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Abstract
MicroRNAs (miRNAs) are a class of gene expression regulators that participate in the occurrence and
development of hepatocellular carcinoma (HCC), although the underlying mechanism by which they function in
HCC has not been fully elucidated. Here, small RNA deep sequencing was used to identify aberrantly expressed
miRNAs in HCC tissues, and a novel miRNA named miR-HCC2 was identified. RT-qPCR analysis
demonstrated that miR-HCC2 displayed higher expression in HCC tissues than in adjacent non-tumor tissues.
We documented that miR-HCC2 facilitated the growth, migration and invasion of HCC cells by accelerating
cell cycle progression, incressing the expression of epithelial-to-mesenchymal transition (EMT)-associated
marker vimentin but decreasing the expression of E-cadherin. MiR-HCC2 directly targeted the 3′ UTR of
BAMBI and ELMO1 and up-regulated their expression. Both BAMBI and ELMO1 had the same patterns of
expression with miR-HCC2 in HCC tissues. Additionally, blocking BAMBI or ELMO1 counteracted the
phenotypic alterations elicited by miR-HCC2. Collectively, our investigation identified miR-HCC2 as a new
positive modulator of HCC aggressiveness that may serve as a potential biomarker for the development of
diagnostic and therapeutic approaches for HCC.
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Introduction
Hepatocellular carcinoma (HCC) is an
aggressive cancer; it is the sixth most prevalent cancer
and the third leading cause of cancer-related deaths
[1]. In recent decades, surgical resection, radiotherapy
and chemotherapy have been remarkably improved,
but the prognosis of HCC patients is far from
desirable owing to the high risk of recurrence and
distant metastasis [2]. Consequently, understanding
the underlying mechanism of hepatocarcinogenesis
appears to be crucial for managing HCC. Increasing
evidence has shown that abnormal expression of
many oncogenes and tumor suppressor genes,
including the dysregulation of microRNAs involved

in those gene pathways, is linked to the pathogenesis
and development of various types of human cancer,
such as T-cell acute lymphoblastic leukemia [3], breast
cancer [4], lung cancer [5], cervical cancer [6] and
hepatocellular carcinoma [7].
MicroRNAs (MiRNAs) are a group of small
noncoding RNAs ~22 nt in length that serve as crucial
post-transcriptional regulators of genes by targeting
the 3′ untranslated regions (3' UTR) of their target
mRNAs [8]. Typically, miRNAs negatively regulate
multiple genes, leading to mRNA degradation or
translation repression [9]. However, previous studies
have shown that miRNAs can also positively regulate
http://www.jcancer.org
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gene expression. For instance, miRNAs can upregulate translation, switching from repression to
activation [10]. For example, miR-346 up-regulates
human telomerase reverse transcriptase (hTERT) [11],
miR-346 positively regulates Argonaute 2 (AGO2)
protein to augment the activity of other miRNAs [12],
and miR-1 directly enhances mitochondrial gene
translation during muscle differentiation [13]. It has
been reported that miRNAs participate in diverse
physiological processes, such as cell proliferation, cell
death, differentiation and apoptosis [14-16]. Recent
studies have documented the contribution of miRNAs
to carcinogenesis by functioning as oncogenes or
tumor suppressors. As reported, gain of miR-151
contributes to cell migration and invasion by downregulating RhoGDIA in hepatocellular carcinoma [17].
MiR-193a-3p is down-regulated in ulcerative colitis
neoplasia, which promotes carcinogenesis through
up-regulation of IL17RD [18]. MiRNAs with an
AAGUGC seed motif constitute an integral part of an
oncogenic signaling network [19].
BMP and activin membrane-bound inhibitor
(BAMBI), a non-signaling pseudo-receptor in the
transforming growth factor (TGF)-β type I receptor
family, negatively modulates the TGF-β kinase
signaling that is activated by TGF-β family members
[20]. Previous reports have suggested that BAMBI
increases colorectal cancer metastasis by connecting
the Wnt and beta-catenin pathways and inhibiting the
TGF-β-signaling pathway [21], and its elevated
expression, together with β-sitosterol expression,
ameliorates NSCLC via autophagy inhibition and
inactivation of the TGF-β/Smad2/3 pathway [22].
Additionally, BAMBI cooperates with Wnt to
stimulate the expression of cyclin D1 and c-Myc and
to promote cell cycle progression from G0/G1 to
G2/M in the osteosarcoma cells [23]. Previous
investigations showed that BAMBI expression, driven
by Wnt/beta-catenin signaling, was elevated in HCC
[24]. These observations suggested the importance of
BAMBI in HCC and led us to investigate its
dysregulation in HCC.
Engulfment and cell motility 1 (ELMO1),
originally identified as Dock180-binding protein,
promotes the invasion of human glioma cells and
ovarian cancer cells in combination with Dock180, a
two part Rac1 guanine nucleotide exchange factor [25,
26]. It was reported that ELMO1 is essential for
Dock2-dependent lymphocyte migration [27] and the
migration and invasion of lung cancer cells [28]. The
phosphorylation of Y724 in ELMO1 may modulate
Rac1 activation, leading to cancer cell adhesion to the
extracellular matrix (ECM), invasion into surrounding
tissues, and subsequent distant metastasis [29].
ELMO1 expression is positively correlated with the
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metastatic potential of HCC cells and was found to be
an independent prognostic factor of survival [30].
Nonetheless, the mechanism by which ELMO1
expression is regulated in HCC cells has yet to be
elucidated.
We previously have applied deep sequencing to
obtain some new miRNA candidates in the HCC
tissue. Here, we aimed to ascertain the impact of a
novel miRNA, named miR-HCC2, on cell growth and
EMT in HCC cells. miR-HCC2 was overexpressed in
HCC tissues relative to adjacent non-tumor tissues.
Ectopic expression of miR-HCC2 promoted cell
proliferation by accelerating G1/S and S/G2/M
phase transitions. Furthermore, we validated that
miR-HCC2 enhanced migration, invasion and EMT in
HCC cells. BAMBI and ELMO1 can be directly
targeted by miR-HCC2, which results in an increase in
mRNA and protein levels that ultimately exert the
carcinogenic functions of miR-HCC2. The identification of miR-HCC2 may provide new insights into the
molecular mechanisms of tumorigenesis.

