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Abstract. Renal cell carcinoma (RCC) is the most common 
malignant disease of the kidneys in adults. Patients with 
metastatic RCC have an unusually poor prognosis and exhibit 
resistance to all current therapies. Therefore, it is necessary 
to explore novel molecules involved in the progression of 
RCC and to identify effective therapeutic targets. Hepatocyte 
nuclear factor‑4α (HNF‑4α) serves an important role in 
hepatocyte differentiation and is involved in the progression 
of liver cancer; however, the functional role of HNF‑4α has 
not been well established in RCC. The present study reported 
that HNF‑4α expression was markedly downregulated in RCC 
tissue samples compared with in normal controls by immu-
nohistochemistry and RNA‑sequencing analysis. Statistical 
analysis demonstrated that HNF‑4α downregulation was 
significantly associated with tumor stage, recurrence, metas-
tasis and poor prognosis in patients with RCC. Furthermore, 
wound‑healing and Transwell assays revealed that down-
regulation of HNF‑4α promoted cell migration and invasion 
by transcriptionally regulating E‑cadherin in RCC. Finally, a 
positive correlation was revealed between HNF‑4α expression 
and E‑cadherin expression, and patients with low E‑cadherin 
expression also had a poor prognosis. These findings may 
provide novel insights into the biological effects of HNF‑4α 
and lay the foundation for the discovery of molecular 
therapeutic targets in RCC.

Introduction

Renal cell carcinoma (RCC) is one of the most common malig-
nant diseases of the kidney, which accounts for 2‑3% of cases 
among all types of cancer (1). In Western countries, RCC has 
risen by ~2% in the last two decades (2). In 2016, kidney cancer 
accounted for an estimated 62,700 new cancer diagnoses and 
14,240 cases of mortality in the USA (3). To date, the main 
treatment for RCC is complete or partial surgical resection 
combined with chemotherapy or radiotherapy. Metastatic RCC 
displays a poor response to chemotherapy and radiotherapy, 
due to systemic toxicity and increased expression of multidrug 
resistance genes; this is responsible for the high mortality rate 
of advanced RCC (4,5). The 5‑year overall survival rate of 
patients with metastatic RCC is <10% and the median survival 
time is only 1.5 years (6). In addition, 20‑25% of patients with 
RCC have already reached the metastatic phase upon initial 
diagnosis (7). Therefore, there is an urgent need to explore 
novel molecules involved in the progression of RCC, in order 
to identify therapeutic targets for patients with RCC.

Hepatocyte nuclear factor‑4α (HNF‑4α) is one of the major 
transcription factors that regulate liver cell differentiation. 
The expression of HNF‑4α is tissue‑specific, and it is highly 
expressed in the liver, kidneys, intestines and pancreas (8). In 
the liver, HNF‑4α regulates the expression of a series of genes 
involved in the metabolism of amino acids, lipids, carbohydrates 
and cholesterol, the transport of ions, blood coagulation and 
cell proliferation (9‑11). In addition, HNF‑4α is involved in cell 
differentiation and maintenance of epithelial morphology in 
certain cell types (12,13). At present, research into HNF‑4α in 
cancer has primarily focused on liver cancer. The transcriptional 
activity of HNF‑4α is decreased or completely lost in ~70% of 
patients with liver cancer, and the prognosis of patients with 
low expression of HNF‑4α is poor (14). In addition, HNF‑4α 
has been reported to be associated with the malignancy of liver 
cancer in mouse models; in a previous study, upregulation of 
HNF‑4α expression was able to transform invasive liver cancer 
into a less malignant phenotype (15). These data are indicative 
of an important role of HNF‑4α inactivation in the progres-
sion of liver cancer. The loss of functional activity of HNF‑4α 
has also been described in RCC (16); therefore, it is of interest 
to analyze whether HNF‑4α has a functional role in RCC 
tumorigenesis and progression.
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Tumor metastasis is an important factor in evaluating 
prognosis and predicting therapeutic response. Epithelial to 
mesenchymal transition (EMT) is an important process during 
cellular transformation, by which epithelial tumor cells lose 
their polarity, rearrange cytoskeletal elements, and display 
reduced intercellular adhesion and increased motility, endowing 
cancer cells with invasive and metastatic properties (17). A 
critical molecular feature of EMT is the downregulation of 
E‑cadherin, which is a cell adhesion molecule present in the 
majority of normal epithelial cell membranes. E‑cadherin is 
considered to act as a tumor suppressor inhibiting metastasis 
in various types of cancer, including hepatocellular carci-
noma, head and neck carcinoma, squamous cell carcinoma of 
the skin and esophagus, and melanoma (18). Re‑expression of 
E‑cadherin is sufficient to reduce the aggressiveness of tumor 
cells. Conversely, E‑cadherin depletion leads to mesenchymal 
morphology, and increased cell migration and invasion (19).

