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A B S T R A C T

Metastasis is one of the hallmarks of cancer malignancy that usually causes more detri-

mental effects than a primary tumor. Many microRNAs were reported to be involved in

the process of tumor metastasis. Hep11 and Hep12 cells were derived from primary and

recurrence (intrahepatic metastatic) sites of hepatocellular carcinoma (HCC), respectively.

Hep12 exhibited a higher invasive and migratory potential than Hep11. There was also a

significantly higher expression of miR-9 in Hep12 cells than in Hep11 cells. Further studies

in HCC cell lines demonstrated that miR-9 could promote tumor cell migration and inva-

sion. In addition, miR-9 downregulated KLF17 protein expression by targeting the 30UTR re-

gion of the KLF17 gene directly. As a transcription factor, KLF17 directly acted on the

promoters of EMT-related genes (ZO-1, Vimentin and Fibronectin (FN)) in HCC cell lines.

Therefore, we conclude that miR-9 may possibly promote HCC migration and invasion

through regulation of KLF17.

ª 2013 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.
1. Introduction high. In men, it is the fifth most commonly diagnosed cancer
It has been well established that the development of hepato-

cellular carcinoma (HCC) is associated with Hepatitis B virus

(HBV) infection, Hepatitis C virus (HCV) infection and alcohol

abuse. Although attempts to prevent HCC have already

focused on these risk factors, the incidence of HCC is still
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but the second leading cause of cancer death worldwide. In

women, it is the seventh most frequently diagnosed cancer

and the sixth leading cause of cancer death. The regions of

high incidence include Eastern and Southeastern Asia, as

well as Middle and Western Africa. Approximately 700,000

new cases of HCC are diagnosed worldwide every year, half
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of which are from China (Ferlay et al., 2010; Jemal et al., 2011).

The high incidence of HCC in China is mainly attributed to the

prevalence of chronic HBV infection (Ferlay et al., 2010; Jemal

et al., 2011).

Currently, one of the obstacles in HCC treatment is the high

rate of tumor relapse and metastasis. Therefore, inhibition of

tumor invasion and metastasis would be a novel therapeutic

strategy for HCC. Epithelial mesenchymal transition (EMT)

plays a crucial role in tumor cell invasion and migration in

many cancers, including HCC (Lin et al., 2012; Oishi et al.,

2012; Wen et al., 2012). In this complex process, epithelial cells

lose their basic characteristics. Such changes include the loss

of apical-basal polarity, the disruption of cellecell tight junc-

tions and anchoring junctions, and the breakdown of desmo-

somes and keratin filaments. EMT contributes to the

aggressive dissemination of carcinoma cells by allowing the

cells to penetrate the basement membrane and subsequently

invade the lymphatics and blood vessels. Hep11 andHep12 are

two cell lines that were previously established by primary cul-

ture from the same patient (Xu et al., 2010a,b). Hep11 cells,

with obvious epithelial-like traits, were acquired after the

patient’s first radical surgery for primary HCC, when no

metastasis was found. In contrast, Hep12 cells were acquired

from a surgically resected tumor that relapsed after failed

chemotherapy and radiotherapy, and these cells possessed

mesenchymal-like characteristics with enhanced migratory

and invasive abilities. In this study, we compared miRNA

expression in these two cell lines using themiRNAmicroarray

platform and observed that, intriguingly, the expression level

ofmiR-9 in Hep12 cells was nearly a thousand fold higher than

in Hep11 cells. This result was consistent with previous

studies that showedmiR-9was highly expressed inmetastatic

HCC (Budhu et al., 2008; Tan et al., 2010). Clinical research

about correlations between miR-9 and HCC progression/

relapse has been reported (Budhu et al., 2008), but the molec-

ular mechanisms governing miR-9 in HCC remain largely un-

known. It has been reported that downregulation of KLF17

could promote breast cancer cell migration and invasion

(Gumireddy et al., 2009), and reduced expression of KLF17

was correlated with tumor progression and poor prognosis

in lung adenocarcinoma (Cai et al., 2012). In addition, analysis

of relationship betweenKLF17 expression and the clinicopath-

ological features of HCC in 60 patients also showed down-

regulated KLF17 expression was associated with tumor inva-

sion and poor prognosis in hepatocellular carcinoma (Liu

et al., 2013). As miRNAs exert functions through post tran-

scriptional regulation of their target genes, we employed bio-

informatics analysis which identified KLF17 as a miR-9

putative target gene. Therefore, we hypothesized that miR-9

may be involved in EMT andmetastasis of HCC via the regula-

tion of KLF17 expression.
2. Methods

2.1. Tumor cell culture

The human carcinoma cell lines HepG2 (human hepatic carci-

noma) and SMMC7721 (human hepatic carcinoma) were pur-

chased from Cell Resource Center, IBMS, CAMS/PUMC). They
were maintained in DMEM medium (Gibco, Paisley, UK) sup-