Materials and Methods
Human tissue samples and cell lines
Twenty pairs of fresh specimens containing
human HCC and adjacent non-tumor tissues were
collected from the Cancer Center of Sun Yat-Sen
University of Medicine Science, and their histology
was confirmed by pathologists (Table S1). Informed
consent was obtained from each patient, and the
study was approved by the ethical committee of the
institution.
The human HCC cell lines Hep3B and Huh7
were originally purchased from ATCC and maintained in DMEM (GIBCO BRL, Grand Island, NY) and
supplemented with 10% FBS (fetal bovine serum) and
1% PS (100 units/ml penicillin, 100 μg/ml streptomycin). These cell lines were incubated at 37°C in a
humidified atmosphere with 5% CO2 and transfected
with Lipofectamine 2000 Reagent (Invitrogen, Carlsbad, CA) following the manufacturer’s instructions.
All transfections were conducted in three
independent experiments.

RNA extraction and RT-qPCR analysis
Extraction of total RNA from tissue samples and
cells was performed using a mirVana miRNA
Isolation Kit (Ambion, Austin, TX) according to the
manufacturer’s instructions and then reverse transcribed into cDNA using M-MLV reverse transcriptase
(Promega, Madison, WI). RT-qPCR was performed
with a SYBR Premix Ex TaqTM Kit (Promega, Madison,
WI). Related primers were synthesized from AuGCT,
Inc. (Beijing, China), and detailed sequences can be
found in Table S2.
http://www.jcancer.org
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Western blot
To determine protein levels, Western blot was
applied as described in a previous study [31]. Primary
antibodies used in this study were purchased from
Saier Biotech Co. (Tianjin, China), including antibodies against BAMBI (Catalog No: SRP07313),
ELMO1 (Catalog No: SRP07468), E-cadherin (Catalog
No: SRP05266), vimentin (Catalog No: SRP01327) and
GAPDH (Catalog No: SRP00849). The secondary goat
anti-rabbit antibody was obtained from Sigma.
Endogenous GAPDH was used as a loading control to
normalize the proteins of interest.

