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Abstract. Previously, we reported that hypoxia was able to 
induce invasion and metastasis in gastric cancer and that 
hypoxia-inducible factor-1 (HIF-1) is a key factor involved in 
this tumor type. Krüppel-like factor 8 (KLF8) as a transcrip-
tional repressor has been suggested as a promoter of tumor 
metastasis in breast cancer and an inducer of the epithe-
lial-mesenchymal transition (EMT). KLF8 is also highly 
expressed in gastric cancer tissues, contributing to poor prog-
nosis. However, the association between KLF8 and HIF-1 in 
regulating the progression of human gastric cancer in hypoxia 
is unclear. In the present study, we found that KLF8 was 
overexpressed in gastric cancer metastatic tissues and cells. 
Additionally, KLF8 siRNA significantly inhibited SGC7901 
cell invasion and migration compared with SGC7901, 
SGC7901/Scr-si cells. Hypoxia is thus able to induce KLF8 
expression and EMT in SGC7901 cells. However, following 
the examination of changes in cell morphology and epithelial 
and mesenchymal markers, it was found that KLF8 siRNA 
and HIF-1 siRNA strongly reversed EMT in cells undergoing 
hypoxia. Furthermore, hypoxia-induced KLF8 overexpres-
sion was attenuated by HIF-1 siRNA. Experiments using 
luciferase promoter constructs resulted in a marked increase 
in the activity of cells exposed to hypoxia and decreased 
activity in cells co-transfected with HIF-1 siRNA. The chro-
matin immunoprecipitation assay revealed proximal HRE 
at -133 is the main HIF-1 binding site in the KLF8 promoter. 
In conclusion, the results demonstrated that KLF8 is actively 

enhanced by hypoxia and is a novel HIF-1 target. KLF8 is a 
novel EMT regulating transcription factor that involved in the 
progression of gastric cancer. The specific anti-EMT drugs 
in combination with anti-hypoxia are new promising cancer 
therapies.

Introduction

Tumor formation, evolution and metastasis are affected by 
oncogene, tumor-suppressor gene and cell cycle-related 
molecular. The regulation of transcription factors on potential 
downstream target genes plays an important role in the occur-
rence and progression of tumor (1). Hypoxia is the main factor 
for tumor migration and invasion, and hypoxia-inducible 
factor-1 (HIF-1) is involved in the processes (2,3). In a previous 
study, we showed that hypoxia can induce gastric cancer inva-
sion and migration (4), and HIF-1 is a key molecular regulator 
for the hypoxic signaling pathway (5).

HIF-1 upregulation is an early event of cells in hypoxia 
that triggers hypoxia-related gene transcription (6). HIF-1 
can promote tumor angiogenesis, drug resistance and cell 
migration by binding with downstream HRE (7,8). The exact 
mechanism involved in HIF-1 promotion of gastric cancer 
metastasis under hypoxic conditions remains to be determined.

Under hypoxic conditions, a tumor microenvironment is 
generated and tumor cells undergo epithelial-to-mesenchymal 
transition (EMT) (9). During this process, tumor cells can 
adjust to the newly formed microenvironment and gain 
stem-cell characteristics that promote differentiation and 
proliferation of tumor cells. The continuous proliferation of 
tumor cells results in the center portion of hypoxia, which 
greatly promotes EMT (10,11). The results of a previous study 
demonstrated that KLF8 was highly expressed in gastric 
cancer tissues and exhibited a poor prognosis (12). KLF8 was 
initially identified as a transcription repressor of Krüppel-like 
C2H2 zinc-finger transcription factor family proteins (13). 
KLF8 influenced other tumor metastasis by EMT process (14) 
and was found to play an active role in renal cell carcinoma 
in which HIF-1 was highly expressed (15). However, the exact 
mechanism of KLF8 in hypoxia-induced EMT in gastric 
cancer remains to be elucidated.
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In the present study, we confirmed that KLF8 is important 
in gastric cancer invasion and metastasis. KLF8 siRNA-trans-
fected SGC7901 cells showed less invasion and metastasis. 
Subsequently, HIF-1 siRNA was used to examine the effect of 
KLF8 expression and the mechanism of KLF8-induced EMT 
under hypoxia. We also confirmed that the HIF-1 binding site 
was located in the KLF8 promoter.

