 0.04
  Mmp13	 0.04
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Table IV. Top five GO terms and pathways enriched for the nine key nodes.

Category	 Term	 P‑value	 Gene

GO	 GO:0010033~response to organic substance	 1.21E‑04	 EGR1, PRKAR2B, MMP9, NOS3, SMAD2, EIF2AK3
GO	 GO:0048771~tissue remodeling	 7.56E‑04	 RAC2, MMP9, NOS3
GO	 GO:0044057~regulation of system process	 9.23E‑04	 EGR1, MMP9, NOS3, EIF2AK3
GO	 GO:0007242~intracellular signaling cascade	 1.85E‑03	 PRKAR2B, REL, RAC2, SMAD2, EIF2AK3
GO	 GO:0051969~regulation of transmission	 5.57E‑03	 EGR1, MMP9, EIF2AK3
	 of nerve impulse
PATHWAY	 rno05200:Pathways in cancer	 4.13E‑02	 RAC2, MMP9, SMAD2

GO, Gene Ontology.

Figure 7. The miRNA‑target regulatory network. Pink circles, blue circles, and white quadrangles represent upregulated genes, downregulated genes, and 
miRNAs, respectively. miRNA/miR, microRNA. Lines between nodes represent regulatory relationships.

https://www.spandidos-publications.com/10.3892/ijmm.2018.4010
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In conclusion, HNF‑4α contributes to the differentiation 
of WB‑F344 cells into hepatocytes. MMP9, EGR1, SMAD2 
and RAC2 may be targets of HNF‑4α during the hepatic 
differentiation of WB‑F344 cells. However, further 
experiments, including RT‑qPCR analysis, are required to 
confirm the targets of HNF‑4α in the hepatic differentiation 
of WB‑F344 cells.

Acknowledgements

Not applicable.

Funding

No funding was received.

Table V. Results of miRNA prediction.

	 Adjusted
miRNA	 P‑value	 Target

miR‑506	 0.0013	� Pgap1, Bcl6, Dlx3, Pim1, Eya1, Oaf, Tead1, Egr2, Smpd3, Pgf, 
Dnajb14, Dgat2, Caskin1, Slc7a1, Sema6a, Nrcam, Rcan1, Serp1, 
Arhgef37

miR‑27A, miR‑27B	 0.0013	� Adora2b, Pgap1, Mknk2, Vangl2, Slc7a11, Ank2, Hoxb3, Dcun1d4, 
Eya1, Nhs, Sema6a, Cabp1, Rad54b, Mdfi, Hyou1

miR‑148A, miR‑152, miR‑148B	 0.0028	� Prkag2, Dmxl1, Pdk4, Slc7a11, Ank2, Dyrk1b, Nhs, Txnip, Plaa, Tead1, 
Slc24a3

miR‑205	 0.0083	 Gpatch4, Tead1, Dmxl1, Lin9, Fam84b, Nhs, Chn1
miR‑124A	 0.0083	� Map1b, Dmxl1, Hdac5, Fa2h, Eya1, Sema6a, Pdxk, Atmin, Tead1, 

Sync, Egr2, Serp1, Ctns, Pnn
miR‑26A	
miR‑26B	 0.0083	� Slc1a1, Dmxl1, Mknk2, Vangl2, Slc7a11, Pim1, Adm, Fa2h, Nhs, Fanca
miR‑29A, miR‑29B
miR‑29C	 0.0107	� Il1rap, Pgap1, Col6a3, Smpd3, Col16a1, Dcun1d4, Syt8, Prelp, Mllt11, 

Nlgn3, Epb41l4b, Bmf, Zbtb46
miR‑125B, miR‑125A	 0.0109	� Abcc5, Wars, Mknk2, Vangl2, Hoxb3, Slc7a1, Abtb1, Olfml2a, Apobec1, 

Bmf
miR‑15A, miR‑16, miR‑15B, 	 0.0111	� Abcc5, Cx3cl1, Cldn2, Pdk4, Klc4, Ank2, Dcun1d4, Pim1, Eya1, 
miR‑195, miR‑424, miR‑497 		  Caskin1, Syt8, Bace2, Epb41l4b, Zbtb46
miR‑9	 0.0163	� Map1b, Pgap1, Pdk4, Hdac5, Bcl6, Ank2, Dlx3, Dcun1d4, Dyrk1b, 

Ikzf5, Slc39a14, Ap1s2
miR‑17‑5P, miR‑20A,
miR‑106A, miR‑106B, 	 0.0208	� Fat2, Trpv6, Mknk2, Psd, Ank2, Rapgef4, Zdhhc1, Txnip, Rhov, 
miR‑20B, miR‑519D 		  Egr2, Serp1, Gnb5, Egln3
miR‑412	 0.0208	 Tmsb4x, Bcl6, Ank2, Irf7
miR‑212, miR‑132	 0.0232	 Sema6a, Prpf4b, Slc30a6, Olfm1, Dnajb14, Pnn
miR‑216	 0.0232	 Zbtb2, Vangl2, Slc24a3, Rp2, Nhs
miR‑513	 0.0338	 Pdxk, Cacna2d4, Serp1, Dcun1d4, Eya1
miR‑9	 0.0338	 Mxd1, Tead1, Atmin, Prpf4b, Pdk1, Fam84b, Srcin1
miR‑214	 0.0338	 Hsd17b8, Bace2, Mog, Rad54b, Pgf, Pim1, Fam84b
miR‑185	 0.0338	 Mllt11, Wars, Nr1d1, Slc37a2, Synm
miR‑519C, miR‑519B, miR‑519A	 0.0338	� Fgf9, Map1b, Nr1d1, Psd, Hoxb3, Rapgef4, Zdhhc1, Tead1, Epb41l4b, 

Zbtb46
miR‑501	 0.0338	 Sync, Pdk1, Tnni2, Bcl6, Pnn
miR‑511	 0.0472	 Prelp, Prpf4b, Enpp4, Vangl2, Dyrk1b, Eya1
miR‑93,
miR‑302A, miR‑302B, miR‑302C, 	 0.0472	 Trpv6, Mknk2, Bcl6, Ank2, Smad2, Txnip, Sync, Gnb5
miR‑302D, miR‑372, miR‑373, 
miR‑520E, miR‑520A, miR‑526B, 
miR‑520B, miR‑520C, miR‑520D
miR‑377	 0.0473	 Fat2, Tead1, Prpf4b, Egr2, Ubp1, Egr1

miR, microRNA.
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