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Abstract. MicroRNAs may function to promote or suppress 
tumor development, depending on the cellular context. 
The important role of microRNAs in regulating molecular 
pathways underlying tumorigenesis has been emphasized in 
hepatocellular carcinoma (HCC). MicroRNAs regulate gene 
expression via post-transcriptional mechanisms by inhibiting 
translation or by degrading mRNA. In this study, we show 
that microRNA-1 (miR-1) and microRNA-499 (miR-499) 
are capable of repressing the expression of the ets1 proto-
oncogene, which plays a fundamental role in the extracellular 
matrix (ECM) degradation, a process required for tumor cell 
invasion and migration. We used luciferase reporter assays to 
demonstrate that miR-1 and miR-499 target the 3' untranslated 
region (UTR) of ets1. Overexpression of miR-1 and miR-499 
in HepG2 cells led to downregulation of ets1 mRNA and 
protein as assessed by quantitative reverse transcription PCR 
and western blot analysis. Furthermore, overexpression of 
miR-1 and miR-499 inhibited the invasion and migration of 
HepG2 cells in matrigel invasion and transwell migration 
assays, respectively. These results suggest that miR-1 and 
miR-499 may play an important role in the pathogenesis of 
HCC by regulating ets1.

Introduction

Hepatocellular carcinoma (HCC) is the sixth most common 
malignancy and the third most common cause of cancer-related 
deaths worldwide, claiming over one million lives annually (1). 
The highest incidence rates are reported in East Asia (2). The 

prognosis of patients with HCC is poor, with a 5-year survival 
rate after diagnosis of ~10% (3).
Ets1 is the founding member of the Ets family of transcription 
factors and has been shown to promote invasive behavior in 
multiple cell types (4-10). The regulation of matrix metal-
loproteases MMP-1, MMP-3, MMP-9 and urokinase type 
plasminogen activator (uPA) expression have been ascribed to 
Ets1 (4-10). Expression of Ets1 is also associated with poor 
prognosis in patients with tumors including breast cancer, 
ovarian tumor, and hepatocellular carcinoma.

Various molecular alterations occur in pre-neoplastic 
nodules and escalate in HCC, including dysregulation of 
well-known molecular pathways in carcinogenesis (11-14). 
The important role of microRNAs (miRNAs) in regulating 
these pathways has been emphasized. MiRNAs are small 
(18-24 nucleotides), evolutionarily conserved, endogenous, 
single-stranded, non-coding RNA molecules, that negatively 
modulate gene expression in animals and plants. Mature 
miRNAs operate via sequence-specific interactions with 
the 3' untranslated region (UTR) of cognate mRNA targets, 
causing suppression of translation and mRNA decay (15,16). 
A large body of evidence suggests that the multigene regula-
tory capacity of miRNAs is dysregulated and exploited in 
cancer. Indeed, miRNA loci are often targeted by genetic and 
epigenetic defects, and miRNA signatures facilitating tumor 
classification and the prediction of clinical outcome have been 
reported (17,18). A global reduction of miRNA abundance 
appears to be a general trait of human cancers, playing a causal 
role in the transformed phenotype (19-21). Aberrant expres-
sion of miRNA has also been linked to a variety of cancers, 
including HCC (22-25).

In the current study, we show that the ets1 proto-oncogene, 
which is highly expressed in HCC (26), is targeted by miR-1 and 
miR-499. MiR-1 and miR-499 specifically inhibit the expression 
of Ets1. Overexpression of miR-1 and miR-499 in the HepG2 
HCC cell line inhibited cellular invasion and migration. Taken 
together, these results suggest that Est1 is negatively regulated by 
miR-1 and miR-499 in HepG2 cells, which may contribute to the 
invasive and migratory potential of hepatocellular carcinoma.

Materials and methods

Cell Culture. HepG2 and HEK  293 cell lines (American 
Type Culture Culture Collection, Manassas, VA, USA) were 
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maintained in Dulbecco's modified Eagle medium (DMEM) 
(Gibco-BRL, Grand Island, NY, USA) containing 10% (v/v) 
fetal bovine serum (FBS) supplemented with 100 U/ml peni-
cillin and 100 µg/ml streptomycin, at 37˚C with 5% CO2.