plemented with 10% fetal calf serum (FCS, Gibco, Paisley,

UK) in humidified 5% CO2/95% atmosphere at 37 �C. Hep11

and Hep12 cells, which were established by primary culture

from the same patient, were kind gifts from Dr. Wang Y;

Hep11 was derived from the primary tumor, and Hep12 was

derived from the relapsed tumor. Hep11 and Hep12 were

cultured in RPMI-1640 medium (Gibco, Paisley, UK) supple-

mented with 20% of the patient’s autologous serum as

described previously (Xu et al., 2010a,b).

2.2. MicroRNA microarray analysis

Microarray assay and data analysis were performed using a

service provider (LC Sciences). miRNAprofilingwas performed

by high-throughput quantitative qRT-PCR using the TaqMan�

Array Human MicroRNA Cards V3.0 (Applied Biosystems)

following the manufacturer’s instructions. Ten nanograms

of total RNA were used for each reaction. PCRs were repeated

at least twice, and the mean relative expression level was

calculated. The U6 was used for data normalization (Applied

Biosystems). Experiments were performed in triplicate.

2.3. miRNA and siRNA transfection

The synthetic miR-9 mimic (forward, 50-UCUUUGGUUAU-

CUAGCUGUAUGA-30; reverse, 50-AUACAGCUAGAUAACCAAA-

GAUU-30), miR-9 inhibitor (50-UCAUACAGCUAGAUAACCAA

AGA0-30), mimic control (forward, 50-UUCUCCGAACGUGUCAC-

GUTT-30; reverse, 50-ACGUGACACGUUCGGAGAATT-30) and in-

hibitor control (50-UUGUACUACACAAAAGUACUG-30) were

purchased from GenePharma (GenePharma Inc., Shanghai,

China). The siRNA for Klf17 was synthesized (GenePharma,

Inc., Shanghai, China) to target 50-CGACAGTACCTTCTGAC-
GAAAC-30(Gumireddy et al., 2009). The nucleotide sequences

were delivered into human HCC cell lines by Amaxa Nucle-

ofector� following the manufacturer’s instructions. Briefly,

cell pelletswere collected by 90� g centrifugation at room tem-

perature for 10 min and resuspended in 100 ml of Nucleofector

Solution to a final concentration of 1 � 106 cells/100 ml. Each

100 ml sample was transferred into an Amaxa-certified cuvette

andunderwent nucleofectionusing the appropriateNucleofec-

tor program. The program for transfecting HepG2 and

SMMC7721was T028, and that forHep12wasU008. After nucle-

ofection, each sample was immediately transferred from the

cuvette to a culture plate in 2 ml of medium (Li et al., 2011a,b).

2.4. RNA reversed transcription and qRT-PCR

Total RNA was extracted using the Trizol total RNA isolation

reagent (Invitrogen) and purified with the Column DNA Erasol

kit (TIANGEN, Beijing, China) according to the manufacturers’

instructions. mRNA levels were assessed with qRT-PCR

using SYBR Green I (TaKaRa, Dalian, China). The gene expres-

sion level was normalized to the endogenous reference

gene GAPDH. The experiments were performed in triplicate.

The primers for qRT-PCR are listed in Suppl. Table 1. The

primers for miR-9 and U6 were purchased from QIAGEN.

Reverse transcription of miRNAs was performed with a miS-

cript Reverse Transcription Kit (QIAGEN, Duesseldorf,

http://dx.doi.org/10.1016/j.molonc.2013.04.007
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Germany). The expression ofmaturemiRNAswas determined

using miRNA-specific quantitative qRT-PCR (TaKaRa, Dalian,

China). The expression levels were normalized to the U6

endogenous control and measured by the comparative Ct

(OOCt) method.