The present study aimed to investigate whether HNF‑4α may 
serve as a molecular marker for RCC migration and invasion. 
In the present study, reduced expression of HNF‑4α promoted 
tumor migration and invasion by regulating E‑cadherin in RCC. 
The present results highlighted the potential role of HNF‑4α as 
a therapeutic target for the treatment of RCC.

Materials and methods

Cell culture and treatment. Human RCC cell lines A498 and 
OS‑RC‑2, and the normal kidney cell line HK2 were obtained 
from the Cell Bank of the Chinese Academy of Sciences. 293T 
cells were obtained from Dr Yong Zhang (Rui‑Jin Hospital). 
The cells were cultured in Dulbecco's modified Eagle's 
medium (Sigma‑Aldrich; Merck KGaA) supplemented with 
10% fetal bovine serum (Gibco; Thermo Fisher Scientific, 
Inc.). All cell lines were cultured in a humidified atmosphere 
containing 5% CO2/95% air at 37˚C.

Clinical tissue samples. A total of 30 primary RCC tissues, 
18 metastatic tissues and 22 adjacent normal tissues were 
obtained from primary RCC patients, which were histopatho-
logically diagnosed between June 2015 and August 2018. The 
patients were aged between 56 and 77 years old (mean age, 
68.5 years), and included 27 men and 21 women. All samples 
obtained were primary tumors and patients were untreated 
prior to surgery. Tissues were collected from the Shanghai 
Tenth People's Hospital Affiliated to Tongji University School 
of Medicine. The present study was approved by the Medical 
Ethical Committee of Shanghai Tenth People's Hospital. 
All patients provided written informed consent prior to 
participation and agreed to publication of the present study.

RNA‑sequencing analysis. The mRNA expression data of 
HNF‑4α and E‑cadherin were obtained from The Cancer 
Genome Atlas (TCGA); these data were obtained from 1,019 
tumor tissues and 139 adjacent normal tissues from patients 
with RCC. TCGA dataset used in this study was retrieved 
from the Genomic Data Commons (GDC) Data Portal (portal.
gdc.cancer.gov). The identifiers of the cases included in this 
study are listed in Table SI. All data used in this study are 
readily accessible via these identifiers on the GDC Data Portal 
website. To segregate patients with RCC according to high 

or low expression, the median expression was calculated. If 
expression was under the median value, patients were included 
in the low group, and vice versa.

