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Abstract: Zinc finger E-box binding homeobox 1 (ZEB1), as a typical transcription inhibitory factor of E-cadherin, 
plays a major role in stimulating the invasion and metastasis of tumors via modulating the epithelial-mesenchymal 
transition (EMT) signal. However, its function and modulatory mechanisms in endometrial carcinoma (EC) remain 
unclear. In this study, silencing ZEB1 significantly reduced EC cell migration, invasion, and metastasis, as well as 
enhanced the sensitivity of EC cells to cisplatin (cDDP) in vitro and in vivo. Mechanism analysis indicated that ZEB1 
interacts with hepatoma-derived growth factor (HDGF) and co-localizes in the nucleus. In addition, ZEB1 as a tran-
scription factor binds to the promoter of HDGF to stimulate HDGF transcription. Furthermore, suppression of HDGF 
in ZEB1-overexpressed EC cells not only reduced the expression of β-catenin, TCF4, and ZEB1, but also repressed 
β-catenin translocation from the cytoplasm into the nucleus and further downregulated the combination with TCF4. 
Interestingly, the β-catenin/TCF4 signaling feedback stimulates ZEB1 transcription and therefore constitutes a posi-
tive feedback loop. In clinical samples, ZEB1 positively correlates with HDGF expression, and co-expression of ZEB1 
and HDGF promotes the pathogenesis of EC. In summary, our study demonstrated that the positive feedback loop 
of ZEB1/HDGF/β-catenin/TCF4 plays an unfavorable role in the metastasis of endometrial carcinoma.
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Introduction

Endometrial carcinoma (EC) is one of the three 
major gynecological malignancies, and with the 
aging of the population and the increase in obe-
sity, the current incidence and mortality of this 
disease is rapidly increasing [1, 2]. Exposure to 
endogenous and exogenous estrogens is the 
main risk factor for the development of EC 
[3-6]. Other risk factors include obesity, diabe-
tes, early age at menarche, nulliparity, late-
onset menopause, older age (above 55 years), 
and use of tamoxifen [5, 7]. The main treat-
ment is total hysterectomy and bilateral salpin-
go-oophorectomy by minimally invasive app- 
roaches (endoscopic). The prognosis is good for 
those who are diagnosed with early stage EC, 

but for those patients with recurrent or meta-
static disease, the median overall survival (OS) 
remains short, with 5-year overall survival rates 
as low as 16% [8, 9]. Timeless efforts to unravel 
the pathogenesis of recurrent EC has been 
made, but the progress in targeted or personal-
ized therapy is limited [8, 10]. Therefore, eluci-
dating the molecular mechanism of invasion 
and metastasis of endometrial carcinoma can 
reveal new targets for its treatment.

As a member of the zinc finger E-box-binding 
protein (ZEB) family, zinc finger E-box binding 
homeobox 1 (ZEB1) is an important nuclear 
transcription factor of E-cadherin that is associ-
ated with the cellular epithelial-mesenchymal 
transition (EMT) [11-13]. Mechanistically, the 
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expression of E-cadherin is repressed by ZEB1 
via binding two of the E-box sequences in its 
promoter region [14, 15]. Studies have clarified 
that ZEB1 induces EMT and promotes tumor 
invasion in epithelial cells [16, 17]. In addition, 
non-coding RNAs of the miR-200 family and 
miR-205 reduce the EMT of the epithelial phe-
notype in cancer cells by repressing the expres-
sion of ZEB1 and SIP1 [18, 19]. In turn, as a 
transcriptional repressor, ZEB1 represses the 
transcription of miR-200 family members, 
therefore establishing an EMT regulatory loop 
[20]. All of the studies mentioned above indi-
cate that ZEB1 promotes EMT in tumors.

Previous studies have proven that ZEB1 is aber-
rantly expressed in aggressive uterine cancers 
and plays a role in promoting EMT in epithelial 
cells [21, 22]. Moreover, researchers found 
that ZEB1 was expressed at higher levels in 
type I endometrial cancers compared to hyper-
plastic or normal endometrium, and it may be a 
biomarker of aggressive endometrial cancers 
at high risk of recurrence and lymph node 
metastases [23, 24]. The studies above show 
that ZEB1 is closely related to the metastasis of 
endometrial cancer, but the detailed mecha-
nism of ZEB1 in endometrial carcinoma has not 
been thoroughly studied. Here, we found a 
novel molecular regulation mechanism by 
which ZEB1 promotes endometrial carcinoma 
metastasis via motivating hepatoma-derived 
growth factor (HDGF)/β-catenin/TCF4 signal 
and regulating sensitivity to cisplatin (DDP).

Materials and methods

Cell culture and sample collection

Three EC cell lines Ishikawa, RL-95-2 and HEC-
1B were purchased from the Chinese Academy 
of Sciences (Shanghai, China) and maintained 
in Dulbecco’s modified Eagle’s medium (DMEM) 
(Hyclone, Logan, UT) supplemented with 10% 
fetal calf serum (ExCell, Shanghai, China). All 
cell lines were maintained at 37°C in a humidi-
fied atmosphere of 5% CO2. 

30 fresh NE tissues, 22 fresh primary EC tis-
sues were obtained from the Third Affiliated 
Hospital of Southern Medical University. The 
tissues included 21 normal formalin-fixed and 
98 paraffin-embedded samples of endometrial 
carcinoma (EC) were obtained in the Third 
Affiliated Hospital of Guangzhou Medical 
School, Guangzhou City, China from 2002 to 

2008. Prior consent from the patients, and the 
approval of the Ethics Committee of this hospi-
tal was obtained for research purposes. All 
samples were pathological diagnosed and were 
staged according to 2009 FIGO.

Lentivirus infection

Lentiviral particles encoding the shRNA target-
ing HDGF, ZEB1 and the control sequences 
(shPLVctr) were constructed (Supplementary 
Table 1). Ov-LV-ZEB1 and negative control 
sequences (ov-NC) were constructed in the 
same manner, and all vectors were then ampli-
fied and transfected into EC cells using 
Polybrene reagent (Sigma-Aldrich, St. Louis, 
MO, USA).