2.5. Western blot analysis

After washing twice with PBS, cells were lysed in ice-cold Ra-

dio Immunoprecipitation Assay (RIPA) lysis buffer (Beyotime,

Nanjing, China) and manually scraped from culture plates.

Proteins were separated on 10% sodium dodecyl sulfa-

teepolyacrylamide gel electrophoresis (SDS-PAGE) gels, elec-

troblotted onto a polyvinylidene difluoride (PVDF) membrane

and incubated with anti-KLF17 antibody (1/1000; Sigma, St

Louis, USA), anti-ZO-1 antibody (1/1000; Santa Cruz Biotech-

nology, Santa Cruz, CA), anti-E-cadherin antibody (1/1000;

R&D, Minneapolis, MN, USA), anti-b-catenin antibody (1/

1000; Santa Cruz Biotechnology, Santa Cruz, CA), anti-

Fibronectin antibody (1/1000; Santa Cruz Biotechnology, Santa

Cruz, CA), anti-Vimentin antibody (1/1000; Santa Cruz

Biotechnology, Santa Cruz, CA), anti-ID-1 antibody (1/1000;

Santa Cruz Biotechnology, Santa Cruz, CA) or anti-GAPDH

antibody (1/2000; Santa Cruz Biotechnology, Santa Cruz, CA),

followed by incubation with a secondary anti-rabbit or anti-

mouse horseradish peroxidase-conjugated antibody (Zhong-

shan, Beijing, China). Antibody-antigen complexes were

detected using a chemiluminescent ECL reagent (Millipore).

2.6. Dual luciferase reporter gene construct and dual
luciferase reporter assay

An 83 bp fragment of the Klf17 30UTR containing the predicted

binding site for hsa-miR-9 and flanking sequence on each side

was synthetized with a short extension containing cleavage

sites for XbaI (50 end) and NotI (30 end) (Suppl. Table 2); a sec-

ond fragment containing a mutated sequence of the binding

site was also synthesized. The two constructs were termed

WT (Klf17-wild type) and MT (Klf17-mutant). The fragments

were cloned into the pRL-TK vector (Promega Corporation,

Madison, WI) downstream of the renilla luciferase reporter

gene. The sequence of the miR-9 binding site and mutant

site are shown in Suppl. Table 2. Each vector, along with

100 ng of pGL3 and 200 nmol/L miR-9 mimic or mimic control,

was transfected into 293T cells using Lipofectamine 2000

(Invitrogen, Carlsbad, CA) according to the manufacturer’s in-

structions. Cells were harvested 24 h after transfection and

assayed for renilla and firefly luciferase activity using the

Dual-Luciferase Reporter Assay System (Promega, Madison,

WI, USA).

2.7. Chromatin immunoprecipitation (ChIP) assay

Chromatin immunoprecipitation (ChIP) was performed as

previously described (Zhu et al., 2009). Antibodies used in

this experiment were anti-KLF17 rabbit antibody (Sigma, St

Louis, USA) and normal rabbit IgG (Sigma, St Louis, USA).

The DNA isolated from the pull-down was subjected to PCR

amplification using primers flanking the KLF17 binding site

at the gene promoter (Suppl. Table 3). The PCR products
were separated on a 2% agarose gel and stainedwith ethidium

bromide.
2.8. In vitro cell proliferation assay

HepG2 and SMMC7721 cells transfected with the miR-9 mimic

and NC mimic were detached with trypsin and seeded in 96-

well plates (5 � 103/well). Cell proliferation was detected by

CellTiter 96�AQueous (Promega,Madison,WI,USA) every 24h.

2.9. In vitro cell cycle assay

HepG2 cells transfected with the miR-9 mimic, mimic control

were cultured for 3 days, then harvested and quantified. One

million tumor cells were fixed with 70% cold ethanol at 4 �C
for 30 min, washed with PBS twice, and stained with 50 mg/

ml PI (Sigma, USA) at room temperature for 5 min. Data was

analyzed with ModFIT software.

2.10. In vitro migration and invasion assay

Transwell chambers (8-uM pore size; Costar) were used in the

in vitro migration assay. HCC cells were transfected with the

miR-9 mimic or the mimic control. After 48 h, cells were de-

tached with trypsin, washed with PBS and resuspended in

serum-free medium. Two hundred microliters of cell suspen-

sion (1 � 106 cells/ml of HepG2 or SMMC7721, 5 � 105 cells/ml

of Hep11 or Hep12) was added to the upper chamber, and

500 ml of complete medium was added to the bottom well.