Immunohistochemistry (IHC). Briefly, tissue samples (length, 
<3 mm) were fixed with 4% paraformaldehyde for 24 h at room 
temperature, dehydrated through a graded alcohol series and 
embedded in paraffin. Tissue slides (4 µm) were then deparaf-
finized at 60˚C, followed by treatment with 100% xylene for 
20 min and a graded series of ethanol at room temperature. 
The slides were incubated in a 3% hydrogen peroxide solution 
for 15 min at room temperature, followed by incubation in 
10 mM sodium citrate buffer at 95˚C for 10 min. Subsequently, 
the slides were rinsed in PBS and incubated with 5% BSA 
(Sigma‑Aldrich; Merck KGaA) for 30 min at room tempera-
ture. The slides were then incubated with primary antibodies 
at 4˚C overnight. The following antibodies were used: 
HNF‑4α (1:50, cat. no. ab201460; Abcam) and E‑cadherin 
(1:100, cat. no. 24E10; Cell Signaling Technology, Inc.). The 
slides were visualized using the standard avidin‑biotinylated 
peroxidase complex method. Briefly, biotinylated secondary 
antibody (100 µl, 1:2,000, cat. no. ab6720; Abcam) was applied 
to the sections on the slides and the slides were incubated in a 
humidified chamber at room temperature for 30 min A DAB 
Substrate kit (cat. no. JM3363; Shanghai Youyu Biotech Co., 
Ltd.) was used for staining, according to the manufacturer's 
protocol. Finally, 10% hematoxylin was used for counter-
staining at 37˚C for 3 min and morphological images were 
observed under an Olympus BX51 microscope. All staining 
was blindly scored by two pathologists according to the inten-
sity of staining: No staining, 0; weak staining, 1; moderate 
staining, 2; strong staining, 3, and the area of stained cells: 
0%, 0; 1‑24%, 1; 25‑49%, 2; 50‑74%, 3; 75‑100%, 4. The final 
immunoreactive score was determined by multiplying the 
intensity score with the area of stained cells; scores ranged 
between 0 (the minimum score) and 12 (the maximum score).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was isolated using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) and treated 
with RNase‑free DNase (Promega Corporation). RT was 
performed using PrimeScript 1st Strand cDNA Synthesis kit 
(Takara Biotechnology Co., Ltd.) according to the manufac-
turer's protocol. qPCR was carried out with SYBR-Green PCR 
Master Mixture Reagent (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) using an ABI 7500 Detection system (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). Thermocycling 
conditions were as follows: An initial cycle at 95˚C for 10 min, 
followed by 35 cycles of denaturation at 95˚C for 30  sec, 
annealing at 60˚C for 30 sec and extension at 72˚C for 30 sec, 
and a final extension step at 72˚C for 10 min to complete the 
amplification. The fluorescence threshold value was calculated 
using 7500 software v2.0.6 (Applied Biosystems; Thermo 
Fisher Scientific, Inc.). The final quantification was determined 
using the 2‑ΔΔCq method (20). Experiments were repeated at 
least three times with similar results. A list of qPCR primers 
is presented in Table SII.

Plasmids, short hairpin (shRNA) and viral infection. Human 
HNF‑4α and E‑cadherin cDNA amplified from 293T 
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cells were cloned and inserted into a pLVX‑Puromycin 
lentiviral expression vector (Clontech Laboratories,  Inc.). 
Complementary shRNA oligonucleotides against HNF‑4α 
and E‑cadherin were synthesized, annealed and ligated into 
pSIREN‑RetroQ, according to the manufacturer's protocol 
(Clontech Laboratories, Inc.). The sequence for E‑cadherin 
shRNA was 5'‑AAG​ATA​GGA​GTT​CTC​TGA​TGC‑3' and 
the sequence for HNF‑4α shRNA has been described previ-
ously (5). These plasmids (500 ng) were co‑transfected into 
293T cells (5x105 cells/well) using 4 µl FuGene 6 (Roche 
Diagnostics) with packaging plasmids, including psPAX2 
and pMD2G for the lentivirus or VSV‑G and gag‑pol, the 
retrovirus, for 20 min at room temperature. The packaging 
plasmids were obtained from Dr Shaoming Shen (Shanghai 
Jiaotong University). After transfection for 48 h, the viral 
supernatant (1.5 ml/well) was collected, filter‑sterilized and 
added to cells in a 6‑well plate (1.5x105 cells/well) containing 
polybrene (4 µg/ml); puromycin (1 µg/ml) was added to select 
the stably infected cells after another 48 h. The multiplicity of 
infection of viruses ranged between 10 and 50 PFU/cell. In the 
control groups, cells were infected with empty vector (EV) or 
a non‑specific control (NC). The sequence for NC shRNA was 
5'‑TTC​TCC​GAA​CGT​GTC​ACG‑3'. Selection was stopped as 
soon as the non‑infected control cells died off.