Cell transfection

SiRNAs targeting the HDGF, ZEB1 and the con-
trol sequences (si-NC) were designed and syn-
thesized by RiboBio Inc. (Guangzhou, China). All 
siRNA sequences are listed in Supplementary 
Table 2. HDGF, ZEB1, β-catenin, TCF4 plasmids 
were purchased in Vigene Biosciences. Before 
transfection, EC cells were plated onto speci-
fied well plate (Nest, Biotech, China) at 30-50% 
confluence. SiRNA and plasmid were then 
transfected using Lipofectamine TM 2000 
(Invitrogen Biotechnology) according to the 
manufacturer’s protocol. Cells were harvested 
after 48-72 h for further experiments.

RNA isolation, reverse transcription, and QRT-
PCR

RNA was extracted from the fresh NE tissues, 
and fresh primary EC tissues, and EC cells 
using Trizol (Takara Bio, Inc, Shiga, Japan), and 
the RNA transcribed into cDNA and amplified 
with specific sense primers. ARF genes were 
used as internal controls. The assays were per-
formed in accordance with manufacturer’s 
instructions (Takara Bio, Inc., Shiga, Japan). 
PCR reactions for each gene were repeated 
three times. Specific sense primers for HDGF, 
ZEB1 and ARF are shown in Supplementary 
Table 3. 

Western blotting  

Whole cell or tissue extracts were prepared in 
lysis buffer on ice for 30 min and the protein 
concentration was measured using BCA protein 
assay. After determining the concentration, 30 
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μg of protein were separated on SDS-PAGE and 
transferred onto poly vinylidene fluoride mem-
branes. Then the membranes were blocked 
with 5% BSA and incubated with primary anti-
bodies overnight at 4°C. Next day, the mem-
brane was incubated with secondary antibod-
ies and visualized using an enhanced che- 
miluminescence reagent (Thermo Scientific, 
Waltham, MA, USA). Dilutions and sources of 
antibodies are shown in Supplementary Table 
4. Original blotting images were shown in 
Supplementary Figure 3.

Cell migration and invasion assays

Transwell apparatus (Corning, NY, USA) were 
utilized to the migration and invasion assays. 
With 100 ml serum-free medium containing 1 × 
105 exponentially growing cells were seeded 
into the top chamber, and 500 μl 10% FBS cul-
ture medium was added to the lower chamber. 
After the cells were incubated for 10~12 h for 
invasion assay, the migrated cells were stained 
with Giemsa solution, and photographed under 
the microscope. All assays were repeated at 
least three times independently. 

Wound healing assay

Cells were seeded in a 6-well plate and grown 
to confluence. Cells were washed three times 
with the PBS and the bottom of well was 
scratched with a 10 μl pipette tip. Images were 
captured by microscopy, the gap distance was 
measured, and the average was calculated for 
each plate.

In vivo tumorigenesis and metastasis assays

Female BALB/c nude mice at 4-weeks old were 
purchased from Nanjing University, Jiangsu, 
China. A total of 4 × 106 cells/mouse were intra-
venously injected into the mice and they were 
sacrificed 21 days after the delivery of tumor 
cells. Hematoxylin-Eosin (HE) staining was used 
to detect metastatic lung by using a dissecting 
microscope and the number of lung metastasis 
in mice were calculated. All animal studies were 
conducted in accordance with the principles 
and procedures outlined in the Southern 
Medical University Guide for the Care and Use 
of Animals under assurance number SCXK 
(Guangdong) 2008-0002. 

Immunohistochemistry

Paraffin sections prepared from in vivo experi-
ments were used for immunohistochemistry 

assays to detect protein expression levels of 
HDGF, ZEB1, Ki67, PCNA proteins. Immu- 
nohistochemistry was carried out according as 
described [25] and the antibodies used were 
anti-ZEB1, HDGF, PCNA, Ki67 (Supplementary 
Table 4).

Immunofluorescence

EC cells were seeded on coverslips and cul-
tured overnight rinsed with PBS and fixed with 
cold 4% paraformaldehyde for 5 min at RT. 
Subsequently, cells were permeabilized in PBS 
solution and 0.2% Triton X-100 at room tem-
perature for 30 min and incubated with primary 
antibodies HDGF, TCF4, ZEB1, β-catenin, 
E-cadherin, Vimentin (Supplementary Table 4) 
in PBS for 1 hour at RT. Then washing with PBS, 
then the coverslips were incubated for 1 h in 
the dark room with Alexa Fluor 488 goat anti-
rabbit and 594 goat anti-mouse (1:500, 
Bioworld Technology, Inc). Finally, the coverslips 
were then mounted onto slides with mounting 
solution containing 0.2 mg/ml DAPI and sealed 
with nail polish. Slides were stored at 4°C in a 
dark box and Confocal laser scanning micros-
copy images were captured under a Zeiss LSM 
880 confocal microscope. 

CoIP assay

EC cells cultured in six-well plates were lysed 
with 600 μl Pierce IP Lysis buffer (Thermo 
Scientific) containing protease and phospha-
tase inhibitor cocktails (Thermo Scientific). 
Co-immunoprecipitation (co-IP) experiments 
was performed by using the Thermo Scientific 
Pierce co-IP kit following the manufacturer’s 
protocol. The specific anti-HDGF, TCF4, ZEB1, 
β-catenin, Flag, His or normal rabbit IgG 
(Supplementary Table 4) antibodies were first 
immobilized for 2 h using AminoLink Plus cou-
pling resin respectively. The resin was then 
washed and incubated with cells lysate over-
night. The resin was washed again and protein 
eluted using elution buffer after incubation. 
Subsequently western blot analyses were per-
formed as described previously. 