Materials and methods

Cell lines, cell culture conditions and hypoxic treatment. 
The SGC7901 human gastric adenocarcinoma cell line was 
obtained from the Academy of Military Medical Science 
(Beijing, China). The MKN45 and AGS human gastric 
adenocarcinoma cell lines were obtained from the Shanghai 
Cell Bank (Shanghai, China). The cell lines were cultured in 
RPMI-1640 medium containing 10% fetal bovine serum (FBS) 
plus L-glutamine, vimentin, sodium pyruvate, non-essential 
amino acids, 100 IU/ml penicillin and 100 µg/ml streptomycin 
(Sigma-Aldrich, St. Louis, MO, USA). For hypoxic culture, the 
tumor cells were incubated in a hypoxic incubator (Precision 
Scientific, Winchester, VA, USA) with 1% atmospheric oxygen 
balanced by nitrogen and CO2 for 0-24 h.

HIF-1α siRNA plasmid constructs and transfection. The 
PSilencerTM neo U6 2.1 vector, containing a HIF-1α-specific 
targeting sequence (5'-AAAGAGGTGGATATGTCTGGG-3' 
and 5'-TTTCTCCACCTATACAGACCC-3') and a scramble 
sequence were introduced into SGC7901 cells. To observe the 
change in HIF-1 target genes induced by HIF-1 in hypoxia, we 
introduced the HIF-1 siRNA vector pSilenser3.1/HIF-si and 
control scramble siRNA vector pSilenser into SGC7901 cells, 
designated as SGC7901/HIF-si and SGC7901/Scr-si, respec-
tively. The cells were transfected by using Lipofectamine 2000 
(Invitrogen Life Technologies, Grand Island, NY, USA) 
according to the manufacturer's instructions and then treated 
with 0.4 mg/ml of G418 to select the transfected cells. Stably 
transfected cell clones were obtained by limiting the dilution 
culture under the pressure of G418. To avoid the effects of 
clonal variety, three random clones for each group were used 
in all the experiments.

KLF8 cDNA vector and RNAi lentivirus generation. 
KLF8-targeting oligonucleotides for generating cDNA were 
designed from full-length KLF8 by Shanghai GeneChem Co., 
Ltd. (Shanghai, China): forward, TCTGCAGGGACTACA 
GCAAG and reverse, TCACATTGGTGAATCCGTCT; KLF8 
siRNA1 forward: ACUUGGAGGUCCAACUUAATT and 
reverse, UUAAGUUACCUCCAAGGTG; siRNA2 forward, 
CGAUAUGGAUAACUCAUATT and reverse, UAU 
GAGUUUAUCCAUAUCGAC; siRNA 3 forward, CACUGG 
UUAAUGACAUCAATT and reverse, UUGAUGUCAUUA 
AACAGUGCTA. After testing the overexpression and knock-
down efficiencies, stem-loop oligonucleotides were synthesized 
and cloned into the lentivirus-based vector PsicoR (Addgene). 
A non-targeting stem-loop DNA PsicoR vector was generated 
as a negative control. Lentiviral particles were prepared as 
previously described (12). Gastric cancer cells were infected 
with KLF8 cDNA, siRNA-lentivirus or negative control virus 
at 7 days and examined at 10 days. The SGC7901 gastric 

cancer cells were transfected with KLF8 si1, KLF8 si2, KLF8 
si3 or empty vector and designated as SGC7901/KLF-si1, 
SGC7901/ KLF-si2, SGC7901/ KLF-si3 and SGC7901/con. 
SGC7901 gastric cancer cells transfected with KLF8 vector or 
empty vector were designated as SGC7901/KLF and SGC7901/
con.

Cell migration assay. Transwell chamber polycarbonate 
membranes were used to determine the cell migration. 
SGC7901 cells (5x104/well) were seeded on the top surface 
of the 24-well membrane with an 8-µm pore culture insert 
(Millipore, Billerica, MA, USA). RPMI-1640 medium (0.5 ml) 
plus 10% FBS was added to the bottom chamber as a chemo-
attractant. After 24 h incubation, the filter membrane was fixed 
with 4% paraformaldehyde and stained with hematoxylin and 
eosin. Non-invading cells on the surface inside the chamber 
were wiped off using a cotton swab. The number of migrated 
cells was counted by a microscope at 10 random fields of vision 
for each chamber. Experiments were performed in triplicate.