The cells that had not migrated were removed from the upper

surfaces of the filters using cotton swabs, and the cells that

had migrated to the lower surfaces of the filters were fixed

with 4% Paraformaldehyde solution and stained with Crystal

Violet. Images of three random fields (10� magnification)

were captured from each membrane, and the number of

migratory cells was counted. Similar inserts coated with

Matrigel were used to determine the invasive potential.

2.11. Lentiviral vector preparation and transduction

miR-9 and a negative control expression cassette were first

constructed in pcDNA�6.2-GW/EmGFPmiR vector (Invitrogen,

Catalog no. K4936-00). The inserted oligosequences were

designed by Invitrogen and are listed in Suppl. Table 4. The

miRNA expressing cassettes were then constructed in

pLenti6/BLOCK-iT�-DEST vector by recombination. Lentiviral

stock was produced by concentrating the supernatant har-

vested from 293T cells that were co-transfected with

pLenti6/BLOCK-iT�-DEST and the packaging mix.

Lentivirus production and HepG2 transduction were per-

formed as previously described (Zamule et al., 2008). HepG2

cells that overexpressed miR-9 and the control cells were

named HepG2-miR-9 and HepG2-NC, respectively. Success-

fully transduced HepG2 cells were selected in culture media

containing Blasticidin (Invitrogen, R210-01, 8 mg/ml) 24 h after

transduction. The transduction efficiency was evaluated by

detecting GFP expression under a fluorescence microscope,

and the miR-9 expression level was determined by qRT-PCR

2 weeks after selection.

http://dx.doi.org/10.1016/j.molonc.2013.04.007
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2.12. Evaluation ofmetastasis regulation bymiR-9 inmice

Six- to eight-week-old male nude mice (BALB/c-nu) were pur-

chased from the Experimental Animal Institute of the Chinese

Academy of Medical Sciences (Beijing, China). The mice were

bred and maintained under defined flora conditions in indi-

vidually ventilated (high-efficiency particle-arresting filtered

air) sterile microisolator cages (Techniplast, Milan, Italy). All

animal handling and experimental procedures were approved

by the Animal Care and Use Committee of the Chinese Acad-

emy of Medical Sciences. HepG2-miR-9 and HepG2-NC cells

were prepared (5 � 106 cells in 200 ml PBS) and inoculated sub-

cutaneously into the abdominal area. Tumor growthmeasure-

ment and histological evaluation of tumor masses were

performed on these two groups of mice (HepG2-miR-9 and

HepG2-NC) every 2 weeks. Liver tissues were fixed in 10%

neutral buffered formalin and paraffin-embedded. Three

non-adjacent serial sections were hematoxylin and eosin

stained. Metastatic index, the average metastases per unit

area of liver averaged formiR-9 group and compare to the con-

trol group (NC group) by the non-parametric ManneWhitney

U test to determine statistical significance (Yang et al., 2004).
3. Results

3.1. Hep12 is a highly metastatic cell line

Using the transwell assay, we compared the invasion and

migration capacity of Hep11 and Hep12 cells in vitro, and

confirmed that Hep12 had a higher invasive andmigratory po-

tential than Hep11 (Figure 1A). Because EMT has been previ-

ously identified as an essential step in tumor cell invasion

and migration, we measured the expression levels of EMT-
Figure 1 e Comparison of Hep11 and Hep12 characteristics. (A) Transwell

greater migratory and invasive potentials than Hep11. (B) Relative expressi

Hep11 and Hep12. (D) Expression of miR-9 in Hep11, Hep12, HepG2 an
related genes with qRT-PCR (Beltran et al., 2008; Komatsu

et al., 2008; Hsu et al., 2009; Lundgren et al., 2009; Pena et al.,

2009). As expected, Hep12 expressed more Sip, MBP, Snail 1

and HNRNPK than Hep11 (Figure 1B). Furthermore, we per-

formed a comprehensive human specific miRNA microarray

analysis to detect differences in miRNA expression between

Hep11 and Hep12 cells. There were 156 miRNAs with signifi-

cantly different expression levels between the two cell lines.