ChIP assay

According to the manufacturer’s instructions, 
ChIP assay was performed to examine whether 
ZEB1 combined to HDGF promoter by a ChIP 
assay kit (Millipore, catalog: 17-371). Firstly, 
The EC cells transfected with ZEB1 were fixed 
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with 1% formaldehyde to covalently crosslink 
proteins to DNA and then chromatin was har-
vested from the EC cells. Crosslinked DNA was 
sheared to 200~1,000 base pairs in length 
with sonication and then subjected to an imm-
mmunoselection process, which required the 
use of anti-ZEB1. Finally, real time-PCR was 
done using specific primers of HDGF predicted 
by JASPAR database (Supplementary Table 3).

Luciferase reporter assay 

EC cells (5 × 104) were cultured in 24-well 
plates for 24 h, and the cells were transfected 
with 200 ng TOP/FOP reporter luciferase  
plasmid (GeneChem Technologies, Shanghai, 
China), and 10 ng of pRL Renilla luciferase (as 
an internal control group) using Lipofectamine 
TM 2000. Cells were subjected to luciferase 
reporter assay 24 h after transfection, using 
the Dual-Luciferase Reporter Assay System 
(Promega, Madison, WI, USA) according to the 
manufacturer’s instructions.

Statistical analysis

The SPSS 20.0 statistical software package 
(SPSS Inc. Chicago, IL, USA) were used for sta-
tistical analysis. The data are expressed as the 
mean ± sd. from at least three independent 
experiments. The statistical significance was 
compared by Student’s two-tailed t-test for two 
groups and one-way ANOVA for multiple groups. 
Spearman’s correlation coefficient was used 
for analyzing association between ZEB1 and 
HDGF. Survival analysis was performed using 
Kaplan-Meier survival curves. All statistical 
tests were two-sided and a P value of < 0.05 
was considered statistically significant. *P < 
0.05, **P < 0.01 and ***P < 0.001.

Results

Suppressing ZEB1 inhibits EC cell metastasis 
and chemoresistance

To assess its biological function, we infected 
EC cells with lentivirus expressing short hairpin 
RNA targeting ZEB1 and the negative control 
(shPLVctr) (Supplementary Figure 1A, 1B). With 
efficient knockdowns from shZEB1-2 and 
shZEB1-3 in the HEC-1B cell line, the same  
fragment in the Ishikawa cell line was separate-
ly detected by Western blotting or RT-PCR 
assays, compared to the shPLVctr group 

(Supplementary Figure 1C, 1D). Efficient cells 
were selected for subsequent studies. 

Scratch, transwell and Boyden assays were 
performed to separately test the ability of inva-
sion and migration in shZEB1 and shPLVctr EC 
cells. In the scratch and transwell assay, ZEB1 
knockdown reduced the migration ability of EC 
cells compared with the control group (Figure 
1A, 1B). The invasiveness of shZEB1 EC cells 
was significantly decreased relative to negative 
control cells in the Boyden chamber assays 
(Figure 1C). Moreover, we injected stable trans-
fected shZEB1 EC cells into nude mice via the 
tail vein and supervised the development of 
metastasis nodules in the lungs. There were 
less and smaller lung metastatic nodules in the 
shZEB1 group as compared to the control 
group, in which mice carried shPLVctr EC cells 
(Figure 1D). In addition, the number of tumor 
nodules in the shZEB1 group was lower than 
that of the control group (Figure 1E). Hema- 
toxylin and eosin (HE) staining of dissected lung 
tissue confirmed the presence of nodules 
(Figure 1F).

EC cells with stable silenced ZEB1 exhibited 
significantly increased sensitivity to cisplatin 
(DDP). EC cells were treated with different con-
centrations of DDP after 48 h, and the cell 
growth inhibition rates were calculated after 
ZEB1 silencing. The IC50 of DDP was 41.3 μM 
in the parental Ishikawa cells but decreased to 
21.01 μM in ZEB1-silenced Ishikawa cells (P < 
0.05), and a similar IC50 reduction from 27.69 
μM to 13.06 μM occurred in HEC-1B cells 
(Figure 1G).

Suppressing ZEB1 blocks EMT

For further study how ZEB1 controls EC migra-
tion and invasion, we examined the expression 
of cell cycle and EMT markers after ZEB1 silenc-
ing in EC cells. A Western blot analysis showed 
that the epithelial marker E-cadherin was 
upregulated in stable knocked down ZEB1 EC 
cells. However, the mesenchyme markers 
N-cadherin, β-catenin, and vimentin were 
downregulated (Figure 2A). These results were 
confirmed by immunofluorescence (Figure 2B) 
analyses. 

ZEB1 interacts with HDGF

To clarify how ZEB1 promotes EMT in EC cells, 
the DOMINE Database (domain-domain inter-
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actions) was used to search for proteins that 
interact with ZEB1, and it predicted a direct 
interaction between the ZEB1 and HDGF pro-

tein. Interestingly, the HDGF and ZEB1 interac-
tion in EC cells was detected by exogenous and 
endogenous co-immunoprecipitation (co-IP) 

Figure 1. Suppressing ZEB1 inhibits EC cell metastasis and chemoresistance. A. Scratch migration assay indicated 
that transfection of shZEB1 into EC cells for 48 h resulted in an impaired migration capacity, being compared to the 
negative control group. Scale bar: 200 µm. B. Down-regulating ZEB1 stably reduced the migration ability of EC cells 
in vitro by transwell assay. Scale bar: 250 µm. C. Stably suppressed ZEB1 reduced in vitro invasiveness of EC cells 
by boyden assay. Scale bar: 250 µm. D. External fluorescence images of lungs of mice were obtained 2 months after 
tail vein respectively. E. The number of lung metastatic nodules in each group. Scale bar: 5 mm. F. H&E staining of 
lung metastatic nodules from different experimental groups. Scale bar: 1 mm. G. Dose-response curves of Ishikawa 
and HEC-1B treated by shZEB1 and PLVctr respectively following 48 h treatment with DDP. The data are expressed 
as mean ± sd. of three independent experiments. *P < 0.05; **P < 0.01.

