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Abstract 

Background:  Hepatocyte nuclear factor 4α (HNF4α) is a tissue-specific transcription factor that regulates the expres-
sion of numerous genes in hepatocytes and pancreatic β cells. HNF4α has been reported to affect cell proliferation 
and chemoresistance in several cancers. However, the role of HNF4α in pancreatic adenocarcinoma (PDAC) has not 
been studied extensively and remains unclear.

Methods:  By utilizing immunohistochemical (IHC) staining, we measured the expression of HNF4α in PDAC tissues. 
By silencing HNF4α in PDAC cell lines, we assessed the impact of HNF4α on pancreatic cancer cell proliferation and 
gemcitabine sensitivity. We used CCK8 and colony formation assays to examine the effect of HNF4α on cell prolifera-
tion. A flow cytometry assay was used to assess cell apoptosis. The expression of gemcitabine-related genes was 
detected by quantitative real‑time PCR (qRT-PCR) and Western blotting. IHC was utilized to assess the correlation 
between HNF4α and human equilibrative nucleoside transporter 1 (hENT1) expression in PDAC patients. Chromatin 
immunoprecipitation (ChIP) and dual‑luciferase reporter assays were used to confirm that hENT1 is a target gene of 
HNF4α.

Results:  Increased HNF4α expression was detected in PDAC tissues; patients with higher HNF4α expression dis-
played worse prognosis. To elucidate the function of HNF4α, we examined its role in pancreatic cancer cell prolifera-
tion, apoptosis and gemcitabine resistance. In HNF4α-silenced Capan-1 and MiaPaCa-2 cells, we observed decreased 
cell proliferation and increased sensitivity to gemcitabine compared to those of controls. The mechanism of HNF4α 
in gemcitabine-related chemosensitivity was then explored. In response to HNF4α silencing, the expression levels of 
gemcitabine-related proteins, hENT1 and deoxycytidine kinase (dCK) were significantly increased. Additionally, hENT1 
was negatively correlated with HNF4α in PDAC tissue samples. Moreover, we identified hENT1 as a downstream target 
of HNF4α.

Conclusion:  HNF4α is a prognostic marker for overall survival, is required for pancreatic cancer cell proliferation and 
promotes resistance to gemcitabine by downregulating hENT1. Therefore, targeting HNF4α might reverse gemcit-
abine resistance and provide novel treatment strategies for PDAC.
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Background
Due to the lack of early diagnosis and limited therapy 
options, pancreatic ductal adenocarcinoma (PDAC) is 
still among the most lethal tumors and is the fourth lead-
ing cause of cancer-related deaths in the United States [1, 
2]. Despite enormous progress in the treatment of many 
other tumor types in recent years, the main treatment for 
PDAC, other than surgery, is still based on gemcitabine 
alone or in combination with other chemotherapeutic 
agents [3]. However, the effect of gemcitabine and other 
chemotherapeutics remains unsatisfactory, partly due to 
the intrinsic chemoresistant characteristics of pancre-
atic cancer cells [4]. Therefore, exploration of potential 
targets to overcome gemcitabine resistance, which may 
highlight promising directions for developing novel ther-
apeutic strategies, are urgently needed.

Hepatocyte nuclear factor 4α (HNF4α or NR2A1), is 
an orphan nuclear receptor that is expressed in pancreas, 
liver, kidney and intestine [5, 6]. HNF4α has been widely 
studied as an important regulator of hepatic functions, 
such as glycometabolism, fatty acid metabolism, and drug 
metabolism [7, 8]. Although there is abundant evidence 
that HNF4α plays an important role in hepatic develop-
ment, its role in the regulation of tumorigenesis and can-
cer development has been less widely studied. Darsigny 
et al. reported that HNF4α was highly expressed in colo-
rectal cancer tissue samples and promoted murine tumor 
development by targeting redox-related genes [9]. Con-
versely, another study suggested that low HNF4α expres-
sion in colorectal cancer reduced the expression of the 
tumor suppressor gene CDX2 and that the lack of HNF4α 
function promoted tumor progression [10]. Moreover, 
a recent study has suggested a role for HNF4α in chem-
oresistance in gastric cancer, in which they reported that 
HNF4α may enhance multidrug resistance by regulating 
cell apoptosis and expression of B-cell lymphoma 2 (Bcl-
2) [11]. However, the role of HNF4α in PDAC develop-
ment has not been reported widely and needs further 
investigation.