Cell invasion assay. The invasive activity of the SGC7901 
cells was measured using 24-well BioCoat Matrigel Invasion 
Chambers (Millipore). In brief, the chamber containing 
the 8-µm pore size filter was coated with Matrigel protein 
(BD Biosciences, Franklin Lakes, NJ, USA). The filters 
were subsequently inserted into a 24-well culture plate. The 
SGC7901 cells were transfected with KLF siRNA or scramble 
siRNA for ~48 h and then the cell density was adjusted to 
~5x104. The SGC7901 cell suspension was inoculated into 
each insert well and incubated with RPMI-1640 medium 
containing 10% FBS for 24 h in 5% CO2 at 37˚C. After 24 h 
of incubation, the non-invading cells on the upper surface 
inside the chamber were wiped off using a cotton swab. The 
invading cells on the lower surface of the chamber were 
stained with 0.2% crystal violet for 2 h. The number of cells 
adhering to the lower surface of the filter was counted using 
a microcope at 10 random fields of vision for each chamber. 
Experiments were performed in triplicate.

Metastasis in nude mice. Mice were handled using best 
humane practices, and cared for in accordance with the NIH 
Animal Care and Use Committee guidelines. The cells were 
harvested from tissue culture flasks using trypsin and washed 
three times with PBS. The mice were injected through the 
tail vein with 1x106 cells in 0.1 ml PBS, and monitored for 
overall health, and total body weight. Mice-bearing luciferase-
positive tumors were imaged 4-6 weeks after injection with 
an IvIS Imaging System (Caliper Life Sciences, MA, USA). 
The mice were subsequently sacrificed and each experimental 
group comprised 5 mice.

Western blotting. The expression of KLF8, E-cadherin and 
fibronectin in SGC7901 cells transfected with KLF-siRNA 
or Scr-siRNA under normoxia conditions, as well as that of 
HIF-1, KLF8, E-cadherin, keratin, fibronectin and vimentin 
in SGC7901 cells transfected with KLF-siRNA, Scr-siRNA or 
HIF-siRNA under hypoxic conditions (1% atmospheric oxygen) 
between 0 and 24 h was examined. Following pre-treatment, 
whole cells (SGC7901, SGC7901/KLF-si, SGC7901/Scr-si, 
SGC7901/HIF-si) were collected, respectively, and lysed on 
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ice for 30 min in lysis buffer [10 mM Tris (pH 8.0), 1 mM 
ethylenediaminetetraacetic acid (EDTA), 400 mM NaCl, 
10% glycerol, 0.5% NP-40, 5 mM sodium fluoride, 0.1 mM 
phenylmethylsulfonyl fluoride, 1 mM dithiothreitol]. Equal 
amounts of protein (25 µg) were loaded. For western blotting, 
mouse monoclonal antibodies against KLF8 (1:200; Santa Cruz 
Biotechnology Inc., Santa Cruz, CA, USA), E-cadherin (1:2,500; 
Abcam, Cambridge, UK), fibronectin (1:2,500; Abcam), keratin 
(1:2,500; Abcam), vimentin (1:1,000; Abcam), anti-HIF-1 
(mouse mAb; 1:200; Chemicon Corporation Ltd., Bangladesh), 
anti-β-actin (1:5,000; Sigma-Aldrich), anti-mouse secondary 
antibody (Ab; 1:2,000; Sigma-Aldrich), anti-rabbit secondary 
antibody (Ab; 1:2,000; Sigma-Aldrich). The relative content 
of each protein was detected by enhanced chemiluminescence 
(ECL; Amersham, Arlington Heights, IL, USA).

Real-time RT-PCR. The whole cells (SGC7901, SGC7901/Scr-si 
and SGC7901/HIF-si) were seeded after 0, 4, 8, 12 and 24 h 
exposure to hypoxia (1% atmospheric oxygen), respectively. 
RNA was isolated using RNAzol (Invitrogen, Carlsbad, CA, 
USA) according to the manufacturer's instructions. RNA (1 µg) 
was subjected to reverse transcription, followed by cDNA 
strand synthesis at a dilution of 1:20. cDNA (10 µl) was used 
for TaqMan real-time RT-PCR to detect mRNA expression. 
The ABI Prism 7700 Sequence Detection System (PE Applied 
Biosystems) was subsequently applied. The primers used 
were: KLF8 forward, 5'-TCTGCAGGGACTACAGCAAG 
and reverse, 5'-TCACATTGGTGAATCCGTCT; and GAPDH 
forward, 5'-TGGTATCGTGGAAGGACTCA and reverse, 
5'-CCAGTAGAGGCAGGGATGAT. Experiments were 
performed in triplicate.