Figure 2. Suppressing ZEB1 reduces EMT signal. A. E-cadherin, N-cadherin, β-catenin and vimentin expression was 
evaluated by western blotting in ZEB1-silenced EC cells. B. Immunofluorescence analysis of E-cadherin and vimen-
tin expression in ZEB1-silenced EC cells. Scale bar: 25 µm. 
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assay (Figure 3A, 3B). Immunofluorescence 
analyses showed that the ZEB1 and HDGF pro-
teins co-localized in the nucleus (Figure 3C). In 
addition, overexpressed ZEB1 upregulated the 
mRNA and protein level of HDGF in EC cells. On 
the contrary, knocking down ZEB1 decreased 
the expression of HDGF on the mRNA and pro-
tein level (Figure 3D, 3E).

ZEB1 promotes HDGF expression by binding to 
the promoter region of HDGF

Notably, ZEB1 is a classic transcription inhibi-
tory factor. Given that ZEB1 and HDGF co-local-
ized in the nucleus, we speculated that ZEB1 
may be a transcription factor of HDGF. To verify 
this assumption, we used the JASPAR open 

Figure 3. ZEB1 interacts with HDGF. A. Co-IP detected the interaction of exogenous ZEB1 and HDGF in EC cells. B. 
Reciprocal Co-IP of endogenous proteins showed a strong interaction between ZEB1 and HDGF. C. EC cells were 
immunostained with anti-HDGF (594; red), anti-ZEB1 (488; green) antibody and visualized. Scale bar: 20 µm. D. The 
transcriptional levels of the HDGF gene were shown after transfecting with ZEB1 plasmid or si-RNA (si-NC, si-ZEB1). 
ARF was used as a loading control. E. Western blotting showed HDGF protein expression levels after treated with 
ZEB1 plasmid or si-RNA (si-NC, si-ZEB1) in EC cells. The data are expressed as mean ± s.d. of three independent 
experiments. *P < 0.05; **P < 0.01.
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access database as bioinformatics software to 
analyze a 2-kb region upstream of the tran-
scription start site of HDGF. There were puta-
tive ZEB1-binding elements in three regions 
(-1233~-1225, -490~482 and -54~-46) of the 
human HDGF promoter region by sequence 
alignment analysis using the JASPAR database 
of transcription factor binding profiles (Figure 
4A). Chromatin immunoprecipitation (ChIP) 
assay was used to confirm whether antibody-
specific ZEB1 protein could bind to these three 
regions of the HDGF promoter in EC cells. Being 
compared to the negative control group, ZEB1 
protein was recruited to three binding sites 
(ZEB1-A, ZEB1-B, and ZEB1-C) in the putative 
HDGF promoter in two EC cells lines, which was 
confirmed by ChIP, real-time PCR, and agarose 
gel electrophoresis (Figure 4B, 4C). 

Moreover, an electrophoresis mobility shift 
assay (EMSA) experiment was used to detect if 
ZEB1 was bound to HDGF, as shown in Figure 
4D. When EC cell nuclear extracts were incu-
bated with biotin-labeled probe, a migrating 
complex appeared in lines 7 and 15, whereas 
there was no migration formation when the 
unlabelled wild-type probe of ZEB1 was added 
as binding competition (lanes 2 and lanes 10). 
When mutated A, B, or C was added to compete 
with biotin-labelled A, B, or C, respectively, in 
Ishikawa cells and HEC-1B cells (lanes 3-5, 
lanes 11-13), bands were not affected, and the 
bands unaffected in all the three sites were 
mutated groups (lanes 6 and lanes 14). The 
EMSA assay results above indicated that the 
three predicted ZEB1-binding sites in the pro-
moter region of HDGF were functional.

Figure 4. ZEB1 promotes HDGF expression by binding to the promoter region of HDGF. (A) Schematic diagram of 
the promoter regions of HDGF with the putative ZEB1 TFBSs (A-C), and the structure of the wild-type (WT) and bind-
ing sites mutant (MutA, MutB, MutC and MutABC). (B) PCR gel showed amplification of ZEB1-binding sites A and B 
after ChIP using antibody against ZEB1. (C) The gel figures were accompanied by the locations of molecular weight 
markers. (D) EMSA result was shown from nuclear proteins extracted from Ishikawa and HEC-1B cells after incuba-
tion with individual DIG-ddUTP-labeled oligonucleotide probes (lanes 2-8, 10-16). The free probe of labeled ZEB1 
was run in lanes 1 and 9 as a control. A 100-fold excess of unlabelled ZEB1-WT was used to compete with ZEB1 
binding (lanes 6 and 14, compared with lanes 2 and 10). A 100-fold excess of unlabelled mutated ZEB1-A, ZEB1-B 
and ZEB1-C was used to compete with binding of respective labeled probes (lanes 3-5 and lanes 11-13 compared 
with lanes 2 and 10). (E) Relative luciferase activity of the indicated promoter vectors in HEK293T, and HEC-1B cells 
transfected with ZEB1 plasmids. Mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001.
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For further examination of the result above, a 
dual-luciferase reporter assay was utilized to 
test the HDGF transcriptional activity. Com- 
pared to the wild-type of HDGF promoter, HDGF 
transcriptional activity significantly decreased 
in HEK293T and EC cells transfected with the 
mutant HDGF promoter luciferase reporter 
(Figure 4E).

HDGF mediates ZEB1 to promote EC migration 
and invasion by modulating β-catenin-induced 
EMT signal

To explore the precise molecular mechanisms 
and relevant interactions between HDGF and 
ZEB1, we examined the mRNA and protein lev-
els of ZEB1 in si-HDGF or ov-HDGF EC cells, and 
the results showed that there was no signifi-
cant difference in the mRNA levels of ZEB1 
(Supplementary Figure 1E). Interestingly, HDGF 
overexpression elevated the protein level of 
ZEB1. On the contrary, HDGF knockdown 
decreased the expression of ZEB1 protein 
(Supplementary Figure 1F). 

