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ASK1 has been linked to a variety of cellular 
functions and pathophysiological processes, such as 
proliferation, survival, and the inflammatory response 
[38, 39]. Most importantly, the role of ASK1 in cell 
differentiation has been studied with great interest in 
recent years [21, 22, 40–42]. Previous studies have shown 
that ASK1 was involved in the differentiation process 
not only of stem/progenitor cells but also of terminally 
differentiated cells [19, 21, 41], suggesting the core 
role of ASK1 on differentiation. However, these studies 
merely found altered ASK1 expression during the cell 
differentiation process. There is no direct evidence to 

certify the participation of ASK1 in cell differentiation, 
especially in HCC cell differentiation.  Herein we report 
that ASK1 inhibited the malignant properties of HCC cells. 
More intriguingly, and consistent with the effect of HNF4α, 
ectopic ASK1 expression also re-established the normal 
expression profile of hepatocyte marker genes. Together, 
these findings first demonstrate the effect of ASK1 on HCC 
differentiation, which extends our knowledge of ASK1 in 
cancer. Whether ASK1 has similar differentiation action on 
other tumors is worth further evaluation.

The p38 MAPKs is predominantly activated 
through its phosphorylation by ASK1. Activated p38 

Figure 5: Systemic injection of AdASK1 suppresses orthotopic hepatocellular carcinoma growth. (A) Images (left) and 
statistical analysis (right) of luciferase signals of the experiment in BALB/c nude mice transplanted with Huh7 cells stably expressing 
luciferase. An orthotopic HCC model was established based on implantation of Huh7 tumor piece into the liver, and then AdASK1 or 
AdRFP injection through tail vein (n = 8 in each group). (B) Images of  tumor nodules with systemically injected AdASK1 or AdRFP at 
the endpoint. (C) Tumor weight measured at the endpoint. (D) RT-PCR analysis of ASK1 mRNA expression in tumor nodules systemically 
injected with AdASK1 or AdRFP. (E) Representative images of H & E stained, Ki67 immunohistochemistry and tunel stained of serial 
sections from tumor nodules systemically injected with AdASK1 or AdRFP. Magnification, ×100, ×200, ×400 and ×1260; Horizontal lines 
in A, C, and D indicate the median value.
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Figure 6: ASK1 overexpression increases p38 phosphorylation. (A) Western blot analysis of ASK1, p-p38, p38, p-JNK, and JNK 
expression in AdASK1-infected Hep3B and Huh7 cells. (B) Western blot analysis of ASK1, p-p38, p38, p-JNK, and JNK expression in the 
Huh7 tumor nodules intratumorally injected with AdASK1 or AdRFP. (C) Western blot analysis of ASK1, p-p38, p38, p-JNK, and JNK 
expression in orthotopic HCC model mice systemically injected with AdASK1 or AdRFP. (D) Cell proliferation of Hep3B cells incubated 
with p38 inhibitor SB202190 after AdASK1 infected. Data represent the mean ± SD, *P < 0.05, **P < 0.01.

Figure 7: HNF4α suppresses HCC tumorigenicity partly through ASK1 upregulation. (A) Hep3B cells infected with 
AdHNF4α or AdGFP were transfected with siASK1 or siNC. Cell proliferation was measured on day 1 and 3 after transfection. (B) Flow 
cytometric analysis of Hep3B cells infected with AdHNF4α or AdGFP and then transfected with siASK1 or siNC. (C) Gene expression 
folds of some hepatocyte marker genes in AdASK1-infected Hep3B cells versus the AdRFP-infected group. Significant increases in 
expression of characteristic hepatocyte markers included glutamine synthetase (GS), biliverdin reductase (BR), aldolase B (ALDOB) and 
albumin (ALB). (D) RT-PCR analysis of mRNA expression for some hepatocyte marker genes in HNF4α-overexpressing and siASK1-
transfected Hep3B cells. Significant difference were observed in expression of glucose-6-phosphatase (G-6-P), ALDOB and ALB. Each 
value represents the relative ratio of AdHNF4α to AdGFP. Data represent the mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001.
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was originally considered part of a classic proapoptotic 
pathway [26, 43, 44]. Nevertheless, substantial evidence 
has also established a unique role for p38 MAPK in 
cell differentiation [41, 42, 45–48]. With this study, p38 
pathway was obviously activated by ASK1. Moreover, 
the p38 inhibitor partially antagonized the effect of ASK1 
or HNF4α overexpression on cell proliferation. Thus, 
we could conclude that the p38 pathway participate the 
HNF4α-induced HCC differentiation. In addition to p38, 
the JNK pathway, another downstream pathway of ASK1, 
also has an important role in mesenchymal stem cell 
differentiation [49]. Whether JNK was participated in this 
process need to be further studied in future. 