As a highly hydrophilic chemical, gemcitabine requires 
integral membrane transporters to function as a media-
tor for drug intake. It has been reported that a membrane 
transporter protein, human equilibrative nucleoside 
transporter 1 (hENT1), is responsible for the majority 
of gemcitabine uptake [12, 13]. Once it is in the cyto-
plasm, gemcitabine undergoes rate-limiting steps, as 
the monophosphate is phosphorylated by deoxycytidine 
kinase (dCK) to generate its active metabolites, gemcit-
abine diphosphate and gemcitabine triphosphate [14, 15]. 
The most important mechanism of gemcitabine cyto-
toxicity is inhibition of DNA synthesis, in which ribonu-
cleotide reductase (RR) plays an important role [16–18]. 
First, the diphosphate form of gemcitabine can inactivate 

RR subunit M1 (RRM1) and RR subunit M2 (RRM2). 
Additionally, gemcitabine triphosphate can embed into 
DNA chains, which causes termination of DNA syn-
thesis, resulting in cancer cell apoptosis [19]. In brief, 
hENT1, dCK and RR are central proteins that contribute 
to gemcitabine cytotoxicity, and many previous stud-
ies have confirmed that their expression correlates with 
gemcitabine efficacy and patient prognosis [13, 20, 21].

In the present study, we explored the function of 
HNF4α and its underlying mechanism in PDAC. Our 
study provided novel findings, including that HNF4α 
silencing resulted in decreased cell proliferation and 
increased gemcitabine sensitivity, which was partly due 
to transcriptional repression of hENT1. Collectively, our 
present study uncovered novel predictive and treatment 
targets that show promise for improving overall survival 
for PDAC.

Methods
Clinical samples and cell lines
Clinical tissue samples were obtained from patients who 
were diagnosed at the Department of Pancreatic Surgery 
at Fudan University Shanghai Cancer Center (FUSCC) in 
2012. We obtained informed consent from the patients 
and were approved by the Institutional Research Eth-
ics Committee of FUSCC. The clinical characteristics of 
the samples are summarized in Table 1. The human pan-
creatic cancer cell lines Capan-1 and MiaPaCa-2 were 
purchased from the American Type Culture Collection 
(ATCC, USA) and were cultured according to standard 
ATCC protocols. In brief, PANC-1 cells were cultured 
in Iscove’s modified Dulbecco’s medium containing 
20% fetal bovine serum (FBS), 100 U/mL penicillin and 
0.1  mg/mL streptomycin. MiaPaCa-2 cells were main-
tained in Dulbecco’s modified Eagle’s medium with 10% 
FBS and an additional 2.5% horse serum. These cells were 
cultured at 37 °C in a humidified incubator with 5% CO2.

Immunohistochemical (IHC) staining
IHC staining of paraffin-embedded tissues with antibod-
ies against HNF4α (1:200; CST, USA), hENT1 (1:200; 
Proteintech, USA) and dCK (1:800; Abcam, UK) were 
performed using standard procedures as described previ-
ously [22–24]. The evaluation criterion considered both 
the percentage of stained positive cells (0, < 5%; 1, 5–25%; 
2, 25–50%; 3, 50–75%; 4, > 75%) and the staining intensity 
(0, negative; 1, weakly positive; 2, moderately positive; 3, 
strongly positive). The total scores were calculated as the 
product of staining frequency and intensity. The expres-
sion levels were classified as follows: negative (0-3, −); 
weakly positive (4, +); moderately positive (6, ++); and 
strongly positive (> 6, +++). The patients were divided 
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into two groups (∓, low expression and ++/+++, high 
expression) for survival analyses.

Plasmids
The 21 base pair (bp) targets against HNF4α were TCA​
GGG​TCT​GAG​CCC​TAT​AAG and CCA​TCA​CCA​AGC​
AGG​AAG​TTA. shRNA oligos were synthesized and 
ligated into an LKO.1 TRC cloning vector (Addgene, 
USA) according to the standard procedures provided by 
Addgene [25], and HNF4α silencing lentivirus constructs 
were designated pLKO.1-shHNF4α-A and pLKO.1-
shHNF4α-B. pLKO.1-shHNF4α was cotransfected with 
psPAX2 and pMD2.G into HEK-293T cells at a ratio of 
4:3:1 for the production of lentiviral particles. pLKO.1-
shscramble (Addgene, USA) was used as the control 
plasmid.