Given that ZEB1 is a well-known downstream 
target of the Wnt/β-catenin signaling pathway, 
which regulates EMT, we predicted that HDGF 
interacts with β-catenin to regulate the expres-
sion of ZEB1. In accordance with our predic-
tions, HDGF interacted with TCF4 and β-ca- 
tenin, as revealed by an endogenous co-immu-
noprecipitation (CoIP) assay and immunofluo-
rescence analysis, respectively (Figure 5A-C). 
Subsequently, CoIP assay indicated that down-
regulated HDGF induced less β-catenin protein 
binding to TCF4. Additionally, less TCF4 inter-
acted with β-catenin after silencing HDGF with 
siRNA (Figure 5D). Further study showed that 
the expression of nuclear and cytoplasmic 
β-catenin was dramatically decreased after 
silencing HDGF in EC cells, while overexpressed 
HDGF caused the opposite results (Figure 5E, 
5F). Finally, a luciferase reporter assay was 
used to examine whether the transcriptional 
activity of β-catenin and TCF4 would be affect-
ed by interacting with HDGF. Silencing HDGF 
had the opposite effect (Figure 5G).

To determine the regulating relationship 
between HDGF, ZEB1, and β-catenin, we used 
siRNA (si-ZEB1) and plasmids (ov-HDGF or ov-β-
catenin) with Western blot analysis to detect 
the change in HDGF- and EMT-associated fac-
tors (Figure 5H). Loss of HDGF resulted in 

decreased levels of β-catenin, ZEB1, TCF4, 
Snail, and N-cadherin. Overexpressed β-ca- 
tenin resulted in increased expression of the 
proteins mentioned above in EC cells. Fur- 
thermore, overexpressed β-catenin in HDGF-
overexpressed EC cells elevated the expres- 
sion of EMT-associated factors, of which there 
were many more than those in overexpressed 
β-catenin EC cells. 

Previous studies had revealed that HDGF pro-
moted cell growth, migration, and invasion in 
tumors [26-28]. To further illuminate the 
involvement of HDGF in ZEB1-mediated cell 
invasion and metastasis, si-RNA (si-HDGF and 
si-NC) were transfected into ZEB1-overex- 
pressed EC cells. Functional analysis by 
scratch, transwell, and Boyden assays revealed 
that si-HDGF weakened migration and invasion 
of ZEB1-overexpressed EC cells (Supplementary 
Figure 2A-C). 

β-catenin/TCF4 induces ZEB1 and HDGF ex-
pression in EC cells

To determine the regulating relationship be- 
tween ZEB1, HDGF, β-catenin, and TCF4, we 
upregulated β-catenin and TCF4 in EC cells to 
detect the expression of HDGF and ZEB1 by 
Western blot analysis. The results showed  
that the expression of HDGF and ZEB1 was 
increased compared to the control group 
(Figure 6A). 

Correspondingly, immunofluorescence staining 
showed that the expression of ZEB1 and HDGF 
was elevated in EC cells after transfection with 
β-catenin or TCF4 plasmids compared with the 
control groups (Figure 6B-E). These results 
demonstrated that β-catenin and TCF4 induces 
the expressions of HDGF and ZEB1.

The expression of HDGF and ZEB1 and their 
relationship with the clinical pathological fac-
tors of endometrial carcinoma

Immunohistochemistry assay was used to 
examine ZEB1 and HDGF expression in 98 
endometrial cancer tissues, compared with 21 
normal endometrial tissues. Using serial sec-
tions of paraffin-embedded EC tissues we 
observed that tumor tissues with high expres-
sion level of ZEB1 have higher expressions level 
of HDGF compare with low expressions level 
ZEB1 tumor tissues. In addition, both of HDGF 
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and ZEB1 are mainly expressed in nucleus 
(Figure 7A). Furthermore, patients with tumors 

exhibiting high levels of HDGF and distinguished 
levels of ZEB1 had shorter survival times 

Figure 5. HDGF mediates ZEB1 to promote EC migration and invasion by modulating β-catenin-induced EMT signal. 
A and B. Strong interaction between HDGF and β-catenin, TCF4, showing by reciprocal CoIP through using antibody 
(anti-TCF4, anti-β-catenin) respectively. C. EC cells were immunostained with anti-HDGF, TCF4, β-catenin and visual-
ized under fluorescence microscope. Scale bar: 20 µm. D. CoIP assay showed that less TCF4 bound to β-catenin 
after suppression of HDGF compared to control group. Similarly, decreased HDGF protein induced less β-catenin 
binding to TCF4 by CoIP assay. β-actin served as internal control. E and F. Suppress HDGF decreased nuclear 
translocation of β-catenin, while HDGF over-expression had the opposite effect. β-actin served as the cyto internal 
control. Lamin B1 was considered as nuclear loading control. G. HDGF over expression enhanced whereas HDGF si-
lencing suppressed TOP flash reporter activity, respectively. H. Western blotting analysis for the expression levels of 
HDGF, β-catenin, TCF4, ZEB1, and EMT-associated proteins in EC cells with different treatments. Data were shown 
as the mean ± SD, **P < 0.01; ***P < 0.001.
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(Figure 7B, 7C). More interestingly, patients 
with high HDGF and ZEB1 expression had the 
shortest survival time (Figure 7D). QPCR analy-
sis indicated that the ZEB1 expression level 
was significantly decreased in 30 endometrial 
cancer tissues in comparison to 22 normal 
endometrial tissues (P < 0.05) (Figure 7E). 
Western blot analysis of fresh endometrial car-
cinoma samples and fresh normal endometrial 
samples showed that both HDGF and ZEB1 
were highly expressed in endometrial cancer in 
comparison with normal endometrial tissue 
(Figure 7F). 