Western blotting. Western blotting was performed as described 
previously (21). The following antibodies were used: Rabbit 
antibodies against HNF‑4α (cat. no.  ab201460; Abcam), 
E‑cadherin (cat. no. 24E10; Cell Signaling Technology, Inc.), 
N‑cadherin (cat. no. 13116; Cell Signaling Technology, Inc.), 
β‑catenin (cat. no. 8480; Cell Signaling Technology, Inc.), phos-
phorylated (P)‑p65 (cat. no. 3033; Cell Signaling Technology, 
Inc.), p65 (cat. no. 8242; Cell Signaling Technology, Inc.), 
P‑STAT3 (cat. no. ab76315; Abcam), P‑AKT (cat. no. ab38449; 
Abcam), AKT (cat. no. ab8805; Abcam) and β‑actin mono-
clonal antibody (cat. no. HRP‑60008; Proteintech Group, Inc.); 
mouse antibodies against STAT3 (cat. no. ab119352; Abcam).

Cell proliferation assay. Cell proliferation was evaluated 
using the Cell Counting kit‑8 (CCK‑8) assay (WST‑8; Dojindo 
Molecular Technologies, Inc.). Briefly, 100 µl cells were seeded 
into 96‑well plates at a density of 2,000 cells/well on days 1, 
2 and 3. Subsequently, 10 µl WST‑8 was added and cells were 
incubated at 37˚C for 3 h. Absorbance was measured at a 
wavelength of 450 nm using a Synergy H4 Hybrid Microplate 
Reader (BioTek Instruments, Inc.).

Wound‑healing assay. Cells (2x105 cells/well) were seeded 
in 6‑well plates. After starving overnight in medium supple-
mented with 1% FBS, the >90% confluent monolayers were 
scraped with a 200‑µl pipette tip to create a linear wound. 
Plates were washed with PBS and cultured with complete 
medium for 24 h. Images of the wounds were captured with 
a phase contrast light microscope (Olympus Corporation) and 
the horizontal distance between the edges of the wound was 
measured. This assay was performed in triplicate.

Transwell migration and invasion assay. For the Transwell 
migration assay, cells (2x104 cells/well) were suspended in 
200  µl serum‑free Dulbecco's modified Eagle's medium 
(DMEM, Sigma‑Aldrich; Merck KGaA) and plated on 8 µM 

Transwell filters (Corning, Inc.) in 24‑well plates containing 
500 µl DMEM supplemented with 10% FBS. For the Transwell 
invasion assay, cells (5x104  cells/well) were suspended in 
200 µl serum‑free DMEM and seeded on the upper chamber 
of Transwell filters in 24‑well plates containing 500 µl DMEM 
supplemented with 10% FBS, which was coated with Matrigel 
(BD Biosciences). The lower chamber was filled with 600 µl 
complete DMEM. After 36  h at 37˚C, non‑migratory or 
non‑invasive cells on the upper side of the membrane were 
removed with a cotton swab, whereas cells on the lower side 
of the membrane were fixed with 100% methanol for 20 min 
and stained with 1% crystal violet for 15 min at 37˚C. Images 
of the cells were captured and counted in five random fields 
under a dissecting microscope. This assay was performed in 
triplicate.

Luciferase assay. Sequences in the E‑cadherin promoter 
(2,000 bp) were amplified by PCR from the genomic DNA of 
293T cells and subcloned into a pGL3‑Basic vector (Promega 
Corporation) to construct luciferase reporter plasmids. For the 
luciferase assay, 293T cells (5x105 cells/well) were seeded in 
a 6‑well plate, and co‑transfected with HNF‑4α expression 
vector (500 ng), luciferase reporter plasmids driven by promoter 
fragments of E‑cadherin (500  ng), and pRLSV40‑Renilla 
(50 ng) using 4 µl FuGene 6 (Roche Diagnostics). A total of 
36 h post‑transfection, cells were lysed and analyzed using 
the Dual‑Luciferase Assay system (cat. no. E1910; Promega 
Corporation) according to the manufacturer's protocol.