Vector construction. For construction of miRNA expression 
plasmids, miR-1 and miR-499 precursors were amplified from 
human genomic DNA by PCR using the primer pairs: miR-1, 
F, 5'-TAGAAGCTTGCCTCTGAGCTGCCTTCTCTA-3' and 
R, 5'-TATCTCGAGCACCACAGCCGCCTGGCTGGC-3'; 
miR-499, F, 5'-TAGAAGCTTGTGTCCCAGCTGCACA 
AGGTA-3' and R, 5'-TATCTCGAGTGTCTCCCATCACCA 
CCACCA-3'. PCR products were cloned into pcDNA3.0 
(Invitrogen, Carlsbad, CA, USA). In the same way, the miRNA 
expression plasmids of miR-139, miR-181a, miR-200b, 
miR-221, miR-365 and miR-429 had been constructed in our 
laboratory. For the construction of luciferase reporter vectors, 
3'UTR segments of ets1 (Ets1-3'UTR-1 and Ets1-3'UTR-2) 
were amplified from human genomic DNA using the primer 
pairs: Ets1-3'UTR-1, F, 5'-ACGTCTAGACTGTGAGTATA 
ACTCCTGCAG-3' and R, 5'-GATCATATGATATGAAA 
TCAGGCTACAGTA-3'; Ets1-3'UTR-2, F, 5'-ACGTCTAG 
AGCAAGTGACATTGTCACATCA-3' and R, 5'-GATCATA 
TGCACCAATCAGAAAGCCGTACA-3. Mutant inserts 
containing substitutions in the miRNA complementary sites 
were generated by PCR using the primers: Ets1-3'UTR-1mut, 
F, 5'-TTGTTGAACTCTTACCTCGCCGGGCAAGAATTT 
CAAGGAACC-3' and R, 5'-GGTTCCTTGAAACTTCTT 
GCCCGGCGAGGTAAGAGTTCAACAA-3'; Ets1-3'UTR-
2mut, F, 5'-TTTTTTTCTTAAAAATCCGGCCGGGCTCTA 
AGGTGGTCTCAG-3' and R, 5'-CTGAGACCACCTTAGAG 
CCCGGCCGGATTTTTAAGAAAAAAA-3'. PCR products 
were cloned into the modified pGL3 control vector (Promega, 
Madison, WI, USA) immediately downstream of the stop 
codon of the luciferase gene. Wild-type and mutant inserts 
were confirmed by sequencing.

miRNAs, small interfering RNA (siRNA) and transfection. 
The miR-1 and miR-499 duplexes, ets1 and negative control 
siRNAs were designed and synthesized by GenePharma 
(Shanghai, China). The sequences are as follows (sense/anti-
sense): miR-1, 5'-UGGAAUGUAAAGAAGUAUGUAU-3'/ 
5'-AUACAUACUUCUUUACAUUCCA-3'; miR-499, 5'-UUA 
AGACUUGCAGUGAUGUUU-3'/5'-AAACAUCACUGCAA 
GUCUUAA-3'; ets1 siRNA, 5'-ACUUGCUACCAUCCCGU 
ACTT-3'/5'-GUACGGGAUGGUAGCAAGUTT-3'; nega-
tive control siRNA, 5'-UUCUCCGAACGUGUCACGUTT 
-3'/5'-ACGUGACACGUUCGGAGAATT-3'. Transfection was 
performed using Lipofectamine 2000 (Invitrogen). In brief, 
cells were seeded in six-well plates to reach an optimum 
density of 50% confluency after 24  h. For transfections, 
siRNA (20 µM) or miRNA (20 µM) was combined with 5 µl 
of Lipofectamine 2000 and 250 µl of Opti-MEM medium 
(Gibco-BRL). This mixture was added to cells and incubated 
for 6  h before replacing with fresh medium. Total-RNA 
and protein were extracted 48 h after transfection for use in 
qRT-PCR and western blot analysis.

Luciferase reporter assays. HEK  293 cells were plated 
in 24-well plates to reach 80-90% confluency. Cells were 

co-transfected with luciferase reporter vectors (100  ng) 
containing the ets1 3'UTR (pGL3m-Ets1-3'UTR-1 and pGL3m-
Ets1-3'UTR-2) or ets1 3'UTR mutant (pGL3-Ets1-3'UTR-1mut 
and pGL3-Ets1-3'UTRmut-2mut) and pRL-TK control Renilla 
luciferase vector (Promega) (8 ng) using Lipofectamine 2000 
(Invitrogen). Luciferase activity was measured by Dual lucif-
erase assays (Promega) 48 h after transfection.