Plasmid construction
The plasmid pri-miR-HCC2, which included a
precursor of the miR-HCC2 sequence, was inserted
into the pcDNA3 vector at BamHI and EcoRI sites. For
knockdown of miR-HCC2, we purchased the synthesized 2'-O-methyl-modified antisense oligonucleotides of miR-HCC2 (ASO-miR-HCC2) and the
scramble control oligonucleotides (ASO-NC) from
GenePharma (Shanghai, China). The wild-type 3′
UTRs of BAMBI and ELMO1 containing the target
sites of miR-HCC2 or its respective mutant were
constructed by annealing the oligos and cloning them
into the pcDNA3-EGFP vector between the BamHI
and EcoRI sites (downstream of EGFP). The wild-type
and mutant 3′ UTRs of ELMO1 that were used for the
enhanced green fluorescent protein reporter assay
were constructed in the same manner.
A cDNA fragment containing the BAMBI or
ELMO1 coding sequence was amplified by PCR and
inserted into the pCD3×Flag/KBE vector between the
BamHI and XhoI sites, resulting in overexpression
plasmids of ELMO1 and BAMBI (Flag-BAMBI, FlagELMO1). To generate antisense oligonucleotides to
knock down BAMBI and ELMO1, synthesized
oligonucleotides were purchased from GenePharma
(Shanghai, China), annealed and respectively inserted
into the pSilencer2.1/neo vector (Ambion, Austin, TX)
between the BamHI and HindIII sites. All constructed
vectors were confirmed by sequencing, and the
primers and oligonucleotides used are listed in Table
S2.

Enhanced green fluorescent protein (EGFP)
reporter assay
To validate the targeting of the 3′ UTRs of
BAMBI and ELMO1 by miR-HCC2, pcDNA3,
pri-miR-HCC2, ASO-NC or ASO-miR-HCC2 was
co-transfected with BAMBI-3′ UTR, BAMBI-3′
UTR-mut, ELMO1-3′ UTR, or ELMO1-3′ UTR-mut in
48-well plates. The RFP (red fluorescent protein)
expression vector pDsRed2-N1 (Clontech, Mountain
View, CA) was co-transfected for normalization. At 48
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h after transfection, the fluorescence intensities of
EGFP and RFP were measured with an F-4500 fluorescence spectrophotometer (Hitachi, Tokyo, Japan).

MTT and colony formation assays
For the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays, the transfected
cells were counted after 24 h incubation and seeded in
a 96-well-plate at a density of 4,000 cells/well (Hep3B)
or 3,000 cells/well (Huh7).The subsequent protocol
was reported before [32].
Following transfection and counting, 1,000
Hep3B and 300 Huh7 cells per well were seeded in
12-well plates. During the growth of colonies, the
culture medium was replaced every 3 days. After 10
and 12 days, crystal violet was used to stain the cells.
Only colonies containing more than 50 cells were
quantified. The rate of colony formation was
calculated with the following equation: colony
formation rate = (number of colonies/number of
seeded cells) × 100%.

Migration and invasion assays
Transwell chambers with 8 µm pores (Corning,
Cambridge, MA) were used for the migration and
invasion assays. To analyze the invasion abilities of
the HCC cells, 2 mg/ml Matrigel (Clontech, Mountain
View, CA) was added into the chambers. For migration and invasion assays, 80,000 and 120,000 Hep3B
cells/well were seeded, respectively. For Huh7 cells,
60,000 and 80,000 cells/well were used for migration
and invasion assays, respectively. The detailed
procedure was described in a previous study [32].

Cell cycle analysis via flow cytometry
These analyses were performed in a previous
study [12].

Statistical analysis
Each experiment was performed in triplicate.
The data are presented as the means ± SD, and the
comparisons between two groups were determined
using ANOVA analysis. To clarify the association
between two factors, Pearson’s correlation analysis
was performed. A p value of less than 0.05 was
considered significant (*p<0.05; **p<0.01; ***p<0.001).

Results
MiR-HCC2 facilitates proliferation and
accelerates cell cycle progression in human
HCC cells
To globally identify novel miRNAs specifically
altered in HCC tissues, a Solexa sequencing approach
was performed using HCC tissue samples. Sequencing analysis showed approximately 3 million reads
http://www.jcancer.org
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and their size distribution was enriched in 21–24 nt.
Several novel miRNAs with high abundance were
discovered. Herein we focused on a novel miRNA
named miR-HCC2, which has the sequence “UCUGU
UUGUCGUAGGCAGAUGG” and was located in
Homo sapiens chromosome 5, GRCh38.p12 Primary
Assembly (NCBI Reference Sequence: NC_000005).
The pre-miR-HCC2 and its secondary structure were
predicted (Figure 1A). To confirm the Solexa
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sequencing result, RT-qPCR was applied to detect the
levels of miR-HCC2 in HCC tissues and the adjacent
non-tumor tissues. As shown in Figure 1B, the
expression levels of miR-HCC2 in HCC tissues were
higher than those in adjacent non-tumor tissues
(Figure 1B). As shown in the results, we wondered
whether miR-HCC2 contributed to the malignant
phenotypes of HCC cells.