Statistical analysis. All experiments were repeated at least 
three times. All statistical analyses were evaluated using the 
GraphPad Prism  6.0 software (GraphPad Software, Inc.). 
The Kaplan‑Meier method was used to analyze overall 
survival and comparisons were analyzed by log‑rank test. The 
Pearson's χ2 test was used to evaluate associations. Spearman's 
rank correlation was used to evaluate the correlation between 
HNF‑4α and E‑cadherin mRNA expression in different grades 
of RCC. One‑way ANOVA followed by Bonferroni post hoc 
test was used for multiple comparisons. Unless otherwise 
described, comparisons between two groups were analyzed by 
Student's t‑test (unpaired, two‑tailed). P<0.05 was considered 
to indicate a statistically significant difference.

Results

HNF‑4α is downregulated and associated with a poor prognosis 
in RCC. Immunohistochemical analysis of RCC and normal adja-
cent tissues demonstrated that there was a significant decrease 
in HNF‑4α protein expression in RCC tissues compared with 
in normal tissues adjacent to the tumor tissues (Fig. 1A and B). 
In addition, HNF‑4α expression was significantly lower in 
metastatic tissues compared with in primary tumors (Fig. 1C). 
Furthermore, downregulation of HNF‑4α mRNA expression 
and the negative association between HNF‑4α expression and 
pathological grade was confirmed in 1,158 RCC samples using 
TCGA database (Fig. 1D and E).

The present study further investigated whether HNF‑4α 
expression was associated with RCC patient prognosis. The 
results indicated that downregulation of HNF‑4α was signifi-
cantly associated with tumor recurrence and metastasis in 
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RCC (Fig. 1F). The association of HNF‑4α expression with 
overall survival in patients with RCC was analyzed using TCGA 
database. The results revealed that patients with RCC with lower 
HNF‑4α expression had a relatively reduced 5‑year survival 
compared with those with higher HNF‑4α expression, according 
to TCGA database  (Fig.  1G). Taken together, these results 
suggested that HNF‑4α may serve as a prognostic marker of 
RCC progression.

HNF‑4α negatively regulates the migration and invasion 
of RCC cells. Tumor metastasis is an important indicator 
for evaluating the prognosis of patients. The present study 
investigated the effect of HNF‑4α on RCC cell migra-
tion and invasion. Since HNF‑4α is positively regulated 
by von Hippel‑Lindau  (VHL)  (14), HNF‑4α was overex-
pressed in VHL‑deficient A498 cells and downregulated in 
VHL‑proficient OS‑RC‑2 cells (Fig. 2A and B). The results 
revealed that the differences in HNF‑4α expression had little 
effect on the proliferation of RCC cells (Fig. 2C and D). In 
addition, silencing HNF‑4α in HK2, which is a proximal 
tubular cell line derived from normal kidney, did not affect 
cell proliferation (Fig. S1A).

Data from the wound‑healing assay indicated that overex-
pression of HNF‑4α significantly inhibited the migration of 
A498 cells, whereas HNF‑4α knockdown promoted OS‑RC‑2 
cell migration (Fig. 2E and F). The results of the Transwell 
assay also indicated that HNF‑4α overexpression markedly 
suppressed A498 cell migration and invasion (Fig. 2G and I). 
Conversely, downregulation of HNF‑4α significantly promoted 
the migration and invasion of OS‑RC‑2 cells (Fig. 2H and J). 
Furthermore, the Transwell migration assay revealed that HK2 
cells did not migrate, even when the expression of HNF‑4α 
was silenced under the same experimental conditions as 

tumor cells (Fig. S1B). These results suggested that HNF‑4α 
negatively regulated the migration and invasion of RCC cells.