Immunofluorescence. SGC7901 cells were grown on 10-well 
glass microscope slides (vWR International, Fontenay-sous-
Bois, France) under normoxic conditions, while SGC7901/
Scr-si, SGC7901/KLF-si cells were grown on 10-well glass 
microscope slides under hypoxic conditions (1% atmospheric 
oxygen). The cells were fixed with 4% neutral formalin for 
20 min and then permeabilized with 0.2% Triton X-100 
in PBS for 10 min. After blocking with 3% bovine serum 
albumin, the cells were incubated with E-cadherin and 
fibronectin primary antibody (BD Biosciences) overnight at 
4˚C. After rinsing three times in PBS, the cells were incu-
bated with a secondary antibody at room temperature. The 
nuclei were stained by DAPI (Roche Applied Science, Basel, 
Switzerland). Immunostaining signal and DAPI-stained nuclei 
were analyzed using a fluorescence microscope.

HIF-1 binding site search. A genomic region of 2,000 bp 
upstream of the KLF8 transcriptional initiation site was deter-
mined using the NCBI genomic BLAST program. The DNA 
strider 1.0 program was then applied to identify putative HRE. 
The HIF-1-binding consensus sequence BDCGTv (B is C/T/G; 
D is A/G/T; and v is G/C/A) was used as the key criterion for 
searching functional HRE. It was established using definitions 
of the consensus sequences, as previously provided (16).

Dual luciferase reporter gene assay. To assay the transcrip-
tional activity of KLF8 under hypoxic conditions, SGC7901 
cells in 24-well plates (50,000 cells/well) were co-trans-

fected with or without HIF-1 siRNA1 or KLF-Luc using 
Lipofectamine 2000 (Invitrogen). PRL-TK was the control for 
transfection efficiency in DMEM without serum. The construct 
KLF-Luc contained HRE-like or mutated sites from the KLF8 
promoter nucleotides -133 to -128, as 520 bp containing 
CTCGTG to CTTTTG, was synthesized and inserted into 
the pGL3 promoter vector (Promega, Madison, WI, USA). 
After 48 h, luciferase activity was measured and quantified 
in a luminometer using the Dual-Luciferase Reporter Assay 
System (Promega). Experiments were performed in triplicate. 
Results are expressed as a means of the ratio between the 
firefly and Renilla luciferase activity.

Chromatin immunoprecipitation assay. HIF-1 binding to 
KLF8 promoter was analyzed by ChIP in gastric cancer cells, 
using methodologies previously described (5). Twenty-six 
SGC7901 cells were fixed with 1% paraformaldehyde, and 
chromatin derived from isolated nuclei was sheared by using a 
F550 microtip cell sonicator (Fisher Scientific, Morris Plains, 
NJ, USA). Following centrifugation, supernatants containing 
sheared chromatin were incubated with an anti-HIF-1α anti-
body or control IgG. Protein A-Sepharose was added, the 
incubation was continued overnight, and immune complexes 
were subsequently eluted. The complexes were treated with 
RNase and proteinase K and extracted with phenol/chloroform 
and then with chloroform. DNA was precipitated, washed, 
dried, resuspended in water and analyzed by PCR. The 
primers used in this analysis spanned 216 bp around the first 
possible HIF-1α binding site located -133 bp from the transla-
tion start site (sense, 5'-GCAGGTACAAGGGCTGGGTA-3' 
and antisense, 5'-TGCCGGGACTGGGCTTTT-3').

Statistical analysis. Results were presented as means ± SEM 
of at least three independent experiments. Bands from western 
blotting or RT-PCR analysis were quantified using Quantity 
One software (Bio-Rad, Hercules, CA, USA). Relative protein 
or mRNA levels were calculated relative to the amount of 
β-actin or GAPDH, respectively. The difference between 
means was performed with one-way analysis of variance or an 
unpaired t-test. All statistical analyses were performed using 
SPSS 13.0 software (SPSS, Chicago, IL, USA). P<0.05 was 
considered to indicate a statistically significant result.

Results

KLF8 is highly expressed in metastatic gastric cancer tissues 
and cells. The expression of KLF8 protein in non-metastatic 
and metastatic gastric cancer tissues was analyzed by western 
blotting. Four tissue samples were obtained from different 
primary sites. As shown in Fig. 1A, KLF8 protein expression 
was significantly upregulated in four primary sites of meta-
static gastric cancer tissue compared with the non-metastatic 
gastric cancer tissue. RT-PCR was also performed to examine 
the KLF8 mRNA level of four different primary site tissues 
in non-metastatic gastric cancer and metastatic gastric cancer. 
Fig. 1B shows that KLF8 mRNA levels in metastatic gastric 
cancer tissue samples were significantly higher than the 
non-metastatic gastric cancer samples (P<0.05).