Of these miRNAs, 139 have at least two folds different expres-

sion levels (95 were upregulated and 44 were downregulated

in Hep12). (Figure 1C, Suppl. Table 4). The most differentially

expressed miRNA was miR-9, whose expression in Hep12

was 1000-fold greater than that in Hep11. Because many

studies have already reported miR-9 as an oncogene-like

miRNA, to better understand its function in HCC, we used

qRT-PCR to examine the expression of miR-9 in Hep11,

Hep12 and two other cell lines (HepG2 and SMMC7721) with

low invasive potential (Xue et al., 2007; Li et al., 2011a,b).

Hep12 had a 184-fold higher expression of miR-9 than

Hep11, whereas Hep11, HepG2 and SMMC7721 all had similar

levels of miR-9 expression (Figure 1D).

3.2. miR-9 promoted migration and invasion of HCC cell
lines in vitro

We further investigated the effect of miR-9 on the migration

and invasion of hepatocellular carcinoma cells (HCC). Hep11,

HepG2 and SMMC7721 all had similar low levels of miR-9

expression, so we transfected these cells with either the

miR-9 mimic or the mimic control (the efficiency of transfec-

tion shown in Suppl. Figure 1) The transfected cells were

then subjected to cell migration assay and cell invasion assay

for 24 h and 72 h, respectively. Cell motility in all cell lines was

significantly enhanced after transfection of the miR-9 mimic
migration (n [ 3) and invasion (n [ 3) assays showed that Hep12 had

on of EMT-related genes. (C) The microRNA microarray analysis of

d SMMC7721 cells by real time PCR.

http://dx.doi.org/10.1016/j.molonc.2013.04.007
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Figure 2 e miR-9 regulated hepatocellular carcinoma cell migration and invasion. (A, C) Transwell migration (n [ 4) and invasion (n [ 4) assays

showed that HepG2 cells transfected with the miR-9 mimic (800 nM) had greater invasive and migratory potentials than the control (mimic

control). (A) is a microscopic image of Crystal violet staining; (C) shows the statistical results. Data represent the mean ± SD of four independent

experiments. *P < 0.01. (B, D) Transwell migration (n [ 4) and invasion (n [ 4) assays showed that Hep12 cells transfected with the miR-9

inhibitor (800 nM) had lower invasive and migratory potentials than the control (inhibitor control). (B) is a microscopic image of Crystal violet

staining; (D) shows the statistical results. Data represent the mean ± SD of four independent experiments. *P < 0.01. Western blot (E) and real

time PCR (F) showed that epithelial markers were downregulated and mesenchymal markers were up-regulated in HepG2 cells transfected with

the miR-9 mimic (800 nM). Vector: untreated cells; mimic control: cells transfected with the mimic control; miR-9 mimic: cells transfected with

the miR-9 mimic.
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(Figure 2A,C and Suppl. Figure 2 and 3). On the other hand,

Hep12 cells were transfected with the miR-9 inhibitor or the

inhibitor control (the efficiency of transfection shown in

Suppl. Figure 4) and subjected to the migration assay and

the invasion assay for 8 h and 24 h, respectively. Hep12migra-

tion and invasion were significantly reduced after miR-9 in-

hibitor transfection compared with the inhibitor control

(Figure 2B,D). Interestingly, miR-9 had no effect on the prolif-

eration of HepG2 (Suppl. Figure 5A) and SMMC7721 (Suppl.

Figure 5B) cells. miR-9 also had no impact on the cell cycle pro-

file of HepG2 cells (Suppl. Figure 5C). Themechanismbywhich

miR-9 affects the motility of HCC may lie in its regulation of

EMT. Therefore, we assessed the RNA and protein expression

levels of epithelia- and mesenchyme-related genes in HepG2
and SMMC7721 cells that were transfected with the miR-9

mimic or the mimic control for 48 h. We demonstrated that

the epithelial markers E-cadherin and ZO-1 were downregu-

lated and that the mesenchymal markers, including

VIMENTIN, ID-1 and FN, were up-regulated in HepG2 and

SMMC7721 cells that were transfected with the miR-9 mimic

compared with cells transfected with the mimic control

(Figure 2E,F and Suppl. Figure 6).