HNF‑4α regulates the migration and invasion of RCC cells 
by E‑cadherin. Tumor migration and invasion is regulated 
by various genes involved in different signaling pathways, 
including the EMT, JNK‑STAT, NF‑κB, WNT/β‑catenin and 
PI3K/AKT pathways (22‑25). To explore whether HNF‑4α 
regulates cell invasion and migration via these known 
proteins and signaling pathways, the expression of a number 
of proteins that serve important roles in tumor migration‑ and 
invasion‑related signaling pathways was assessed in cells with 
overexpression or knockdown of HNF‑4α. It was observed that 
HNF‑4α was able to regulate the expression of E‑cadherin and 
N‑cadherin, which are involved in the EMT process, but had 
little effect on other proteins, including β‑catenin, P‑p65/p65, 
P‑STAT3/STAT3 and P‑AKT/AKT (Fig. 3A‑D). Furthermore, 
it was confirmed that HNF‑4α was able to transcriptionally 
regulate the expression of E‑cadherin, but not N‑cadherin, 
Vimentin and Twist in the EMT process (Fig. 3E and F).

Snail and Slug are known transcription factors that regu-
late E‑cadherin. HNF‑4α did not transcriptionally regulate the 
expression of Snail and Slug in RCC cells (Fig. 3G and H). 
These results suggested that HNF‑4α may directly regulate the 
expression of E‑cadherin. A 2 kb DNA fragment upstream of 
the transcriptional start site of E‑cadherin was subcloned into 
the luciferase reporter vector pGL3‑basic, which was subse-
quently co‑transfected into 293T cells alongside a HNF‑4α 
expression vector plasmid and the internal control Renilla. 
Luciferase activity of the E‑cadherin promoter was activated 
by ectopic expression of HNF‑4α (Fig. 3I and J). These results 
suggested that HNF‑4 may bind to the promoter of E‑cadherin 
to regulate its transcription.

Figure 1. HNF‑4α is downregulated and associated with a poor prognosis in RCC. (A) Representative immunohistochemistry images of RCC samples for the 
expression of HNF‑4α protein. (B and C) HNF‑4α expression scores are presented as box plots, with the horizontal lines representing the median. The plots 
range between the minimum and maximum. RCC tissues (n=48) with adjacent normal tissues (n=22), and primary (n=30) and metastatic (n=18) RCC tissues 
were compared. P‑values were calculated via Student's t‑test. Information on HNF‑4α expression in different pathological types and grades of RCC was 
derived from TCGA database. (D) Tumor (n=1,019) and normal (n=139) tissues were compared and analyzed using Student's t‑test. (E) Stage I (n=473), II/III 
(n=390) and IV (n=117) RCC were compared and analyzed using one‑way ANOVA followed by Bonferroni post hoc test. (F) Primary (n=1,013), recurrent 
(n=5) and metastatic (n=1) RCC tissues were compared and analyzed using one‑way ANOVA followed by Bonferroni post hoc test. (G) Kaplan‑Meier analysis 
of the association between HNF‑4α expression and survival time in patients with RCC; data were derived from TCGA database. Cases were classified into 
low and high expression groups. Results were analyzed by log‑rank test. *P<0.05, **P<0.01. HNF‑4α, hepatocyte nuclear factor‑4α; RCC, renal cell carcinoma; 
TCGA, The Cancer Genome Atlas.
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The present study verified whether HNF‑4α was able to 
regulate cell migration and invasion via E‑cadherin (Fig. 4). 
The expression of E‑cadherin was knocked down in HNF‑4α-
overexpressing cells, and it was demonstrated that cell 
migration and invasion were promoted by E‑cadherin knockdown 
(Fig. 4A, C, E and G). In addition, E‑cadherin was overexpressed in 
shHNF‑4α‑transfected cells, and cell invasion and migration were 
suppressed by E‑cadherin overexpression (Fig. 4B, D, F and H). 
These experiments demonstrated that HNF‑4α may regulate cell 
migration and invasion through E‑cadherin.