Figure 1. MiR-HCC2 facilitates proliferation and accelerates the cell cycle progression of human HCC cells. (A) The sequence and predicted secondary structure
of pre-miR-HCC2 and the mature sequence of miR-HCC2. (B) The relative expression levels of miR-HCC2 in 20 pairs of HCC tissues and adjacent non-tumor tissues were
detected using RT-qPCR. U6 snRNA was used as an internal control. (C) MTT assays were performed to assess the influence of miR-HCC2 on cell viability. ASO:
2'-O-methyl-modified antisense oligonucleotides; ASO-NC: the scramble control oligonucleotides. (D) Cell clonogenicity was analyzed by colony formation assays. The colony
formation rate = (number of colonies/number of seeded cells) × 100%. (E, F) The proportion of Hep3B (E) and Huh7 (F) cells in three phases (G1, S, or G2/M) of the cell cycle
were measured by flow cytometric analysis. The proliferation index (PI) = (S+G2/M)/G1. All error bars indicate the means ± SD of three independent experiments. *p<0.05;
**p<0.01; ***p<0.001.
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The levels of miR-HCC2 in the pri-miR-HCC2transfected cells increased approximately 16-fold and
56-fold in Hep3B and Huh7 cells, respectively,
compared with the control vector. Conversely,
miR-HCC2 levels in those cells transfected with
ASO-miR-HCC2 decreased by 50% (Hep3B) and 70%
(Huh7) compared with the scrambled oligomer group
(Figure S1). It was found that miR-HCC2 promoted
cell viability, whereas ASO-miR-HCC2 inhibited cell
viability in both Hep3B and Huh7 cells (Figure 1C).
As shown in Figure 1D, overexpression of miR-HCC2
increased the colony formation rates of Hep3B and
Huh7 cells, whereas suppressing miR-HCC2
expression decreased the rates. These results
indicated that miR-HCC2 facilitates the proliferation
of Hep3B and Huh7 cells.
We further explored the mechanism responsible
for the modulation of cell growth in HCC cells. An
increased percentage of cells in the S and G2/M
phases and a decreased percentage of cells in the G1
phase were observed in pri-miR-HCC2-transfected
cells compared with the control in both Hep3B and
Huh7 cells. The proliferation index was also markedly
higher than that of the control. In contrast, ASO-miRHCC2-transfected cells had a markedly increased
percentage of cells in the G1 phase and a reduction in
the percentage of cells in the S and G2/M phases; a
lower proliferation index was obtained compared
with the ASO control (Figure 1E and 1F). Taken together, these observations suggested that miR-HCC2 is
capable of facilitating cell proliferation by accelerating
cell cycle progression in human HCC cells.

MiR-HCC2 enhances cell migration and
invasion and modulates EMT-associated
molecules in human HCC cells
Then we evaluated the effect of miR-HCC2 on
migration and invasion in human HCC cells. In
Hep3B cells, the overexpression of miR-HCC2
increased migration and invasion capacities. In
contrast, the opposite effect was observed in the
ASO-miR-HCC2-transfected cells. Consistent with the
results in Hep3B cells, miR-HCC2-transfection
enhanced the migration and invasion capacities of
Huh7 cells, whereas the inhibition of miR-HCC2
decreased these capacities (Figure 2A and 2B). These
results revealed that miR-HCC2 enhances both the
migration and invasion capacities of human HCC
cells.
Next, we checked the expression of key
molecular markers in EMT (E-cadherin and vimentin)
to explore the role of miR-HCC2 in this process. In
Hep3B and Huh7 cells, miR-HCC2 overexpression
reduced E-cadherin protein levels and increased
vimentin protein levels, while ASO-miR-HCC2-
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transfection increased E-cadherin but decreased
vimentin protein levels (Figure 2C and 2D).
Collectively, these results showed that miR-HCC2
promotes the migration, invasion and EMT of human
HCC cells.