Quantitative real‑time PCR (qRT‑PCR)
TRIzol reagent (Invitrogen, USA) was used to extract 
total RNA. Reverse transcription was performed using 
a TaKaRa PrimeScript RT reagent kit (TaKaRa, Japan) 
to obtain cDNA. The expression of candidate genes was 
determined using an ABI 7900HT Real-time PCR system 

(Applied Biosystems, USA). The primer sequences used 
in this study are presented in Table 2.

Western blotting analysis
Western blotting was conducted as described in a previ-
ous study [24]. The antibodies used in the present study 
were β-actin (1:5000; Proteintech, USA), HNF4α (1:1000; 
CST, USA), p21 (1:1000; Proteintech, USA), p27 (1:1000; 
Proteintech, USA), Caspase-9 (1:1000; CST, USA), PARP 
(1:1000; CST, USA), ENT1 (1:1000; Proteintech, USA), 
DCK (1:1000; Abcam, UK), and RRM1 (1:1000; Protein-
tech, USA).

CCK‑8 assay
Cell proliferation and cytotoxicity was measured via cell 
viability using a Cell Counting Kit-8 (Dojindo, Japan) and 
was conducted as previously described [26]. The con-
centration of gemcitabine that inhibited cell viability by 
50% (IC50 value) was calculated from a nonlinear least 
squares curve that was fit to the dose–response curves.

Colony formation assay
Cells (500/well) were seeded and cultured in six-well 
plates, and cells were fixed with 4% paraformaldehyde 
followed by 0.1% crystal violet (Sigma, USA) staining 
after 2  weeks of cultivation. Colonies were quantified 
under a light microscope.

Cell apoptosis analysis
Cells were stained with fluorescein isothiocyanate-conju-
gated annexin V and propidium iodide (BD, La Jolla, CA, 
USA) according to the manufacturer’s instructions, and 
the percentage of apoptotic cells was measured using a 
FACSCalibur flow cytometer.

Table 1  Relationship between  HNF4α expression 
and clinicopathological features of pancreatic cancer

Variables Patient 
number 
(n)