3.3. miR-9 directly inhibited KLF17 expression via its
30UTR

Bioinformatics analysis suggested that there was a conserva-

tive binding site ofmiR-9 in the Klf17 30UTR (Figure 3A). To test

http://dx.doi.org/10.1016/j.molonc.2013.04.007
http://dx.doi.org/10.1016/j.molonc.2013.04.007
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this hypothesis, we conducted a standard luciferase reporter

assay in 293T cells. The cells were transfected with the lucif-

erase construct Klf17-WT or Klf17-MT, along with the internal

control vector pGL3 and either the miR-9 mimic or the mimic

control. The cells were harvested at 48 h and analyzed for dual

luciferase activity. The results showed that the renilla lucif-

erase activity in Klf17-WT-transfected cells decreased by

more than 40% in miR-9 mimic-cotransfected cells compared

with that in mimic control-cotransfected cells. In addition,

site-directed mutagenesis of the seed region offset the inhibi-

tory effect of miR-9 mimic (Figure 3B).

To determinewhethermiR-9 could regulate the expression

of KLF17 in HCC, we measured the RNA and protein levels of

KLF17 in HepG2 cells that were transfected with the miR-9

mimic or the mimic control and in Hep12 cells that were

transfected with the miR-9 inhibitor or the inhibitor control.

The results showed that expression of Klf17 remained un-

changed at the mRNA level (Figure 3C), but the KLF17 protein

level was reduced in HepG2 and Hep11 cells after transfection

with the miR-9 mimic (Figure 3D,F), and the protein level was

increased in Hep12 cells after transfection with the miR-9 in-

hibitor (Figure 3E).

3.4. KLF17 downregulated migration and invasion of
hepatocellular carcinoma cells

To analyze the function of KLF17 in HCC, we transfected

HepG2 with siRNA of KLF17 and evaluated its effect on EMT-

related markers. In comparison with cells transfected with
Figure 3 e Klf17 was a direct target of miR-9. (A) Analysis of the Klf17 30UT
The miR-9 binding site on Klf17 30UTR was confirmed by luciferase assay

fragment of Klf17 30UTR that included either the wild type or mutant predic

Data represent the mean ± SD of at least three independent experiments. *P

mRNA expression. (D) Western blot assay showed increased KLF17 express

Western blot assay showed KLF17 expression in Hep12 cells transfected wit

mimics (F).
an siRNA control (Si-control), the epithelial markers E-cad-

herin and ZO-1 were downregulated and the mesenchymal

markers VIMENTIN, ID-1 and FIBRONECTIN were up-

regulated in cells transfected with Klf17 siRNA (Figure 4A,B).

We further investigated the effect of KLF17 on the migration

and invasion of HCC. HepG2 and SMMC7721 cells were trans-

fected with either the Klf17 siRNA or the Si-control, and then

cell migration and invasion were evaluated (Figure 4C,D,E,F).

We observed that cell motility was significantly enhanced af-

ter KLF17 knockdown relative to the control.

3.5. ZO-1, Vimentin and FN were directly regulated by
KLF17

It has been shown that the transcription factor KLF17 binds to

the DNA consensus sequence 50-CACCC-30 and plays a role in

transcriptional regulation. Id-1 was reported to be directly

regulated by KLF17. Bioinformatics analysis indicated that

KLF17 binding sites also existed in the promoter regions of

ZO-1, Vimentin, Fibronectin and b-catenin. To identify the

downstream gene targets regulated by KLF17, we performed

ChIP assays and found that KLF17 could bind directly to the

promoter regions of ZO-1 (�1913/-1909;�1540/�1536), Vimen-

tin (�280/�276) and Fibronectin (�995/�991) (Figure 5).

3.6. miR-9 promoted metastasis in mice

To further characterize the effects ofmiR-9 on HCC in vivo, we

constructed HepG2 cells with stable overexpression of miR-9
R sequence by TargetScan revealed a putative miR-9 binding site. (B)

in 293T cells after cotransfection with (i) a plasmid containing a

ted miR-9 binding site and (ii) the miR-9 mimic or the mimic control.