KLF8 protein and mRNA were examined in five types 
of gastric tumor cells of high and low metastatic potential. 
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XGC9811-L gastric tumor cells were found to have higher 
metastatic potential than the remaining four gastric tumor 
cells. A significantly higher expression level of KLF8 protein 
and mRNA in XGC9811-L cells is shown in Fig. 1C and D. 
The low metastatic potential cancer cells such as SGC7901, 
MGC803, AGS and MKN45 exhibited a lower expression of 
KLF8 protein and mRNA compared with XGC9811-L cells.

Forced overexpression of KLF8 promotes gastric tumor cell 
metastasis and induces EMT. To evaluate the role of KLF8 in 
the promotion of the invasion and migration in gastric cancer 
cells, a lentivirus-based delivery system was used to transfer 
the KLF8 sense vector and three siRNAs plasmids targeting 
KLF8 into SGC7901 cells. As shown in Fig. 2A, SGC7901 
cells infected with KLF8 sense vector upregulated KLF8 
expression. KLF8 siRNA1 markedly decreased KLF8 expres-
sion, while the effect of KLF-si3 was minimal. As shown in 
Fig. 2B, for each x200 field under inverted light microscope, 
the invasion cells were 148±13, 186±25, 127±14, 125±10, 
86±7 of SGC7901, SGC7901/KLF, SGC7901/con, SGC7901/
KLF-scr and SGC7901/KLF-si1 cells, respectively, suggesting 
that KLF8 siRNA1 significantly decreased the invasion ability 
of gastric cancer.

To determine the role of KLF8 in tumor growth and 
metastasis in vivo, SGC7901/KLF and SGC7901/con cells 
were administered into nude mice by the tail vein and flank 
region injection. Compared with the SGC7901/con group, the 
injection of SGC7901/KLF led to a significant increase in 
metastatic lesions (Fig. 2C). These results indicated that KLF8 
overexpression had the potential to promote the invasion, 
migration and metastatic ability of SGC7901 cells in vitro and 
in vivo.

Morphological assessment of SGC7901 cells following 
infection with KLF8 cDNA indicated altered cell structure 
(Fig. 2D). Normal SGC7901 cells as control were gathered and 

polyhedral-shaped, whereas SGC7901-KLF8 appeared more 
scattered and spindle-shaped.

The protein expression of epithelial markers E-cadherin 
and keratin, and mesenchymal markers fibronectin and 
vimentin in SGC7901 cells transfected with KLF8 or negative 
control vector were analyzed by western blotting. As shown in 
Fig. 2E, SGC7901 cells transfected with KLF8 cDNA vector 
significantly downregulated E-cadherin and keratin expres-
sion and upregulated fibronectin and vimentin. These results 
suggested that KLF8 overexpression increased the invasion 
ability and induced EMT in gastric cancer.

Hypoxia induces KLF8 expression and KLF8 siRNA reversed 
hypoxia-induced EMT. SGC7901 gastric tumor cells were 
cultured in RPMI-1640 medium containing 10% FBS for 
0-24 h under hypoxia and the KLF8 and HIF-1 protein level 
were subsequently determined by western blot analysis. The 
KLF8 and HIF-1 expression increased under hypoxic condi-
tion in a time-dependent manner (Fig. 3A). RT-PCR was 
performed to examine the mechanism by which the KLF8 
mRNA was upregulated by hypoxia. Fig. 3B shows that 
SGC7901 gastric tumor cells exposed to 1% oxygen condition 
induced a gradually increased expression of KLF8 mRNA in 
a time-dependent manner (means ± SEM, n=3). These results 
led to investigation of the possibility of hypoxia-mediated 
transcriptional activation.