HNF4α expression in tumor tissue 
of pancreatic cancer

Low (n = 41) High (n = 64) P value

Gender 0.9321

 Male 62 24 38

 Female 43 17 26

Age (years) 0.2434

 ≤ 60 54 24 30

 > 60 51 17 34

TNM stage 0.8487

 I, IIa 55 21 34

 IIb, III, IV 50 20 30

Tumor size (cm) 0.2764

 ≤ 4 73 26 47

 > 4 32 15 17

Histological grade 0.1917

 Grade 1, 2 62 21 41

 Grade 3 43 20 23

Lymph node status 0.8625

 Negative 60 23 37

 Positive 45 18 27

Vascular emboli 0.6061

 Negative 87 33 54

 Positive 18 8 10

Table 2  Primer sequences used in this study

HNF4α forward 5′-GGT​GTT​CAA​GGA​CGT​GCT​GCTCC-3′

HNF4α reverse 5′-AGT​CCT​CCA​AGC​TCA​CCT​GCACC-3′

hENT1 forward 5′-CTC​CAA​CTC​TCA​GCC​CAC​CAA​TGA​-3′

hENT1 reverse 5′-GAA​GTA​ACG​TTC​CCA​GGT​GCTGC-3′

dCK forward 5′-CAA​GAC​TGG​CAT​GAC​TGG​ATGAA-3′

dCK reverse 5′-GGC​ACC​TCT​TGA​AGA​TAA​TCG​AAG​-3′

RRM1 forward 5′-TGG​AGT​ACA​CCA​GCA​AAG​ATG​AGG​-3′

RRM1 reverse 5′-GGC​GAT​GGC​GTT​TAT​TTG​ATA​GGC​-3′

β-actin forward 5′-AGA​GCT​ACG​AGC​TGC​CTG​AC-3′

β-actin reverse 5′-AGC​ACT​GTG​TTG​GCG​TAC​AG-3′

ChIP forward 1 5′-TGC​CTC​ACT​GGC​CTC​TCC​CTA​GTC​-3′

ChIP reverse 1 5′-CAC​CAC​CCT​ATA​TGG​GAC​CGT​GGC​-3′

ChIP forward 2 5′-TTT​GAA​TGT​GCC​CCG​GCG​GGAGA-3′

ChIP reverse 2 5′-TCC​CTG​GCC​CGT​GCG​CGC​CACGT-3′
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Promoter activity assessment by dual‑luciferase assay
The hENT1 promoter region, spanning from − 3000 to 
300 of the transcription starting site, was amplified from 
genomic DNA and cloned into a pGL3-Basic vector. 
HEK-293T cells were seeded on 96-well culture plates 
and transfected with the pGL3 constructs as well as 
Renilla luciferase expression vectors using Lipofectamine 
2000 (Invitrogen, USA). Both firefly and Renilla luciferase 
activities were assayed using a dual-luciferase system 
(Promega, USA) that complied with the manufacturer’s 
protocol.

Chromatin immunoprecipitation (ChIP) assay
ChIP was conducted according to the instructions of a 
Magna ChIP™ A/G Chromatin Immunoprecipitation 
Kit (Merck Millipore Corporation). The nuclear DNA 
extracts were amplified using two pairs of primers that 
spanned the hENT1 promoter region (Table 2).

Statistics
All data are presented as the mean ± SD, and experi-
ments were repeated at least three times. The data were 
analyzed using SPSS 22.0 software (Abbott Laborato-
ries, USA). Student’s test and one-way ANOVA were 
used to analyze the data between groups. A Chi square 
test was performed to analyze the relationships between 
HNF4α expression and clinicopathologic characteristics. 
Log-rank test and Cox regression were used in survival 
analysis for patients with PDAC. Spearman correlation 
analysis was used to determine the correlation between 
the HNF4α and hENT1 expression levels. P < 0.05 was 
considered statistically significant.

Results
HNF4α expression is positively correlated with PDAC 
prognosis
We first used IHC to examine the HNF4α levels in 30 
paired-patient samples of PDAC and adjacent normal 
tissues (Fig.  1a, b). Then, we further validated the IHC 
results by examining HNF4α expression in tissue micro-
arrays containing 105 pairs of patient samples (Fig.  1c, 
Additional file  1: Table  S1). The IHC score showed that 
HNF4α was expressed at higher levels in PDAC tis-
sues than in control tissues (Additional file 1: Table S1). 
Moreover, the log-rank test revealed an obvious correla-
tion between high HNF4α expression and poor prognosis 
of PDAC patients (P = 0.0281; Fig. 1d). Pancreatic cancer 
patients with higher HNF4α expression exhibited signifi-
cantly shorter overall survival compared to patients with 
low HNF4α expression, with a median survival time of 
11.015  months vs. 17.1  months. Furthermore, accord-
ing to Cox regression analysis, HNF4α was an inde-
pendent prognostic marker of PDAC (Table  3). Finally, 

we investigated the levels of HNF4α protein in various 
PDAC cell lines (Fig.  1e). HNF4α was highly expressed 
in PANC-1, Capan-1 and MiaPaCa-2 cell lines. We ulti-
mately chose Capan-1 and MiaPaCa-2 cell lines for fur-
ther investigation.

HNF4α promotes proliferation of pancreatic cancer cells
Based on the vital role of HNF4α in PDAC prognosis, 
we hypothesized that HNF4α might promote pancre-
atic cancer cell proliferation. Stable HNF4α-silencing 
cell lines were obtained by infecting Capan-1 and Mia-
PaCa-2 cells with lentiviral particles and by subsequently 
using puromycin selection. The knock-down efficiency 
was verified by qRT-PCR and Western blotting (Fig. 2a, 
b). The CCK-8 assay showed that HNF4α silencing sig-
nificantly decreased cell viability in Capan-1 and Mia-
PaCa-2 cells (Fig. 2c). Subsequent colony formation assay 
results demonstrated that HNF4α abrogation decreased 
colony formation capacity in Capan-1 and MiaPaCa-2 
cells (Fig. 2d). Further, Western blotting analysis showed 
increases in p21 and p27 expression in HNF4α-silenced 
cell lines, which indicated an activated tumor-suppressive 
mechanism of HNF4α knockdown (Fig. 2e) [27]. In sum-
mary, HNF4α may play oncogenic roles and enhances 
pancreatic cancer cell proliferation.