BAMBI and ELMO1 are directly up-regulated
by miR-HCC2
We performed bioinformatics analysis using the
prediction algorithms of TargetScan, PicTar, and
miRanda to identify possible candidates that mediate
the malignant effects of miR-HCC2 in HCC cells.
Interestingly, we found that both BAMBI and ELMO1
transcripts have a putative miR-HCC2 binding site in
their 3′ UTRs. BAMBI was previously reported to
expedite cell cycle progression [23], and ELMO1 is a
related protein that promotes cell phagocytosis and
migration [33, 34]. Combined with our previous
observations, we focused on validating BAMBI and
ELMO1 as targets of miR-HCC2.
To determine whether miR-HCC2 directly
targets BAMBI or ELMO1, we performed EGFP
reporter analyses by co-transfecting the reporter
vectors (containing wild-type or mutated putative
binding sites in the 3′ UTR) and the miR-HCC2
expression vector or ASO-miR-HCC2. Compared
with their respective controls, pri-miR-HCC2 significantly enhanced the fluorescent intensity of the wildtype reporter vector (pcDNA3/EGFP-BAMBI-wt),
while ASO-miR-HCC2 exhibited the opposite effects
in both Hep3B and Huh7 cells. However, modulations
of miR-HCC2 expression did not affect the
fluorescence intensity of the mutant form of the
reporter vector (pcDNA3/EGFP-BAMBI-mut). Similar results were obtained for the reporter vectors of
ELMO1 (Figure 3A and 3B).
Then we addressed whether miR-HCC2 impacts
the expression of endogenous BAMBI and ELMO1.
The results showed that overexpression of miR-HCC2
increased their expression at both mRNA and protein
levels, whereas suppression of miR-HCC2 decreased
their expression (Figure 3C and 3D). Taken all
together, miR-HCC2 directly targeted the 3′ UTR of
BAMBI and ELMO1 and up-regulated their
expression.
We further evaluated the correlations between
BAMBI/ELMO1 and miR-HCC2 in HCC tissues by
examining the expression of BAMBI and ELMO1 in
the 20 paired clinical specimens mentioned earlier.
Both BAMBI and ELMO1 had higher expression in
HCC tissues compared to that in the adjacent
non-tumor tissues (Figure 3E). The correlation
analysis indicated that the expression of both BAMBI
and ELMO1 was positively correlated with
miR-HCC2 expression (Figure 3F).
http://www.jcancer.org
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Figure 2. MiR-HCC2 enhances the migration and invasion of human HCC cells and modulates EMT-associated markers. (A, B) Transwell migration assays and
invasion assays were performed to detect the impact of miR-HCC2 on the migration (A) and invasion (B) abilities of Hep3B and Huh7 cells. Five random fields were counted
under a light microscope, and representative fields of the migratory and invasive cells are presented. (C, D) Western blot was used to confirm the expression of key molecular
markers associated with EMT (E-cadherin and vimentin) in Hep3B (C) and Huh7 (D) cells. All images were photographed at 100× magnification, and the data quantification is
represented in bar graphs. All error bars indicate the means ± SD of three independent experiments. *p<0.05; **p<0.01; ***p<0.001.

BAMBI and ELMO1 contribute to the
malignant phenotypes of human HCC cells
To further investigate the biological roles of
BAMBI and ELMO1 in HCC cells, we constructed
overexpression (Flag-BAMBI, Flag-ELMO1) and
knockdown vectors (shR-BAMBI, shR-ELMO1) for
each and determined the effectiveness of these
constructs (Figure 4A, 4B and Figure 5A, 5B).
MTT assays indicated that increasing the level of
BAMBI enhanced cell viability in Hep3B and Huh7
cells, whereas the inhibition of BAMBI decreased the
viability (Figure 4C). The colony formation assays
showed that Flag-BAMBI-transfection promoted the
colony formation rate, while shR-BAMBI-transfection
decreased the rate (Figure 4D). BAMBI accelerated the
G1 to S and the S to G2/M transitions (Figure 4E and
4F). However, after overexpression or knockdown of
ELMO1, no significant effects on cell viability, colony