The morphological assessment of SGC7901 cells after 
24 h transfection with siRNA against KLF8 under hypoxia 
indicated altered cell structure (Fig. 3D). Normal SGC7901 
cells in normoxia culture appreared polyhedral-shaped. 
However, 24 h after KLF8 siRNA transfection, these cells 
appeared polyhedral and more gathered under hypoxia for 
24 h. The scramble siRNA produced a profound morpho-
logical change from polyhedral to fusiform. To investigate 
the mechanism of KLF8-induced EMT, we analyzed the 

Figure 1. Krüppel-like factor 8 (KLF8) is highly increased in metastatic gastric cancer tissue and tumor cells. (A) Western blot analysis of KLF8 in non-met-
astatic and metastatic gastric cancer tissue, with the latter showing significant upregulation. (B) Analysis of KLF8 mRNA level normalized by GAPDH 
of non-metastatic and metastatic gastric cancer tissue. (C) Western blot analysis of KLF8 in in five types of gastric tumor cells of high and low metastatic 
potential. (D) RT-PCR analysis of KLF8 in five types of gastric tumor cells of high and low metastatic potential. *P<0.05 vs. non-metastatic gastric cancer.
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Figure 2. Overexpression of KLF8 promotes gastric tumor cell metastasis. (A) Western blot analysis of KLF8 protein expression in SGC7901 cells infected 
with the KLF8 sense vector and KLF8 siRNA. Actin was used as a loading control in this and other images. (B) Invasive ability was evaluated by counting cells 
invading through Matrigel and 8-µm pore Transwell membranes. *P<0.05 vs. SGC7901/pc; #P<0.05 vs. SGC7901/scr. (C) Mice were injected with 1x106 cells 
through the tail vein and sacrificed after 4 weeks and using an IVIS Imaging System. (D) SGC7901 cells overexpressing KLF8 show spindle-like, fibroblastic 
morphology (magnification, x200). (E) Western blotting of KLF8 forced overexpression in SGC7901 cells using antibodies shows the loss of epithelial markers 
E-cadherin and keratin and the increase of mesenchymal markers fibronectin and vimentin. KLF8, Krüppel-like factor 8.

Figure 3. Hypoxia increases KLF8 expression and inhibition of KLF8-reversed hypoxia induces EMT. (A) Western blot analysis of HIF-1 and KLF8 expres-
sion in hypoxia at 0, 4, 8, 12 and 24 h. (B) Analysis of KLF8 mRNA level normalized by GAPDH of SGC7901 cells in hypoxia at 0, 4, 8, 12 and 24 h. (C) 
Immunofluorescence for E-cadherin and fibronectin expression in SGC7901 cells in normoxia, SGC7901/KLF-si and SGC7901/Scr-si cells in hypoxia for 24 h. 
(D) Morphological changes of SGC7901 cells in normoxia or transfected with KLF-siRNA or Scr-siRNA in hypoxia. Representative images are shown; original 
magnification, x200. (E) Western blot analysis of epithelial markers (i.e. E-cadherin and keratin) and mesenchymal markers (i.e. fibronectin and vimentin) in 
SGC7901 cells transfected with the HIF-siRNA or Scr-siRNA as a control in hypoxia. KLF8, Krüppel-like factor 8; EMT, epithelial-mesenchymal transition.
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expression of E-cadherin, keratin, fibronectin and vimentin 
EMT markers. Hypoxia and KLF8-siRNA affected the 
protein level of E-cadherin and fibronectin, as confirmed by 
immunofluorescence staining (Fig. 3C). E-cadherin exhibited 
a strong expression, while fibronectin exhibited a weak expres-
sion in the SGC7901 cell line under normoxia. However, 
under hypoxic conditions (1% O2, 24 h), immunofluorescence 
staining showed that E-cadherin expression had almost disap-
peared in SGC7901/Scr-si cells but markedly increased in 
SGC7901/KLF-si cells. By contrast, fibronectin was increased 
significantly in SGC7901/Scr-si and hardly observed in 
SGC7901/KLF-si cells. These findings suggested one of the 
hallmarks of EMT. To confirm whether EMT can be reversed 
by KLF-si RNA under hypoxia, we examined several epithelial 
and mesenchymal markers. As shown in Fig. 3E, SGC7901/
Scr-si cells exhibited an enhanced expression of the fibro-
nectin and vimentin mesenchymal markers, which had almost 
disappeared for E-cadherin and keratin epithelial marker 

expression. However, in SGC7901/KLF-si cells, the results 
were completely reversed compared with SGC7901/Scr-si 
cells. Consequently, the morphological and protein changes 
evident in the SGC7901/Scr-si cells in hypoxia indicated that 
these cells had undergone EMT, a process that can be reversed 
by KLF8-siRNA.