To investigate the relationship between the 
expression of ZEB1 or HDGF and their clinico-

pathological features, an immunostaining sc- 
ore was used to evaluate the expression of 
HDGF and ZEB1. As shown in Table 1, ZEB1 
protein expression in EC was significantly cor-
related with FIGO stage (P < 0.001), depth of 
myometrial invasion (P = 0.015), and lymph 
node metastasis (P < 0.001). HDGF immunos-
taining was significantly associated with FIGO 
stage (P < 0.001), histological grading (P < 
0.001), and lymph node metastasis (P < 0.001). 
However, it was not associated with patient’s 
age, menopausal status, histological grading, 
or depth of myometrial invasion. Furthermore, 
univariate analysis indicated that FIGO stage, 
histological grading, lymph node metastasis, 
depth of myometrial invasion, and expression 

Figure 6. β-catenin/TCF4 induces ZEB1 and HDGF expression in EC cells. A. The protein levels of the ZEB1 and 
HDGF gene were examined after transfecting with β-catenin or TCF4 plasmids by Western blotting. B. The over-ex-
pression of β-catenin was effective by Immunofluorescent staining assay. Scale bar: 5 µm. C. The over-expression of 
TCF4 were effective by Immunofluorescent staining assay. Scale bar: 7.5 µm. D and E. Immunofluorescent staining 
assay show that ZEB1 and HDGF were elevated after up-regulated β-catenin or TCF4. Scale bar: 20 µm.
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Figure 7. Expression levels of HDGF and ZEB1 genes in endometrial carcinoma and normal endometrial tissue. A. 
Expression of ZEB1 and HDGF in serial EC sample sections; Scale bar: 25 µm. B. Higher levels of ZEB1 reduced the 
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of ZEB1 and HDGF were also significantly cor-
related with patients’ survival (P < 0.001, P < 
0.001, P < 0.001, P = 0.009, P = 0.003, and P 
= 0.041, respectively). Multivariate analysis 
showed that ZEB1 expression was not an inde-
pendent prognostic factor for EC patients 
(Table 2). Correlation analysis showed that 
there was a positive correlation between HDGF 
and ZEB1 staining in endometrial carcinoma 
tissues (r = 0.465, P < 0.001) (Table 3). 

Discussion

In this study, we found that downregulated 
ZEB1 decreased the ability of EC cells to in- 
vade and metastasize in vivo and in vitro. 
Furthermore, reducing the expression of ZEB1 
enhanced the chemotherapy sensitivity of EC 
cells to cDDP. It is well known that the EMT sig-
naling is a key event for inducing tumor inva-
sion, metastasis, and chemotherapy resistan- 
ce [29-31]. We observed that N-cadherin, β- 

ZEB1 combines to HDGF and they colocalize in 
the nucleus, which demonstrated that ZEB1 
interacts with HDGF in EC.

In prior studies, ZEB1 as a transcription factor 
has been reported to bind to the promoter 
region of E-cadherin and miR-200 family mem-
bers and repress their transcription [14, 20, 
30, 31]. In the current study, we predicted three 
ZEB1-binding regions in the HDGF promoter by 
using the JASPAR database (http://jaspar.
genereg.net), which hinted that ZEB1 induced 
HDGF expression at the transcription level. We 
firstly observed that silencing ZEB1 decreased 
the expression of HDGF at the mRNA and pro-
tein levels in EC cells. Furthermore, ChIP, lucif-
erase, and EMSA assays confirmed that ZEB1 
binds the HDGF promoter and induces its pro-
moter activity. These results demonstrated 
that ZEB1 as the transcription factor of HDGF 
promotes its expression in EC.

survival time of EC patients. C. Higher levels of HDGF reduced the survival time of EC patients. D. Kapla-Meier analy-
sis of overall survival in patients with variable expression of HDGF and ZEB1. E. Compared with normal endometrial 
tissues, ZEB1 expression was markedly increased in endometrial carcinoma (P < 0.05). F. Western blot analysis of 
ZEB1 and HDGF expression in 6 cases of endometrial carcinoma tissue samples compared with 6 normal endome-
trial tissue. β-actin was used as a loading control. 

Figure 8. A schematic diagram for an atypical HDGF-β-catenin/TCF4-ZEB1 
feedback loop. 

catenin, and vimentin were 
decreased and E-cadherin 
was elevated in shZEB1 EC 
cells, which supports the 
results of previous studies 
[32]. 

Previous research found that 
ZEB1 cooperates with CtBP to 
repress the expression of 
E-cadherin, which regulates 
the development of tumors 
[33]. However, other unknown 
proteins that interact with 
ZEB1 and promote tumor inva-
sion and metastasis remain  
to be discovered. To better 
understand its molecular me- 
chanisms, we searched the 
DOMINE database (a website 
that predicts protein domain 
interaction) and found that 
HDGF is a potential interactive 
protein of ZEB1. Furthermore, 
we used CoIP and confocal 
microscopy to confirm that 
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HDGF is an important oncogene that is related 
to proliferation, invasion, and metastasis in 
liver cancer, stomach cancer, prostate cancer, 
and non-small cell lung cancer [27, 34-36]. Our 
previous study indicated that patients with EC 
had a poor prognosis when expression of HDGF 
was abnormal [37]. These data demonstrated 
the significance of HDGF in EC pathogenesis. 
Nonetheless, the details explaining how HDGF 
induces the invasion and metastasis of EC are 
still unclear.

In a previous study, HDGF had been shown to 
interact with β-catenin [38]. Interestingly, 
β-catenin interacts with TCF4 [39, 40] and the 
latter further transcribed ZEB1 to stimulate 
EMT signal [39] in tumors. Thus, we assumed 
that HDGF might mediate ZEB1 to induce the 
invasion and metastasis of EC by stimulating 
the β-catenin/TCF4/ZEB1 pathway and its 
downstream EMT signal. In accordance with 
the speculation, we observed that silencing 
HDGF in overexpressed ZEB1 EC cells reversed 
the ZEB1-induced promotion of migration and 
invasion in EC cells. Mechanism analysis indi-
cated that knocking down HDGF inactivated 
the expression of the β-catenin and its down-
stream EMT signal in ZEB1-overexpressed EC 

cells. Furthermore, knocking down β-catenin 
and TCF4 reduced ZEB1 and HDGF expression, 
respectively. These data demonstrate that 
HDGF not only mediates ZEB1, but it also pro-
motes EC migration and invasion by modulating 
β-catenin/TCF4/ZEB1 and its downstream EMT 
signal. In a word, ZEB1, HDGF, β-catenin, and 
TCF4 form a positive feedback loop that partici-
pates in EC metastasis.