< 0.01. (C) Real time PCR showed that miR-9 did not affect Klf17

ion in HepG2 cells after transfection with the miR-9 mimic (800 nM).

h the miR-9 inhibitor (E) and Hep11 cells transfected with the miR-9

http://dx.doi.org/10.1016/j.molonc.2013.04.007
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Figure 4 e KLF17 regulated hepatocellular carcinoma cell migration and invasion. (A) Western blot assay showed that epithelial markers were

downregulated and mesenchymal markers were up-regulated in HepG2 cells transfected with the miR-9 mimic (800 nM). (B) Real time PCR

showed that epithelial markers were downregulated and mesenchymal markers were up-regulated in HepG2 cells transfected with the Klf17 siRNA

(200 nM). (C, D) Transwell migration (n [ 4) and invasion (n [ 4) assays showed that SMMC7721 cells that were transfected with the Klf17

siRNA (200 nM) had greater invasive and migratory potentials than the control (siRNA control). (C) is a microscopic image of Crystal violet

staining; (D) shows the statistical results. Data represent the mean ± SD of four independent experiments. *P < 0.01. (E, F) Transwell migration

(n[ 4) and invasion (n[ 4) assays showed that HepG2 cells that were transfected with Klf17 siRNA (200 nM) had greater invasive and migratory

potentials than the control (siRNA control). (E) is the microscopic image of Crystal violet staining; (F) shows the statistical results. Data represent

the mean ± SD of four independent experiments. *P<0.01. Vector: untreated cells; Si-c (Si-control): cells transfected with the siRNA control; Si-

KLF17: cells transfected with the KLF17 siRNA.
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(HepG2-miR-9) and the respective control cells (HepG2-NC)

through lentiviral vector delivery (The efficiency of transfec-

tion is shown in Figure 6A). These cells were injected subcuta-

neously into nude mice. Tumor masses were measured every

2 weeks, and mice from the two groups (HepG2-miR-9 and

HepG2-NC) were also sacrificed every 2 weeks to detect any

development of liver metastasis. Our results showed that
there was no significant difference in tumor size between

the two groups (Figure 6B,C). However, no liver metastasis

occurred as early as 4 weeks after injecting mice with

HepG2-miR-9 cells at the two groups (data not shown), but

multiple metastatic masses were detected after 8 weeks in

miR-9 groups. In comparison, fewer metastases arose after 8

weeks in the control group (Figure 6D,E). Metastatic index of

http://dx.doi.org/10.1016/j.molonc.2013.04.007
http://dx.doi.org/10.1016/j.molonc.2013.04.007
http://dx.doi.org/10.1016/j.molonc.2013.04.007


Figure 5 e Expression of ZO-1, Vimentin and FN in hepatocellular carcinoma cells was regulated by KLF17. (A) The putative KLF17 binding

sites (caccc) in three gene promoter regions. (B) Chromatin immunoprecipitation (ChIP) was performed using an anti-KLF17 antibody and a

rabbit IgG as the control. The ZO-1, Vimentin and FN promoter region where KLF17 binds showed significant enrichment after

immunoprecipitation by an anti-KLF17 antibody.
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the control group, asmeasured by the density of tumor lesions

per area of liver tissue scored in non-adjacent serial sections,

the MI of miR-9 over-expression were 44.81 � 20.76 (compare

to control group, P < 0.05) (Figure 6F). These data showed tht

miR-9 may promote metastasis in HCC. No obvious lung

metastasis was observed in either group.
4. Discussion

Like other microRNAs, whether miR-9 acts as a tumor sup-

pressor or oncogene in different types of tumors is still an

unfolding controversy. Due to a disparity of target binding

sites, miR-9 plays opposite roles in the development and pro-

gression of different tumors. It inhibits tumor proliferation

and migration in melanoma (Liu et al., 2012) and ovarian can-

cer (Guo et al., 2009). In contrast, it enhances tumor prolifera-

tion and invasion in head and neck squamous cell carcinoma

(HNSCC) (Luo et al., 2012), breast cancer (Zhou et al., 2012),

gastric cancer (Rotkrua et al., 2011) and colon cancer (Zhu

et al., 2012). Ma L et al. reported that miR-9 is induced by

Myc in breast cancer cells, where it targets themajor epithelial

adherens junction protein E-cadherin. MiR-9-mediated E-cad-

herin downregulation primes the cancer cells for EMT and

also stimulates angiogenesis in tumors (Ma et al., 2010).

HCC recurrence may originate from intrahepatic metas-

tasis or independent multicentric manifestation. In HBV-

associated HCC, the origin of recurrence can be determined

by analyzing the integration sites of HBV DNA. Hep11 and

Hep12 cells have the same HBV integration site, suggesting

that they may have the same clonal origin, as previously

described (Xu et al., 2010a,b). Therefore, Hep12 may have

arisen from micro-intrahepatic metastases of Hep11.