Silencing of HNF4α increases pancreatic cancer cell 
sensitivity to gemcitabine
Since evidence has suggested that loss of p21 or p27 func-
tion may contribute to cancer cell chemoresistance [27, 
28], we subsequently explored the relationship between 
HNF4α and gemcitabine sensitivity. We first used a via-
bility assay to analyze the effects of HNF4α abrogation 
on gemcitabine-treated cells. The results suggested that 
HNF4α silencing dramatically decreased the IC50 values 
of gemcitabine both in Capan-1 and MiaPaCa-2 cells at 
48  h (Fig.  3a). Gemcitabine exerts its antitumor activ-
ity mainly by inducing cell apoptosis [29], and we then 
investigated gemcitabine-induced apoptosis. The apop-
totic rate induced by gemcitabine was further enhanced 
in HNF4α-silenced cell lines (Fig.  3b, c), with increased 
expression of apoptosis-related proteins such as cleaved 
poly (ADP-ribose) polymerase-1 (PARP1) and cleaved 
caspase-9 (Fig. 3d) [30, 31].

HNF4α is negatively correlated with hENT1 expression
We next examined whether HNF4α silencing could 
regulate the expression of gemcitabine metabolism-
related proteins. Numerous studies have indicated 
that hENT1, dCK and RRM1 are key proteins for gem-
citabine resistance in pancreatic cancer (Fig.  4a) [19, 
20, 32, 33]. The subsequent qRT-PCR and Western 
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blotting results exhibited upregulated expression of 
hENT1 and dCK after deletion of HNF4α in Capan-1 
and MiaPaCa-2 cell lines, whereas RRM1 presented 
no obvious change at both the transcriptional and pro-
tein levels (Fig. 4b, c). To further validate the results of 
the in  vitro experiments, we examined the correlation 
between hENT1, dCK and HNF4α in PDAC patients. 
We found that hENT1 expression negatively correlated 
with HNF4α levels in PDAC patient tissue samples 
(Fig.  4d, e). Moreover, consistent with the results of 
previous studies, the IHC staining of tissue microarrays 
indicated that higher hENT1 expression indicated a 
better prognosis in PDAC (Additional file 2: Figure S1, 
a, b, n = 105, P = 0.0208). However, Spearman’s correla-
tion showed no obvious correlation between dCK and 
HNF4α levels in PDAC patient tissue samples (Addi-
tional file 3: Figure S2, n = 30, P = 0.4281).

hENT1 is a downstream target of HNF4α
Based on these results, we hypothesized that hENT1 
may be a target of and regulated by HNF4α. In the pro-
moter region of hENT1, one possible HNF4α binding 
element exists (Fig. 5a). Thus, we conducted a ChIP assay 
to determine whether HNF4α could occupy the consen-
sus HNF4α binding element. ChIP results demonstrated 
that HNF4α could bind the HNF4α binding element in 
the promoter region of hENT1. Moreover, ChIP results 
also demonstrated that HNF4α could occupy the region 
from − 63 to + 99, indicating that other regulatory mech-
anisms may exist (Fig.  5b). Subsequent luciferase assays 
demonstrated that manipulation of HNF4α expression 
inhibited hENT1 promoter activity in a dose-dependent 
manner (Fig.  5c). This phenomenon was further con-
firmed by the mutation of hENT1 binding sites; when the 
sequence was mutated from AGC​TGA​GAG​GAC​A into 
AGC​TGA​GAC​CAA​A to generate a mutant, HNF4α lost 

Fig. 1  HNF4α expression is increased in PDAC tissues. a Representative images of IHC staining for HNF4α in PDAC and adjacent normal 
tissues (scale bar, 50 μm). b HNF4α expression in PDAC and adjacent normal tissues, as determined by the IHC score (n = 30, ****P < 0.0001). c 
Representative images of IHC staining for HNF4α in tissue microarrays (scale bar, 200 µm; inset scale bar, 50 µm). d The overall survival of patients 
with PDAC was analyzed using the Kaplan–Meier analysis on the basis of HNF4α expression (n = 105, *P = 0.0281). e Western blotting analysis of 
HNF4α expression in PDAC cell lines; β-actin was used as a control
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its repressive function for the mutated luciferase con-
struct (Fig. 5d).