Consistent with their known roles in EC cells, 
we performed Western blotting and then 
observed elevated expression of ZEB1 and 
HDGF in EC tissues compared with normal 
endometrium tissues. High expression of ZEB1 
was positively correlated with FIGO stage, 
depth of myometrial invasion, and lymph node 
status, revealing that ZEB1 promoted the pro-
gression of EC. Similarly, high expression of 
HDGF was positively correlated with FIGO 
stage, histological grading, and lymph node 
metastasis, suggesting that HDGF was involved 
in the progression of EC. Patients with high 
ZEB1 or HDGF expression had poorer overall 
survival by Kaplan-Meier analysis. Moreover, 
ZEB1 expression was positively correlated with 
HDGF expression in EC tissues. EC patients 
with high expression of both ZEB1 and HDGF 

Table 1. Correlation between the ZEB1 and HDGF protein expression with the clinicopathologic Char-
acteristics in EC

Characteristics
ZEB1 (%) HDGF (%)

N Negative Positive P N Negative Positive P
Age
    < 50 29 22 (75.86) 7 (24.14) 0.672 29 16 (55.17) 13 (44.83) 0.697
    ≥ 50 69 55 (79.71) 14 (20.29) 69 41 (59.42) 28 (40.58)
Menopausal status
    Premenopausal 49 39 (79.59) 10 (20.41) 0.806 49 31 (63.27) 18 (36.73) 0.306
    Postmenopausal 49 38 (77.55) 11 (22.45) 49 26 (53.06) 23 (46.94)
FIGO stage
    I-II 79 73 (92.40) 6 (7.60) < 0.001 79 56 (70.89) 23 (29.11) < 0.001
    III 19 4 (21.05) 15 (78.95) 19 1 (5.26) 18 (94.74)
Histological grading
    G1+G2 85 69 (81.18) 16 (18.82) 0.108 85 55 (64.71) 30 (35.29) < 0.001
    G3 13 8 (61.54) 5 (38.46) 13 2 (15.38) 11 (84.62)
Depth of myometrial invasion
    < 50% 64 55 (85.94) 9 (14.06) 0.015 64 41 (64.06) 23 (35.94) 0.104
    ≥ 50% 34 22 (64.71) 12 (35.29) 34 16 (47.06) 18 (52.94)
Lymph node status
    Negative 82 75 (91.46) 7 (8.54) < 0.001 82 56 (68.29) 26 (31.71) < 0.001
    Positive 16 2 (12.5) 14 (87.5) 16 1 (6.25) 15 (93.75)
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showed the worst prognoses for survival com-
pared with other groups. These data further 
illustrate that increased ZEB1 and HDGF 
expression are important factors that synergis-
tically promote the development and spread of 
EC.

Here, a regulatory model is shown in Figure 8 
as a summary. ZEB1 induces its expression by 
interacting with HDGF, which in turn regulates 

the expression of β-catenin and TCF4, and ulti-
mately induces its own expression. The worst 
prognosis for endometrial cancer patients 
resulted from highly expressed ZEB1 as well  
as high expression of HDGF. Together, these 
results confirm that ZEB1, HDGF, TCF4, and 
β-catenin form a loop that promotes the occur-
rence and progression of endometrial cancer 
via promoting its invasion, metastasis, and che-
motherapy resistance. In summary, these find-
ings indicate that ZEB1 combined with HDGF 
targeting may be a useful therapeutic option for 
the treatment of EC.
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Supplementary Table 1. The sequences of shRNA were used in this study
shHDGF 1 Sence 5’CcggtgCCGTGAAATCAACAGCCAACTCGAGTTGGCTGTTGATTTCACGGCATTTTTg 3’

Antisence 5’aattcaaaaatgCCGTGAAATCAACAGCCAACTCGAGTTGGCTGTTGATTTCACGGCA 3’
2 Sence 5’CcgggaACGAGAAAGGAGCGTTGAACTCGAGTTCAACGCTCCTTTCTCGTTCTTTTTg 3’

Antisence 5’aattcaaaaagaACGAGAAAGGAGCGTTGAACTCGAGTTCAACGCTCCTTTCTCGTTC 3’
3 Sence 5’CcggcgAGAACAACCCTACTGTCAACTCGAGTTGACAGTAGGGTTGTTCTCGTTTTTg 3’

Antisence 5’aattcaaaaacgAGAACAACCCTACTGTCAACTCGAGTTGACAGTAGGGTTGTTCTCG 3’
shZEB1 1 Sence 5’CcggccTCTCTGAAAGAACACATTACTCGAGTAATGTGTTCTTTCAGAGAGGTTTTT 3’

Antisence 5’aattaaaaacctCTCTGAAAGAACACATTACTCGAGT  AATGTGTTCTTTCAGAGAGG 3’
2 Sence 5’ccgggcTGTTGTTCTGCCAACAGTTCTCGAGAACTGTTGGCAGAACAACAGCTTTTT 3’

Antisence 5’aattaaaaagcTGTTGTTCTGCCAACAGTTCTCGAGA ACTGTTGGCTGAACA ACAGC 3’
3 Sence 5’ccggccTACCACTGGATGTAGTAAACTCGAGTTTACTACATCCAGTGGTAGGTTTTTg 3’

Antisence 5’aattcaaaaaccTACCACTGGATGTAGTAAACTCGAGTTTACTACATCCAGTGGTAGG 3’

Supplementary Table 2. The sequences of siRNA were 
used in this study
Name Sequence
si-ZEB1 1 Sence 5’GGCAAGUGUUGGAGAAUAA dTdT 3’