HIF-1 increases KLF8 expression and transcriptional activity 
involved in hypoxia-induced EMT. To determine the role of 
HIF-1 in hypoxia-induced KLF8 expression, HIF-1 siRNA 
vector was constructed and transfected into the SGC7901 
gastric cancer cell line. Western blotting and RT-PCR assays 
revealed that inhibition of HIF-1 with targeted siRNA could 
block hypoxia-induced KLF8 expression (Fig. 4A and B). Dual 
luciferase reporter gene assay showed that luciferase activity 
transfected with pGL3-KLF8wt was markedly increased 
compared with the pGL-vector under hypoxia. However, 
luciferase activity transfected with pGL3-KLF8mut had no 

Figure 4. HIF-1 involved in hypoxia-induced KLF8 and EMT. (A) Western blot analysis of HIF-1 and KLF8 expression of SGC7901, SGC7901/HIF-si, 
SGC7901/Scr-si in hypoxia at 12 h. (B) RT-PCR analysis of HIF-1 and KLF8 expression of SGC7901, SGC7901/HIF-si and SGC7901/Scr-si in hypoxia at 12 h. 
(C) Dual luciferase reporter gene assay for hypoxia induced KLF8 transcriptional activity. (D) CHIP assay was performed to examine the binding of HIF-1 to 
KLF8 promoter in normoxia and hypoxia. (E) Morphological assessment of HIF-1 siRNA or scr-siRNA transfected SGC7901 cells under hypoxic condition. 
(F) Western blot analysis of epithelial markers (i.e., E-cadherin and keratin) and mesenchymal markers (i.e., fibronectin and vimentin) in SGC7901 cells 
transfected with the HIF-1siRNA or SGC7901 transfected with scr-siRNA as a control. KLF8, Krüppel-like factor 8; EMT, epithelial-mesenchymal transition.
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significant difference compared with the pGL-vector. Thus, it 
is possible that the HIF-1 binding site is located -140 to -101 
from the translation start site of the human KLF8 gene. The 
possible site contains the HIF-1 core sequence 5'-CTCGTG-3' 
between -126 to -121 and HIF-1 ancillary sequence 5'-CAG 
AG-3' (Fig. 4C). Chromatin immunoprecipitation (ChIP) was 
used to analyze the 1 HRE of KLF8 promoters in SGC7901 
tumor cells exposed to hypoxia or normoxia. An obvious band 
containing the possible binding site in the hypoxic environment 
but not the normoxic one was observed (Fig. 3D). There was 
no band in control IgG immunoprecipitates in the hypoxic and 
normoxic conditions. These results show that the proximal HRE 
at -133 is the main HIF-1 binding site in the KLF8 promoter.

As shown in Fig. 4E and F, in SGC7901/HIF-si cells, the 
EMT phenotype was almost completely reversed compared 
with SGC7901/Scr-si cells. Consequently, protein changes 
evident in the SGC7901/HIF-si cells in hypoxia suggested that 
the EMT process can also be reversed by HIF-siRNA.

Discussion

Gastric cancer is the second leading cause of cancer-related 
mortalities worldwide (17,18). As symptoms are often absent 
in the early stages of disease, gastric cancer is usually diag-
nosed at an advanced stage and there is <20% 5-year survival 
for patients. Gastric cancer deaths results from cancer cell 
migration and invasion. Therefore, exploring the mecha-
nisms involved is essential in finding a cure. Human KLF8 
(ZNF741) was first cloned by PCR from K562 cells, a human 
hemato poietic cell line (19). KLF8 is broadly expressed in 
human tissues, with the greatest expression in kidney, heart 
and placenta. Various KLF8 transcripts have been identified, 
and the relative levels of the transcript expression appear to 
be similar to that in various tissues. In a previous study, we 
confirmed that KLF8 is important in SGC7901 gastric cell 
progression in vitro and in vivo (12). However, its underlying 
role in SGC7901 cells with invasion and migration under 
normoxic or hypoxic conditions have yet to be adequately 
elucidated. In the present study, we revealed a novel role and 
mechanisms of KLF8 in the mediation of EMT in gastric 
cancer and firstly confirmed a novel HRE binding site of 
HIF-1 in the KLF8 promoter.

We confirmed KLF8 is important in gastric cancer inva-
sion and that the KLF8 siRNA-transfected SGC7901 cell line 
may decrease gastric cancer cell invasion in vitro and in vivo. 
In addition, the E-cadherin protein was found to be down-
regulated, whereas fibronectin was upregulated following 
infection of the KLF cDNA vector (20). Findings of recent 
studies have shown that the epithelial cell adhesion molecule 
E-cadherin is often downregulated during carcinoma progres-
sion and metastatic tumor spread (21-24). These observations 
suggest that KLF8 plays a vital role in EMT in gastric cancer 
cells. It is well known that the lack of E-cadherin plays an 
important role in the development of gastric cancer and EMT. 
Three mechanisms of gene deletion include mutation (25), 
methylation (26) and E-box in the promoter region (27,28). 
Results of a previous study have shown that KLF17 is a nega-
tive regulation of E-cadherin by binding the E-Box promoter 
in breast cancer. The association of KLF8 and E-cadherin 
promoter remains to be investigated (29).