In conclusion, the present work first reports the 
prognostic value of ASK1 in HCC patients and certifies its 
differentiation and suppressive effect on HCC. These data 
further broaden our understanding of ASK1 biological 
function and suggests a novel target for HCC therapy.

MATERIALS AND METHODS

More details are presented in the Supplementary 
Materials and Methods.

Adenoviral vectors

The recombinant adenoviruses AdHNF4α and the 
control virus AdGFP were previously constructed in our 
laboratory [13]. The ASK1 expression plasmid was obtained 
from the DNA Resource Core of Harvard University. 
Replication-deficient recombinant adenoviruses AdASK1 
and the AdRFP control were constructed by Shanghai 
Sunbio Medical Biotechnology (Shanghai, China).

cDNA microarray analysis

Hep3B cells were harvested 72 h after infection 
with AdHNF4α or AdGFP at a multiplicity of infection of 
100. Total RNA was extracted and used to prepare cDNA 
probes. cDNA microarrays (Affymetrix U133 plus 2.0 
Array) were used to generate differential gene expression 
profiles, and image processing and data analysis were 
performed using Affymetrix GeneChip Scanner 3000 and 
GeneChip Operating Software. The differential genes were 
subjected to the KEGG pathway analysis performed with 
DAVID software [33].

Patient tissue specimens and microarray analysis

A total of 60 HCC tissue samples paired with 
surrounding noncancerous tissues were obtained from 
patients who underwent surgical resection at the Eastern 
Hepatobiliary Surgery Hospital and Changzheng Hospital 
(Shanghai, China). HNF4α and ASK1 expression were 
measured by RT-PCR. A tissue microarray block containing 
90 HCCs along with case-matched noncancerous 

surrounding tissue samples was constructed using a 
tissue microarrayer. Immunostaining of tissue microarray 
slides was performed using an anti-ASK1 antibody (CST, 
Boston, MA, USA). Nuclear ASK1 staining was assessed 
on a four-point scale (negative, 1; weakly positive, 2; 
positive, 3; strong positive, 4) according to the percentage 
of positively stained cells and the nuclear staining intensity. 
The immunostaining score was obtained by multiplying the 
nuclear staining intensity by the percentage of positively 
stained cells. OS refers to the time to death after surgery. 
Written informed consent and approval by the Ethics 
Committee of Second Military Medical University, 
Shanghai, China, were obtained for all human experiments.

Chromatin immunoprecipitation assays

ChIP assays were performed essentially as 
previously described [15]. Briefly, Hep3B cells were cross-
linked and processed according to the ChIP Assay Kit 
protocol (Millipore, Boston, USA). Anti-HNF4α primary 
antibody or control IgG was used for immunoprecipitation 
experiments. RT-PCR analysis was carried out for HNF4α 
binding sites in ASK1 promoter. The predicted HNF4α-
binding sites on ASK1 gene were analyzed by JASPAR, a 
high-quality transcription factor binding profile database 
[34]. The sequence of the putative binding site of HNF4α 
in ASK1 promoter and RT-PCR primers are listed in 
Supplementary Figure S3 and Table S1. At least three 
independent experiments were performed.

Luciferase reporter assay

To assess the effect of HNF4α expression on ASK1 
promoter activity, the ASK1 promoter sequence containing 
the predicted HNF4α-binding sites was PCR amplified 
from Hep3B genomic DNA and cloned into the pGL3-
promoter luciferase vector. A mutated reporter carrying 
disrupted binding sites was generated by PCR-directed 
mutagenesis.

Hep3B and Huh7 cells growing in 24-well plates 
were first infected with HNF4α adenovirus and then 
transfected with ASK1 promoter vectors together with 
the control pRL-SV40 vector. Luciferase activity was 
measured using the Dual-Glo Luciferase Assay System 
(E2920; Promega) at 48 h post-transfection. At least 
three independent experiments were carried out for each 
condition.

Cell proliferation and colony formation assays

To test the inhibitory effect of ASK1 on HCC cell 
proliferation, transfected or infected HCC cells were 
plated into 24-well plates overnight and then seeded at 
4 × 103/well into triplicate wells of a 96-well plate. Cell 
proliferation was assessed using Cell Counting Kit-8 
(Dojindo, Tokyo, Japan). For colony formation assays, 
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Hep3B and Huh7 cells infected or transfected for 6 h were 
seeded into 60-mm dishes and grown in culture medium for 
approximately 2 weeks. Colonies were then fixed with 4% 
paraformaldehyde and visualized by crystal violet staining.