Antisence 3’dTdT CCGUUCACAACCUCUUAUU5’
2 Sence 5’CCAGAAAUACACAGGGUUA dTdT 3’

Antisence 3’dTdT GGUCUUUAUGUGUCCCAAU 5’
3 Sence 5’GGACAGCACAGUAAAUCUA dTdT 3’

Antisence 3’dTdT CCUGUCGUGUCAUUUAGAU5’
si-HDGF 1 Sence 5’GAAACGAGAUCGAAUGCAC dTdT 3’

Antisence 3’dTdT CUUUGCUCUAGCUUACGUG 5’
2 Sence 5’CUCAAGCGUUUCCUCCUUA dTdT 3’

Antisence 3’dTdT GAGUUCGCAAAGGAGGAAU 5’
3 Sence 5’CCAUACGAUUGACGAGAUG dTdT 3’

Antisence 3’dTdT GGUAUGCUAACUGCUCUAC 5’

Supplementary Table 3. The primers and probes used in this study
Primers name Sequence
ZEB1 Forward AGCAGTGAAAGAGAAGGGAATGC

Reverse GGTCCTCCTCAGGTGCCTCAG
HDGF Forward CGTGTACAGACGTCCACACT

Reverse CTCCTTGGCTGGCTCATCAA
ARF Forward ATCTGTTTCACAGTCTGGGACG

Reverse CCTGCTTGTTGGCAAATACC
CHIP-ZEB1-Site1 Forward CTGTAATCCCAGCTACTCAGG

Reverse AGAATCTCGCTCTGTTGCC
CHIP-ZEB1-Site2 Forward GGACTATTACACTGACTGCAT

Reverse GCAAGAAAACAGCCAAGCA
CHIP-ZEB1-Site3 Forward TGCCCAGTTCAGTCATCACC

Reverse GAATGCCAATAAACCCAACCC
EMSA-ZEB1-WT probe TGGCACACACCTGTAAAGAATGCCCCCCTGTGCCACCCCACCTCCGAAAAGAGGTAGCACCTGG
EMSA-ZEB1-WT competition TGGCACACACCTGTAAAGAATGCCCCCCTGTGCCACCCCACCTCCGAAAAGAGGTAGCACCTGG
EMSA-ZEB1-mut- site1 probe TGGTCTCTCTACTTAAAGAATGCCCCCCTGTGCCACCCCACCTCCGAAAAGAGGTAGCACCTGG
EMSA-ZEB1-mut-site2 probe TGGCACACACCTGTAAAGAATTAATTATCTTGCCACCCCACCTCCGAAAAGAGGTAGCACCTGG
EMSA-ZEB1-mut-site3 probe TGGCACACACCTGTAAAGAATGCCCCCCTGTGCCAATATCTACTATCGGCTATTCGTTGATCTA
EMSA-ZEB1-mut-3-site competition TGGTCTCTCTACTTAAAGAATTAATTATCTTGCCAATATCTACTATCGGCTATTCGTTGATCTA
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Supplementary Table 4. A list of antibodies used for Western blot, IHC staining, IF, Co-IP, CHIP
Name of antibody Cat. No Company Mol weight Dilution (WB/IHC/CHIP/EMSA)
ZEB1 3396S CST 200 kDa 1:1000 (WB); 1:200 (IP); 1:50 (EMSA)
ZEB1 Ab203829 abcam 200 kDa 1:250 (IHC); 1:100 (IF)
E-cadherin 3195S CST 135 kDa 1:1000 (WB); 1:200 (IF)
N-cadherin 13116S CST 140 kDa 1:1000 (WB)
β-catenin 8480S CST 92 kDa 1:1000 (WB); 1:50 (IP)
Snail 3879S CST 29 kDa 1:1000 (WB)
lamin B1 13435S CST 68.45 kDa 1:1000 (WB)
Vimentin 5741S CST 57 kDa 1:1000 (WB); 1:100 (IF)
HDGF 60064-1-Ig Proteintech 40 kDa 1:1000 (WB); 1:50 (IHC); 1:100 (IF)
HDGF 11344-1-AP Proteintech 40 kDa 1:200 (IP)
Flag-Tag F1804 Sigma - 1:100 (Co-IP); 1:1000 (WB)
His-Tag 12698s CST - 1:100 (Co-IP); 1:3000 (Pull down); 1:1000 (WB)
β-actin sc-1616 Santa 43 kDa 1:1000 (WB)
PCNA 10205-2-AP Proteintech 36-38 kDa 1:30 (IHC)
Ki67 Ab16667 abcam - 1:100 (IHC)
TCF4 22337-1-AP Proteintech 72 kDa 1:1000 (WB); 0.5-4.0 ug (Co-IP)
Normal IgG 2729 CST - 1:10 (IP)
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Supplementary Figure 1. A and B. HEC-1B and Ishikawa cells were transfected by lentiviruses containing shPLVctr or shZEB1. Scale bar: 25 µm. C. ZEB1 expression 
was detected after transfection with lentiviruses. D. ShRNA against ZEB1 as indicated in EC cells by Western blot. E. ZEB1 expression was detected after transfec-
tion with si-RNA (HDGF) or HDGF plasmid. F. ZEB1 expression was detected by Western blot. ARF served as a loading control in QPCR assay. β-actin was used as a 
loading control in Western blot assay. Data were shown as the mean ± SD, *P < 0.05; **P < 0.01.
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Supplementary Figure 2. HDGF mediates ZEB1 to promote EC migration and invasion by modulating β-catenin-induced EMT signal. A. Scratch migration assay 
indicated that suppression of HDGF in ZEB1-overexpressed EC cells reversed the ability of migration. Scale bar: 200 µm. B and C. Cell migration and invasion were 
assessed via transwell and boyden assays. Scale bar: 25 µm. Data were shown as the mean ± SD, *P < 0.05; **P < 0.01; ***P < 0.001.
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Supplementary Figure 3. The uncropped gels/blots.