In conclusion, our results demonstrated that HNF4α is 
a novel predictive marker for overall survival in PDAC. 
In vitro cell line studies demonstrated that HNF4α pro-
moted proliferation and gemcitabine resistance to PDAC 
cancer cell lines. Mechanistically, HNF4α suppressed the 
expression of hENT1, which was responsible for gemcit-
abine uptake and was correlated with gemcitabine resist-
ance (Fig. 6).

Discussion
Considering the significant role of gemcitabine in adju-
vant therapy and the treatment of patients with unre-
sectable PDAC, elucidating the underlying mechanisms 
of gemcitabine resistance could improve treatment 
response [19, 34]. In the present study, we investigated 
the role of HNF4α in PDAC. Our results indicated that 
HNF4α enhances pancreatic cancer cell proliferation and 
promotes gemcitabine resistance by downregulating the 
transcription of hENT1. Moreover, HNF4α levels con-
stitute an important prognostic factor for patients with 
PDAC.

HNF4α is a highly conserved nuclear receptor belong-
ing to the nuclear receptor (NR) superfamily [6]. As 
the third class of nuclear receptors, orphan receptors 
are characterized by a lack of endogenous ligands [35]. 
Despite a well-known role in maintaining cellular home-
ostasis, NRs have also been found to participate in cancer 
proliferation and progression [36, 37]. NRs play diverse 
roles in the oncogenesis and progression of many can-
cers. Estrogen receptor α and androgen receptor are 
widely recognized as oncogenes, while other NRs, such 
as proliferator-activated receptor γ, may have inhibitory 
functions on cancer proliferation [38–40]. Moreover, 
certain NRs may have opposing functions in different 
cancer types. For example, the orphan nuclear receptor 
NR4A1 (Nur77) played a role in suppressing hepatocellu-
lar carcinoma by inducing a glycolysis to gluconeogenesis 
switch, whereas it facilitated cancer cell proliferation via 
the ROS/endoplasmic reticulum stress pathways in pan-
creatic cancer [41, 42]. NRs also play an important role in 
regulating drug metabolism in cancer therapy. Holbeck 
et  al. reported that cancer sensitivity to microtubule-
disrupting drugs, such as derivatives of vinblastine, col-
chicines, and Taxol, was increased in cells expressing low 

Table 3  Univariate and multivariate Cox regression of overall survival for patients with PDAC

Characteristics Univariate Multivariate

HR 95% CI P value HR 95% CI P value

Age (years)

 > 60 1.195 0.788 to 1.812 0.402 –

 ≤ 60

Gender

 Male 0.842 0.550 to 1.290 0.430 –

 Female

TNM stage

 IIb, III, IV 1.722 1.133 to 2.619 0.011* –

 I, IIa

Tumor size (cm)

 ≥ 4.0 1.809 1.148 to 2.851 0.011* 1.919 1.210 to 3.041 0.006**

 < 4.0

Histological grade

 Grade 3 1.200 0.782 to 1.841 0.403 –

 Grade 1,2

Lymph node status

 Positive 1.826 1.201 to 2.778 0.005** 1.887 1.237 to 1.049 0.003**

 Negative

Vascular emboli

 Positive 1.012 0.571 to 1.791 0.968 –

 Negative

HNF4α expression

 High 1.560 1.012 to 2.404 0.044* 1.616 1.049 to 2.491 0.030*

 Low
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levels of NR2F2 based on NR expression profiling, while 
the high levels of the orphan receptor tailless were corre-
lated with 9α-fluoroprednisolone sensitivity [43].