Flow cytometry

To quantify cellular apoptosis, adenovirus-infected 
HCC cells were stained with an annexin V staining Kit 
(Bestbio, Beijing, China) according to the manufacturer’s 
protocol and analyzed by flow cytometry. Apoptotic 
cells were defined as annexin-V-positive cells. Three 
independent experiments were carried out.

Migration and invasion assay

For cell migration and invasion assays, transfected 
or infected cells were seeded at 5 × 104/transwell into 
the upper chamber (BD Bioscience, New Jersey, USA) 
with or without  matrigel-coated membrane under serum-
free conditions. The bottom chamber was contained by 
medium supplemented with 10% fetal bovine serum. After 
incubation for 24 or 48 h, cells in the upper chamber were 
carefully removed and cells adhering to the underside of 
the membrane were stained with crystal violet and at least 
five fields per sample were photographed under inverted 
microscopy. Cell migration and invasion were measured 
using image analysis software (Image-Pro Plus 6.0; Media 
Cybernetics). At least three independent experiments were 
performed for each condition.

Animal models

Male BALC/c nude mice or NOD/SCID mice 
of 4–6 weeks of age were used in this study (Shanghai 
SLAC Laboratory Animal Company). To detect the effect 
of ASK1 overexpression on HCC cell tumorigenicity, 
Hep3B or Huh7 cells infected with AdASK1 or AdRFP 
were inoculated subcutaneously into both flanks of each 
BALB/c nude mouse (n = 6). Tumor formation, size 
(volume = 0.5 × width2 × length), and final weight were 
assessed. To investigate the suppressive effect of ASK1, a 
subcutaneously implanted HCC model was established by 
injecting 2 × 106 Huh7 cells into the armpits of nude mice. 
When the tumor volume reached about 200 mm3, mice 
were randomly assigned to treatment and control groups, 
and intratumorally injected with AdASK1 or AdRFP twice 
a week for up to 3 weeks. The kinetics of tumor formation 
was estimated. At the time of euthanasia, tumors were 
removed for further analysis.

To further explore the effect of ASK1 overexpression 
in vivo, Huh7 cells labelled with luciferase gene were used 
to establish subcutaneous tumors, as previously described 
[16, 50]. Once each tumor reached 500 mm3, it was 
removed and cut into 1-mm3 pieces. Subsequently, tumor 
pieces were implanted into the livers of NOD/SCID mice 

to mimic primary HCCs. After a week, mice were assigned 
into two groups matched according to luciferase burden; 
hereafter, AdASK1 or AdRFP was injected into the tail 
vein twice a week for up to 3 weeks. Bioluminescence was 
measured after intraperitoneal injection with D-luciferin 
(5 μL/g body weight) and bioluminescent images were 
acquired using the NightOWL imaging system (Berthold 
LB983, Berthold Technologies, Germany).

All animal experiments were performed at the 
Second Military Medical University according to protocols 
approved by the institutional animal care committee.

Immunohistochemistry and TUNEL assay

Tissue samples were fixed in formaldehyde solution 
and embedded in paraffin, and then serial sections were 
cut. Tissue samples were subjected to hematoxylin and 
eosin (H & E) staining for standard histologic examination 
and to immunohistochemical examination for HNF4α, 
ASK1, p-ASK1 and Ki67 expression. For TUNEL 
staining, paraffin-embedded tissue samples were analyzed 
using a One Step TUNEL Apoptosis Assay Kit (Beyotime, 
Jiangsu, China). Images were acquired using a Leica 
confocal microscope and analyzed with dedicated software 
(Leica Microsystems).

Statistical analysis

Statistical analysis was performed using SPSS 
software (16.0 version) with a P < 0.05 considered 
significant. Student’s t-tests were used to analyze 
experimental data involving only two groups. Statistical 
comparisons of more than two groups were evaluated 
using one-way analysis of variance. Unequal variances 
pairing were performed using the Wilcoxon signed rank 
test or the Mann-Whitney U test. The chi-square test was 
used to compare two sample rates. The Kaplan-Meier 
method was used to calculate the survival time, and its 
significance was determined with log-rank test. *P < 0.05; 
**P < 0.01; ***P < 0.001.
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