HNF‑4α and E‑cadherin expression is positively correlated 
in RCC samples. The present study further explored whether 
the association between HNF‑4α and E‑cadherin existed in 
clinical samples from patients with RCC. As determined by 
immunohistochemical analysis, E‑cadherin expression was 
detected in RCC tumor and adjacent tissues. E‑cadherin 
expression was significantly reduced in tumor tissues 
compared with in corresponding adjacent tissues (Fig. 5A 
and  B). In addition, lower expression of E‑cadherin was 
demonstrated in metastatic tissues compared with in primary 

tumors (Fig. 5C). Furthermore, reduced HNF‑4α expression 
was frequently associated with lower E‑cadherin expression, 
and vice versa (Fig. 5D).

Furthermore, 1,158 cases of patients with RCC in TCGA 
database were used to verify the association between HNF‑4α 
and E‑cadherin. As shown in Fig. 5E, the mRNA expres-
sion levels of E‑cadherin were decreased in tumor tissues 
compared with in normal tissues adjacent to tumor tissues. 
E‑cadherin expression was also reduced in high‑grade and 
recurrent/metastatic tumors (Fig. 5F and G). In addition, there 
was a positive association between HNF‑4α and E‑cadherin 
mRNA  (Fig.  5H). Compared with low‑grade  (I/II) RCC, 
HNF‑4α and E‑cadherin expression exhibited a stronger 
positive correlation in high‑grade (III/IV) RCC (Fig. 5I‑L). 
Notably, low E‑cadherin expression also predicted a poor 
prognosis in RCC (Fig. 5M and N).

Discussion

HNF‑4α is a liver‑enriched transcription factor, which belongs 
to the nuclear hormone receptor superfamily. It is considered 

Figure 2. HNF‑4α regulates RCC cell migration and invasion in vitro. Protein expression of HNF‑4α was detected by western blotting. Actin was used as the 
loading control. (A) A498 cells were stably transfected with the HNF‑4α expression vector or EV. (B) OS‑RC‑2 cells were infected with retroviral vectors 
harboring shHNF‑4α or NC. (C and D) Growth curves of the indicated cells. (E and F) Representative images (magnification, x100) and quantification of the 
wound‑healing assay in the indicated RCC cells. Representative images (magnification, x100) of (G and H) Transwell migration or (I and J) invasion assays 
of the indicated cells (upper panels) and statistical analyses of migratory or invasive cell numbers (lower panels). All experiments were repeated at least 
three times with triplicate samples. Data are presented as the mean ± standard deviation. **P<0.01. EV, empty vector; HNF‑4α, hepatocyte nuclear factor‑4α; 
NC, non‑specific control; OD, optical density; sh, short hairpin RNA.
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to be one of the central components of the HNF regulatory 
network in hepatic cells. Substantial evidence has revealed 
that HNF‑4α is downregulated in human hepatocellular carci-
noma (HCC) tissues compared with in adjacent noncancerous 
tissues, and that restoration of HNF‑4α function may induce 
differentiation of hepatoma cells into hepatocytes (8). Recently, 
HNF‑4α introduction was revealed to not only be able to 
attenuate liver fibrosis and cirrhosis, but also completely block 
hepatocarcinogenesis  (26). Furthermore, downregulation 
of HNF‑4α in HCC results in loss of epithelial morphology, 
dedifferentiation, and acquirement of the ability to invade 

and metastasize, which implies that HNF‑4α may be a novel 
therapeutic target for HCC (8). The present study revealed that 
HNF‑4α was downregulated in RCC and its downregulation 
was associated with a poor prognosis in patients with RCC. 
In addition, knockdown of HNF‑4α expression significantly 
promoted the migration and invasion of RCC cells. These 
results suggested that HNF‑4α may function as a tumor 
suppressor in the development of RCC. There is no doubt that 
inactivation or downregulation of HNF‑4α, which confers 
a number of selective advantages to the tumor, is a frequent 
event during tumor progression and is associated with a more 