RNA extraction and qRT-PCR. Total-RNA was extracted with 
TRIzol reagent (Invitrogen) according to the manufacturer's 
instructions. cDNA was synthesized using oligo(dt) primers 
and Impro-II reverse transcriptase (Promega) according to 
the manufacturer's instructions. qRT-PCR reactions were 
prepared using SYBR Premix Ex Taq (Takara, Kyoto, Japan). 
Reactions were performed in triplicate using an Mx3000P 
real-time PCR instrument (Agilent Technologies, Santa Clara, 
CA, USA). The PCR primers were: ets1, F, 5'-TGGAGTC 
AACCCAGCCTATC-3' and R, 5'-TCTGCAAGGTGTCTGTC 
TGG-3'; GAPDH, F, 5'-TCAGTGGTGGACCTGACCTG-3' 
and R, 5'-TGCTGTAGCCAAATTCGTTG-3'. Expression of 
ets1 was calculated according to the delta-delta Ct method, 
normalizing to GAPDH.

Western blot analysis. Total cell lysates were extracted using 
sodium dodecyl sulfate (SDS) buffer. Proteins were resolved 
by 12% SDS-PAGE and transferred onto polyvinylidene fluo-
ride membranes. Membranes were probed with monoclonal 
antibodies to Ets1 (sc-55581; Santa Cruz Biotechnology, Inc., 
Santa Cruz, CA, USA) and β-actin (sc-47778; Santa Cruz 
Biotechnology). Detection was performed with Supersignal 
(Pierce, Rockford, IL, USA) chemiluminescence reagent. 
Quantitative analysis was performed using Quantity One soft-
ware (Bio-Rad, Hercules, CA, USA).

Transwell cell invasion and migration assays. For invasion 
assays, transfected HepG2 cells were serum-starved for 18 h 
in DMEM containing 0.1% (v/v) FBS. Cells were trypsinized 
and resuspended in the same medium and 2x105 cells were 
added to the upper chamber of each well (6.5 mm in diameter, 
8 µm pore size; Corning, Inc., Corning, NY, USA) coated with 
30 mg/cm2 matrigel extracellular matrix (ECM) gel (Sigma-
Aldrich, St. Louis, MO, USA). Medium containing 0.1% (v/v) 
FBS, supplemented with hepatocyte growth factor (HGF) 
(20 ng/ml) (ProSpec-Tany TechnoGene, Ltd., East Brunswick, 
NJ, USA) was placed in the lower compartment of the chamber. 
After incubation for 24 h at 37˚C, cells on the upper membrane 
surface were removed by carefully wiping with a cotton swab, 
and the filters were fixed by treatment with 95% (v/v) ethanol 
for 30 min. Cells were stained with 0.2% (w/v) crystal violet 
solution for 30 min. Cells adhering to the undersurface of the 
filter were counted (five high-power fields/chamber) using an 
inverted microscope. Migration assays were performed as 
described above, excluding the use of matrigel and with an 
incubation time of 12 h.

Statistical analysis. All values are reported as the means 
± standard deviation. Differences were assessed by two-tailed 
Student's t-test of Excel software. P<0.05 was considered 
statistically significant.
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Results

Interaction of miR-1 or miR-499 with the 3'UTR of Ets1 
mRNA. In order to identify miRNAs regulating Ets1, we used 
TargetScan (www.targetscan.org), an online software program, 

to predict miRNAs targeting 3'UTR of the ets1 mRNA. This 
analysis revealed that the 3'UTR of ets1 contains putative sites 
for >20 miRNAs. We tested the ability of a subset of these 
miRNAs (miR-1, miR-139, miR-181a, miR-200b, miR-221, 
miR-365, miR-429 and miR-499) to target the ets1 3'UTR 

Figure 1. miR-1 and miR-499 target the 3’UTR of ets1mRNA. (A) Screening putative ets1 miRNAs by luciferase reporter assays. To identify miRNAs capable of 
regulating the expression of ets1 mRNA, the human ets1 3’UTR was subcloned into the pGL3m vector. HEK 293 cells were co-transfected with luciferase-Ets1 
plasmid and pcDNA3.0 control plasmid or miRNA-expressing plasmids. Luciferase activity was normalized to Renilla luciferase expression. Results represent 
the mean of biological duplicate assays ± the standard deviation (*P<0.05). (B) Upper panel, schematic representation of the ets1 3’UTR. Gray bars indicate 
predicted miR-1 and miR-499 target sites. Lower panel, the target site of miR-1 and miR-499 in the ets1 3’UTR is conserved among mammalian species (shown 
in gray). (C) Predicted duplex formation between miR-1 and miR-499 and the targeted ets1 3’UTR-1 or ets1 3’UTR-2). The ets1 3’UTR-1mut or 3’UTR-2mut 
sequences are identical to wild-type sequences, except for a 7 or 8 bp substitution (light gray letters). (D) pGL3m-Ets1-3’UTR-1 or pGL3m-Ets1-3’UTR-2 reporter 
plasmids were co-transfected into HEK 293 cells with pcDNA3.0 (gray columns), pcDNA3.0-miR-1 or pcDNA3.0-miR-499 (white columns). Luciferase activity 
was normalized to Renilla luciferase expression. Results represent the mean of biological triplicate assays ± the standard deviation (*P<0.05).
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using luciferase reporter assays. Our analysis showed that only 
miR-1 and miR-499 induced an obvious decrease in relative 
luciferase activity (Fig. 1A). Further investigation showed that 
the putative target sites for miR-1 and miR-499 are conserved 
in mammalian species (Fig. 1B). The target sites for miR-499 