Hypoxia is an important characteristic in the tumor tissue 
microenvironment and is associated with several pathophysi-
ological processes in tumor progression (30,31). Malignant 
cancer cells form the tumor chords by colonic proliferation 
at a diameter of 200-300 µm. When the radius of the chords  
exceeds 300 µm, the cells in the middle of the chords may 
undergo hypoxia. However, hypoxia leads to cell progression 
with a more invasive phenotype. HIF is a transcription factor 
involved in several biological processes. HIF-1 is able to 
generate the Warburg effect through enhanced glucose uptake 
and the downregulation of mitochondrial activities (32,33). 
Previously, it was suggested that the hypoxic signal can be trig-
gered through HIF, resulting in the occurrence of EMT (34). 
Tumor growth factor-β was initially confirmed as an inducer of 
EMT in normal mammary epithelial cells and has since been 
shown to mediate the EMT in tumorigenesis (35,36). various 
transcription factors are involved in TGFβ signals, including 
ZEB1 and SNAIL (37). Copple (36) suggested that hypoxia 
stimulates the EMT by a HIF-1α- and TGF-β-dependent 
mechanism during liver fibrosis in hepatocyte. In addition, 
Shah et al demonstrated SNAIL is associated with breast 
cancer metastatic progression by inhibiting E-cadherin, which 
is a hallmark of EMT (23). We employed a KLF8 siRNA to 
infect SGC7901 in hypoxia to examine the effect of KLF8 
silencing on EMT markers and cell morphological changes. It 
was observed that E-cadherin and keratin epithelial markers 
were overexpressed while fibronectin and vimentin mesen-
chymal markers were downregulated in the KLF-si group 
under hypoxia. Immunofluorescence also confirmed that KLF8 
siRNA is able to inhibit the EMT process in hypoxia. These 
findings suggest that EMT-regulating transcription inhibitors 
may be crucial in the repression of E-cadherin transcription in 
gastric tumor. Additionally, KLF8 controls the transcription of 
E-cadherin, fibronectin, EMT and invasion of its target gene 
promoters.

Results of previous studies have shown that HIF 
modulates EMT by regulating the activity of dominant tran-
scription factors including SNAIL, SLUG and ZEB1. EMT 
has been induced in different cell lines under hypoxia or the 
continuous overexpression of HIF (38-42). The association 
between EMT and hypoxia-related transcription factors to 
EMT processes serve as a molecular explanation for cancer 
metastasis and hypoxia. Our results have shown that reduced 
endogenous HIF-1 in SGC7901/HIF-si cells under hypoxia 
downregulated the KLF8 level, reversed the expression of 
the epithelial markers and inhibited mesenchymal marker 
expression. This findings suggests that HIF-siRNA caused 
the shift of EMT to MET, and this process is accompanied 
by the significant downregulation of KLF8. Our subsequent 
results revealed that hypoxia-induced KLF8 was upregulated 
via a HIF-1-dependent mechanism. There is a possible binding 
site of HIF-1 at the KLF8 gene promoter. The dual luciferase 
reporter gene assay results show that hypoxia induced KLF8 
promoter activity but was blocked by HIF-1 siRNA. Mutant 
HRE reporter gene activity decreased. The ChIP assay showed 
that the proximal HRE at -133 is the main HIF-1 binding site 
in the KLF8 promoter.

In summary, we have identified KLF8, which was a repre-
sentative transcriptional factor in the regulation of EMT and 
SGC7901 gastric cancer cell invasion and migration. The results 



LIU et al:  KLF8 PROMOTES HYPOXIC GC METASTASIS vIA EMT2404

confirmed that KLF8 is a new HIF-1 target gene that may be 
used to elucidate hypoxia-induced EMT in SGC7901 cells. 
These results suggest that HIF-1-dependent induction of KLF8 
in hypoxia is a promising therapeutic target for gastric cancer 
or other solid tumors. However, the mechanisms underlying the 
role of KLF8 in these processes remains to be determined.
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