We first compared the metastatic capacity and EMT-

related gene expression of Hep11 and Hep12. Our results sug-

gest that Hep12 cells possess mesenchymal characteristics

with higher expression of EMT-related genes and an enhanced
invasive ability compared with Hep11 cells. To investigate

whether these discrepancies between Hep11 and Hep12 could

be explained by distinct microRNA expression, we performed

microRNA microarray profiling in the two cell lines. As ex-

pected, 156 miRNAs with significantly different expression

levels were detected. The most differentially expressed

miRNA was miR-9, whose expression in Hep12 was 1000-fold

greater than that in Hep11. This result was also confirmed

by qRT-PCR. Does higher expression of miR-9 in Hep12

contribute to its higher migratory capacity? To test this hy-

pothesis, we performed in vitro functional assays after trans-

fecting miR-9 mimic into HepG2 and SMMC7721 cells, two cell

lines with similar levels of endogenous miR-9 as Hep11 and

lower metastatic potential than Hep12. We found that miR-9

overexpression promoted migration and invasion in these

cells. Concurrently, miR-9 overexpression also caused down-

regulation of epithelial marker expression and up-regulation

of mesenchymal marker expression, indicating that overex-

pression of miR-9 might promote EMT in HCC.

MicroRNAs are small non-coding RNA molecules that

affect gene expression regulation by acting as post-

transcriptional regulators. According to the prediction of

microRNA.org, Klf17 might be a target gene of miR-9. KLF17

has already been reported to be a negative regulator of EMT

and metastasis in breast cancer (Gumireddy et al., 2009), and

lung adenocarcinoma (Cai et al., 2012). It has reported that

reduced expression of KLF17 promoted motility and invasion

ability of HepG2 cells and changed the expression of E-cad-

herin, ZO-1, Snail, and vimentin (Liu et al., 2013). Our study

bridged the gap between higher miR-9 expression and lower

KLF17 expression in Hep12 cells by demonstrating that

KLF17 was a direct target of miR-9. Firstly the luciferase re-

porter assay showed that miR-9 could bind to the 30UTR of

Klf17 and suppress its expression. Secondly, up-regulation of

miR-9 by miR-9 mimic transfection in miR-9 low expression

HCC cell lines led to downregulation of KLF17 protein expres-

sion while down-regulation of the miR-9 by miR-9 inhibitors

http://microRNA.org
http://dx.doi.org/10.1016/j.molonc.2013.04.007
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Figure 6 e miR-9 suppressed tumor metastasis in vivo. (A) Real time PCR analysis of the lentiviral vector transduction efficiency in HepG2 cells.

(B) The mice were transplanted with hepatocellular carcinoma cells (Left, HepG2 transfected with control; Right, HepG2 transfected with miR-9)

by subcutaneous injection (8 weeks). (C) The primary tumors (8 weeks). (D,E) Pathological images of liver metastases (8 weeks). D, HepG2

transfected control; E, HepG2 transfected with miR-9. (F) Metastasis index (MI) of NC and miR-9 group, : is MI of one section;e is the mean.
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in higher miR-9 expression Hep12 cells resulted in increased

KLF17 protein expression.

HowKLF17 regulateHCCmigration and invasion? It was re-

ported that KLF17 could act as a key negative regulator of EMT

via inhibition of Id1 transcription by directly binding to its pro-

moter region (Gumireddy et al., 2009). Here, we provide more

evidence to the molecular mechanisms governing the regula-

tion of EMT by KLF17. According to a transcription factor bind-

ing motif analysis, the gene promoters of ZO-1, Fibronectin,

beta-catenin and Vimentin also contain predicted KLF17 bind-

ing sites. Our KLF17-ChIP results showed that KLF17 bound to

the promoter regions of Fibronectin, ZO-1 and Vimentin but

not to that of beta-catenin, suggesting that KLF17 might

directly regulate other EMT-related genes in addition to Id-1.

In summary, these findings demonstrate thatmiR-9 promoted

HCCmetastasis through the indirect regulation of EMT-related
genes, such as Fibronectin, ZO-1 and Vimentin, as a conse-

quence of its direct post-transcriptional inhibition of KLF17.
5. Conclusion

Our results have demonstrated that overexpression of miR-9

and suppression of KLF17 could be used as predictive markers

of high metastatic potential in HCC. We also propose that the

miR-9-KLF17 signaling pathway might act as a potential ther-

apeutic target in HCC.
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