and miR-1 locate in the front and rear fragment of 3'UTR of 
ets1 mRNA, respectively. To investigate this potential interac-
tion experimentally, the 3'UTR of ets1 mRNA was divided 
into two fragments, Ets1-3'UTR-1 and Ets1-3'UTR-2, and 
sub-cloned into a modified pGL3 control plasmid (pGL3m), as 

Figure 2. miR-1 and miR-499 regulate Ets1 expression at the post-transcriptional level. (A) Ets1 protein was measured in HepG2 cells by western blot analysis 
48 h after transfection with synthetic miR-1 and miR-499 duplexes, or Ets1 siRNA. β-actin was used as an internal loading control. (B) The effect of miR-1 and 
miR-499 on ets1 mRNA expression was analyzed by qRT-PCR. Ets1 levels were calculated using GAPDH as an internal control. Results represent the mean 
of triplicate qRT-PCR assays ± standard deviation (*P<0.05).

Figure 3. miR-1 and miR-499 suppress invasion and migration of HepG2 cells by inhibiting Ets1 expression. (A) Cell invasion was assayed using matrigel inva-
sion chambers. HepG2 cells were transfected with miR-1 and miR-499 duplexes or Ets1 siRNA and plated 48 h after transfection in 24-well transwell plates. 
Mock-transfected cells (no miRNA or siRNA) or cells transfected with negative control siRNA were used as controls. Cells were added to the upper chamber 
of each well. After 24 h of incubation, cells that invaded through the pores to the under surface of the membrane were fixed, stained and counted. Five random 
microscopic fields were counted for each treatment. (B) Cell numbers represent the average count of five random microscopic fields. Each bar represents the 
mean ± standard deviation of the counts from a single representative experiment (***P<0.001). (C) miR-1 and miR-499 blocked cell migration as assayed in 
transwell chambers, following incubation for 12 h and using HGF (20 ng/ml) as a chemoattractant. Cells that migrated through the filter were fixed and stained 
with crystal violet. Representative images of the lower surface of membrane are shown. (D) Results represent the average of three experiments ± standard 
deviation from a representative experiment (***P<0.001).
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previously described (27). We then tested the ability of miR-1 
or miR-499 to inhibit luciferase activity of pGL3m-Ets1-
3'UTR-1 or pGL3m-Ets1-3'UTR-2 following co-transfection 
into HEK 293  cells. Our analysis demonstrated that both 
miR-1 and miR-499 induced a significant decrease in relative 
luciferase activity (~40%) compared with vector transfected 
cells (Fig. 1D). To test the specificity of this interaction, miR-1 
and miR-499 overexpression constructs were co-transfected 
with ets1 luciferase reporter constructs containing substitu-
tions disrupting the miRNA target sites (Fig. 1C). We did not 
observe any decrease in relative luciferase activity in miRNA 
transfected cells compared with vector control (Fig. 1D).

miR-1 and miR-499 downregulate Ets1 expression. To 
investigate whether miR-1 or miR-499 affect endogenous 
Ets1 protein expression, we transfected miR-1 and miR-499 
duplexes into HepG2 cells and analyzed Ets1 expression after 
48 h by western blot analysis. As a positive control, cells were 
also transfected with Ets1 siRNA. We found that miR-1 and 
miR-499 dramatically reduced the expression of Ets1 protein 
compared to negative control (Fig. 2A). qRT-PCR analysis 
of ets1 mRNA expression 48 h after transfection with miR-1 
and miR-499 duplexes, revealed that the level of Ets1 mRNA 
was also significantly reduced compared to negative control 
(Fig. 2B). There were no significant differences on Ets1 protein 
and mRNA levels between overexpression of individual 
miRNAs or co-transfection of both miR-1 and miR-499.