Considering the significant roles of NRs in cancer 
development and the high expression of HNF4α in gas-
trointestinal cancers, such as colorectal carcinoma [43], 
we investigated whether HNF4α regulated the biological 
behaviors of pancreatic cancer. We found that abrogation 
of HNF4α expression inhibited pancreatic cancer cell 

proliferation and induced cell apoptosis, with increased 
expression of the cyclin-dependent protein kinase inhibi-
tors p21 and p27. HNF4α has been reported to inhibit 
hepatocyte proliferation via several proposed mecha-
nisms, including direct inhibition of mitogenic genes, 
regulation of the c-Myc and cyclin pathways, and an 
HNF4α-driven miRNA feedback loop [36]. Our results 
indicated that HNF4α may promote cell proliferation 
via the cyclin pathways in pancreatic cancer, but further 

Fig. 2  Specific silencing of HNF4α decreased the proliferation of pancreatic cancer cells. a Analysis of relative gene expression data of HNF4α 
using real-time quantitative PCR and the 2-ΔΔCT method. b Analysis of protein expression of HNF4α using western blotting assay. c CCK-8 assay 
was used to test the proliferation of PDAC cells transfected with the HNF4α shRNA. d Colony formation assay was conducted to confirm the 
influence of abrogation of HNF4α on pancreatic cancer cell lines; f The p21 and p27 expression levels in HNF4α-silencing pancreatic cancer cell 
lines were analyzed comparing to the controls by western blotting. *Represented significant differences (P < 0.05, compared with group control); 
**Represented with significant differences (P < 0.01, compared with group control)
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Fig. 3  HNF4α knockdown decreases the gemcitabine resistance of pancreatic cancer cells. a downregulation of HNF4α decreased IC50 value 
of gemcitabine in Capan-1 and MiaPaCa-2 cells. b, c Apoptosis rates of the HNF4α-silenced cell lines with or without gemcitabine treatment. d 
Western blotting analysis of apoptosis-related proteins, cleaved PARP1 and cleaved Caspase-9, of the pancreatic cancer cell lines with or without 
gemcitabine treatment. *Represented significant differences (P < 0.05, compared with group control); **Represented with significant differences 
(P < 0.01, compared with group control)



Page 9 of 13Sun et al. Cancer Cell Int           (2019) 19:49 

Fig. 4  Correlation between the expression of HNF4α and gemcitabine-related proteins. a The process of intracellular gemcitabine metabolism. 
b The mRNA levels of hENT1, dCK and RRM1 in pancreatic cancer cell lines were measured by real-time PCR. c The protein levels of hENT1, dCK 
and RRM1 were analyzed by Western blotting following treatment. d Representative images of IHC staining for HNF4α and hENT1 in PDAC tissues 
(scale bar, 50 μm). e Correlation analysis of HNF4α expression and hENT1 expression in PDAC tissues, as determined by the IHC score (n = 30, 
****P < 0.0001). *Represented significant differences (P < 0.05, compared with group control); **Represented with significant differences (P < 0.01, 
compared with group control); dCK deoxycytidine kinase, dFdCMP gemcitabine monophosphate, dFdCDP gemcitabine diphosphate, dFdCTP 
gemcitabine triphosphate, hENT1 human equilibrative nucleoside transporter 1, RR ribonucleotide reductase
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investigation is needed to confirm this hypothesis. More-
over, in  vivo experiments are required to support the 
oncogenic role of HNF4α in PDAC in the future.

The mechanisms of chemoresistance of PDAC may 
involve the hypoxic tumor microenvironment and defi-
cient vascularization, remodeled metabolism, the capac-
ity for epithelial-mesenchymal transition and altered key 
signaling pathways, such as the PI3  K/Akt and NF-κB 
signaling pathways [19, 44–49]. As a key transporter for 
the cellular uptake of gemcitabine, the downregulation 
of hENT1 is one of the recognized mechanisms of gem-
citabine resistance [19]. Although the role of hENT1 as 
a predictive molecule for the response to gemcitabine-
based therapy has been confirmed by many studies using 
adjuvant treatment and studying patients with unresect-
able tumors, in which higher expression of hENT1 was 
correlated with better survival, the molecular mecha-
nisms of hENT1 regulation have seldom been described 
[20, 50–52]. Pandolfi et  al. reported that high levels of 
glucose could upregulate the formation of hCHOP-C/
EBPa, a complex that represses hENT1 expression [53]. 
A. Hesler et  al. found that hENT1 could be negatively 
regulated by the matricellular protein cysteine-rich 
angiogenic inducer 61, but the underlying mechanism 
requires further exploration [54]. Hu et al. proposed the 
role of FBW7 in the regulation of hENT1 at the protein 

level, possibly via the inhibition of the lysosome degrada-
tion by hENT1 [24].