Figure 3. HNF‑4α regulates the expression of E‑cadherin. (A and C) Expression levels of the indicated proteins were detected by western blotting. Actin was 
used as the loading control. (B and D) Ratio of phosphorylated protein expression versus total protein expression normalized to actin. (E‑H) mRNA expression 
levels of the indicated genes were detected by reverse transcription‑quantitative polymerase chain reaction in the indicated cells. (I and J) 293T cells were trans-
fected with luciferase reporter plasmids driven by the E‑cadherin promoter with or without the HNF‑4α expression vector for 36 h; (I) HNF‑4α expression was 
detected by western blotting with actin as a loading control and (J) relative luciferase activity was detected. Data are presented as the mean ± standard deviation. 
**P<0.01; Student's t‑test. EV, empty vector; HNF‑4α, hepatocyte nuclear factor‑4α; NC, non‑specific control; P, phosphorylated; sh, short hairpin RNA.
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malignant tumor phenotype. These findings suggested that 
HNF‑4α may be considered a candidate tumor suppressor 
in tissue types where it normally serves an important role. 
Whether HNF‑4α can be used as a prognostic indicator or a 
drug target is worth further exploration.

E‑cadherin expression may be regulated by various tran-
scription factors, including Snail and Slug, which belong to the 
Snail family. Snail and Slug are able to bind to the promoter 
and directly inhibit the transcription of E‑cadherin (27‑29). 
Recently, the oncogenic serine/threonine kinase AKT has 
been reported to suppress transcription of E‑cadherin (24). 
Furthermore, E‑cadherin may be a direct transcriptional 
target of HNF‑4α in HCC (30). The present results confirmed 
that downregulation of E‑cadherin in RCC may be mediated 
by HNF‑4α. Notably, a strong correlation was determined 
between the expression of HNF‑4α and E‑cadherin in 
high‑grade RCC cases, suggesting that regulation of 

E‑cadherin by HNF‑4α may be closely associated with 
the malignancy of RCC. As a transcription factor, whether 
HNF‑4α serves other roles in the occurrence, progression 
and treatment of RCC, and its molecular mechanism are also 
worthy of further study.

In conclusion, the present results demonstrated that 
HNF‑4α was downregulated and associated with a poor 
prognosis in RCC. Low HNF‑4α expression promoted cell 
invasion and migration in RCC. In addition, E‑cadherin may 
serve an important role in the process through which HNF‑4α 
regulates tumor invasion and migration. Unfortunately, we 
failed to establish a mouse model of RCC metastasis; further 
studies are required to explore whether HNF‑4α regulates 
tumor metastasis in vivo. Taken together, the present findings 
provided a novel insight into the tumor suppressor role of 
HNF‑4α in RCC progression and thus may help identify novel 
approaches for the treatment of RCC.

Figure 4. E‑cadherin regulates the migration and invasion of RCC cells. The expression of E‑cadherin was detected by western blotting; actin was used 
as the loading control. (A) A498/HNF‑4α cells were stably transfected with shE‑cadherin or NC. (B) OS‑RC‑2/shHNF‑4α cells were infected with an 
E‑cadherin expression vector or EV. (C and D) Representative images (magnification, x100) and quantification of the wound‑healing assay in the indicated 
RCC cells. Representative images (magnification, x100) of Transwell (E and G) migration or (F and H) invasion assays of the indicated cells (upper panels), 
and statistical analyses of migratory or invasive cell numbers (lower panels). All experiments were repeated at least three times with triplicate samples. 
Data are presented as the mean ± standard deviation. **P<0.01; Student's t‑test. EV, empty vector; HNF‑4α, hepatocyte nuclear factor‑4α; NC, non‑specific 
control; sh, short hairpin RNA.
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