miR-1 and miR-499 negatively regulate cell invasion and 
migration in vitro. HGF (hepatocyte growth factor), a cytokine 
also known as scatter factor (SF), can significantly promote 
the invasion of hepatoma carcinoma cells (28). Moreover, Ets1 
has been shown to play a key role in the acquisition of inva-
sive behavior by inducing the expression of MMP-1, MMP-3, 
MMP-9 and uPA (4). Given that miR-1 and miR-499 are 
capable of affecting Ets1 expression, we examined the effect of 

overexpressing these miRNAs on HGF-induced invasiveness 
of HepG2 cells using the matrigel invasion assay system. As 
shown in Fig. 3A, miR-1 and miR-499 significantly reduced 
HGF-induced invasion of HepG2 cells. Next, we examined 
the effect of miR-1 and miR-499 on HGF-induced migration 
of HepG2 cells using transwell migration assays. Similar to 
the invasion assays, miR-1 and miR-499 also inhibited the 
migration behavior of HepG2 cells (Fig. 3C). To eliminate 
the possibility of off-target effects, we transfected cells with 
Ets1 siRNA. In a similar manner to miRNA overexpression, 
we found that knockdown of Ets1 inhibited the invasion and 
migration induced by HGF (Fig. 3A and C).

Discussion

Growing evidence indicates that Ets1 plays a key role in the 
invasive behavior of many mammalian tumors. In this study, 
we demonstrate that miR-1 and miR-499 negatively regulate 
the ets1 proto-oncogene at the post-transcriptional level, via 
conserved sites within the 3'UTR. Furthermore, overexpres-
sion of miR-1 or miR-499 inhibited the invasion and migration 
of HepG2 cells in vitro, emphasizing the essential role of these 
two miRNAs in hepatic oncogenesis and tumor behavior.

In general, miRNAs may function as both tumor suppres-
sors and oncogenes in tumors. The correlation between the 
expression of specific miRNAs and cancer has been widely 
observed. It has also been shown that a global reduction of 
miRNA abundance may be a general trait of human cancers 
(19-21). This suggests that miRNAs may have a crucial func-
tion in cancer progression (29).

Overexpression of Ets1 is highly associated with many 
types of cancer. Ets1 expression is generally higher in invasive 
tumors than in benign tumors (6,9), and is indicative of poor 
prognosis (7,9,26,30). The expression of Ets1 is also correlated 
with histological differentiation of HCC (26). This suggests 
that Ets1 is higher in poorly differentiated HCC and may yield 
relative biological information to HCC.

Ets1 responsive genes include those encoding certain prote-
ases, including the matrix metalloproteases, MMP-1, MMP-3, 
MMP-9 and uPA (4). A schematic representation is shown in 
Fig. 4. These proteases are involved in ECM-degradation, a 
key event in invasion. Ets1 expression positively correlates with 
MMP-1 in angiosarcoma of the skin (31), and with MMP-1 and 
MMP-9 in ovarian carcinoma cells and stromal fibroblasts in 
breast and ovarian cancer, respectively (7,9). Ets1 expression 
also correlates with expression of uPA in lung and brain tumors 
(6,8,10). Targeted knockdown of Ets1 leads to a decrease in the 
expression of MMP-1 and MMP-9. Correspondingly, overex-
pression of Ets1 induced the production of MMP-1, MMP-3 
and MMP-9 or MMP-1, MMP-9 and uPA, in hepatoma cells 
and endothelial cells respectively (32-34).

There is growing evidence to show that Ets1 may also be 
involved in the regulation of c-Met, the receptor for HGF/SF, 
which induces migration (35). Furthermore, c-Met may also 
activate Ets1, as HGF/SF has been shown to stimulate Ets1 
activity through the Ras/Raf/MEK1/ERK1/2 pathway in 
MDCK cells (36).

In our study, we found that miR-1 and miR-499 inhibit 
HGF-induced invasion and migration in HCC HepG2 cells, 
by repressing the expression of the ets1 proto-oncogene. 

Figure 4. A schematic representation showing how miR-1 and miR-499 
modulate the invasive and migratory behaviors of HepG2 cells via modula-
tion of Ets1.



WEI et al:  miR-1 AND miR-499 AS TUMOR SUPPRESSORS IN HEPATOCELLULAR CARCINOMA706

These results indicate that miR-1 and miR-499 may represent 
candidates for anticancer therapy. In conclusion, miR-1 and 
miR-499 inhibit Ets1 expression by binding to the 3'UTR of 
the ets1 mRNA, thereby reducing HGF-induced cell invasion 
and migration.
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