Our study revealed that hENT1 could be regulated 
by HNF4α at the transcriptional level. HNF4α mainly 
binds to a 6-bp repeat (AGG​TCA​) with a nucleotide 
spacer called direct repeat 1 (DR1) [55, 56]. Our results 
showed that HNF4α recognized the consensus binding 
site located on the promoter region of hENT1 and acti-
vated downstream transcription. Moreover, a relatively 
nonconserved region with abundant CpG dinucleotide 
could also be recognized by HNF4α, which indicates that 
HNF4α might participate in the methylation process of 
hENT1. A previous study demonstrated DNA methyl-
ation-independent hENT1 downregulation, which cor-
related with acquired gemcitabine resistance in cancer 
cells [57]. Our study supports the need for further inves-
tigation of the underlying mechanism of methylation-
dependent hENT1 regulation. Moreover, after binding 
to DNA in the form of a homologous dimer, how HNF4α 
recruits transcriptional corepressors and accessory pro-
teins to regulate hENT1 is unclear. HNF4α has been 
reported by previous studies to interact with chromatin 
modifiers, such as PRMT1 and BMI1 [58, 59], suggesting 
a potential role of HNF4α in chromatin methylation. Fur-
thermore, in addition to the expression level of hENT1, 
hENT1 transporter activity is another important factor 

Fig. 5  HNF4α was involved in the hENT1 transcriptional expression in PDAC. a The position of the HNF4α binding sites in the hENT1 promoter. b 
HNF4α occupies the binding sites of the hENT1 promoter region in Capan-1 and MiaPaCa cells, as measured by ChIP assay. c HNF4α affected hENT1 
promoter activity in HEK-293T cells. d HNF4α didn’t affect the mutated hENT1 promoter activity in HEK-293T cells
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that affecting the uptake of nucleoside analogs. A study 
has reported that although the mRNA level of hENT1 in 
chronic lymphocytic leukemia cells is increased with the 
presence of interleukin 4 (IL-4), the hENT1-dependent 
uridine uptake remained unchanged [60]. Another study 
using a murine model of chronic myelogenous leukemia 
showed a decreased ENT1 activity reduction following 
reduced mRNA level of ENT1 [61]. Therefore, the tran-
scription of hENT1 may not perfectly correlated with the 
uridine uptake activity, dual targeting hENT1 transcrip-
tion and transporter activity might provide the utmost 
efficacy in gemcitabine utilization. Thus, a protein inter-
action screening strategy is needed to determine whether 
HNF4α is involved in epigenetic regulation or posttrans-
lational modification of hENT1.

Conclusions
In conclusion, we demonstrated that HNF4α functioned 
as a tumor promoter gene that was upregulated in pan-
creatic cancer. Moreover, we discovered that higher 

expression of HNF4α is correlated with poorer progno-
sis in PDAC patients. HNF4α promotes pancreatic can-
cer cell proliferation and reduces gemcitabine-induced 
cell apoptosis. Mechanistically, we found that HNF4α 
could downregulate hENT1, a membrane transporter of 
gemcitabine, at the transcriptional level. Taken together, 
these findings suggest that HNF4α may serve as a poten-
tial novel predictive and therapeutic target for pancreatic 
cancer.

Additional files

Additional file 1: Table S1. HNF4α expression between PDAC and adja-
cent tissue in tumor tissue microarray.

Additional file 2: Figure S1. hENT1 expression is a prognostic factor in 
PDAC. a Representative images of IHC staining for hENT1 in tissue microar-
rays (scale bar, 200 µm; inset scale bar, 50 µm). b The overall survival of 

Fig. 6  Schematic representation of the model. The model indicates the mechanism of HNF4α-mediated regulation of gemcitabine metabolism via 
hENT1 in pancreatic cancer cells and the role of HNF4α in cancer cell proliferation
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patients with PDAC was analyzed using the Kaplan–Meier analysis on the 
basis of hENT1 expression (n = 105, *P = 0.0208).

Additional file 3: Figure S2. Correlation between the expression of 
HNF4α and dCK. Correlation analysis of HNF4α expression and dCK expres-
sion in PDAC tissues, as determined by the IHC score (n = 30, P = 0.4281).
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