formation rate, and cell cycle progression were
observed (Figure S2).
ELMO1 enhanced both migration and invasion
capacities in the two cell lines (Figure 5C and 5D). We
also explored the effect of ELMO1 on EMT-associated
markers. The overexpression of ELMO1 decreased
E-cadherin but increased vimentin levels, which was
consistent with its role in facilitating migration and
invasion. In contrast, the knockdown of ELMO1
increased E-cadherin and decreased vimentin levels
(Figure 5E and 5F). Whereas the migration and
invasion capacities changes after BAMBI overexpression or knockdown is not so impressive, similar
results were obtained in EMT-associated markers
(Figure S3).
In summary, BAMBI and ELMO1 may play
oncogenic roles in human HCC cells and contribute to
the malignant phenotypes of human HCC cells.
http://www.jcancer.org
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Knockdown of BAMBI and ELMO1 abolishes
the effects induced by miR-HCC2 in human
HCC cells
Given that BAMBI, ELMO1 and miR-HCC2 had
similar effects on malignant processes in HCC cells
and that the expression of BAMBI and ELMO1 was
positively regulated by miR-HCC2 at both mRNA
and protein levels, we asked whether the effects of
miR-HCC2 in HCC cells were achieved via its
up-regulation of BAMBI and ELMO1 expression. To
address this question, pri-miR-HCC2 along with
shR-BAMBI or shR-ELMO1 were co-transfected into
Hep3B and Huh7 cells, and a series of functional
rescue experiments were conducted. As anticipated,
the knockdown of BAMBI mostly blocked the effects
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of miR-HCC2 overexpression on cell viability (Figure
6A). The miR-HCC2-mediated increases in the colony
formation rate (Figure 6B) and cell cycle progression
were significantly counteracted when BAMBI was
knocked down (Figure 6C and 6D). Additionally, the
migration and invasion capacities that were promoted
by miR-HCC2 expression were impaired by ELMO1
knockdown (Figure 6E and 6F), and the EMTassociated molecular makers were restored to normal
levels (Figure 6G and 6H). Overall, the knockdown of
BAMBI or ELMO1 abolished the phenotypic
alterations elicited by miR-HCC2, demonstrating that
BAMBI and ELMO1 serve as direct functional targets
of miR-HCC2.

Figure 3. BAMBI and ELMO1 are directly up-regulated by miR-HCC2. (A, B) The predicted binding sites of miR-HCC2 (middle) with the wild-type (top) and mutated
(bottom) 3′ UTR of BAMBI (A) and ELMO1 (B). The red letters represent the mutant nucleotides. The EGFP fluorescence intensities of Hep3B and Huh7 cells co-transfected with
wild-type or mutant pcDNA3/EGFP- BAMBI (or pcDNA3/EGFP- ELMO1) 3′ UTR with pri-miR-HCC2 or ASO-miR-HCC2 were detected. The effects of miR-HCC2 on BAMBI
and ELMO1 mRNA (C) and protein (D) levels were determined using RT-qPCR and Western blot, respectively. (E) The relative expression levels of BAMBI and ELMO1 mRNA
in 20 pairs of HCC tissues and adjacent non-tumor tissues were detected by RT-qPCR. β-actin was used as an internal control. (F) Pearson′s correlation analysis indicated that
BAMBI and ELMO1 expression was positively correlated with the expression of miR-HCC2. All experiments were repeated at least three times. *p<0.05; **p<0.01; ***p<0.001,
ns: no significance.

http://www.jcancer.org
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Figure 4. BAMBI accelerates the proliferation and the G1/S and S/G2/M phase transitions of human HCC cells. (A, B) The efficiencies of BAMBI expression
plasmid Flag-BAMBI and knockdown plasmid shR-BAMBI were determined by measurement of mRNA (A) and protein (B) levels. (C) MTT assays of cells that were transiently
transfected with Flag-BAMBI, shR-BAMBI, or a control vector. (D) Colony formation assays tested the impact of BAMBI on the proliferation of Hep3B and Huh7 cells. (E, F) Flow
cytometric analysis was utilized to assess cell cycle progression in Hep3B cells (E) and Huh7 cells (F). The proliferation index of cells transfected with Flag-BAMBI or shR-BAMBI
is presented. All error bars indicate the means ± SD of three independent experiments. *p<0.05; **p<0.01; ***p<0.001.

http://www.jcancer.org
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Figure 5. ELMO1 contributes to the cell migration, invasion, and drives the EMT process in human HCC cells. (A, B) The efficiencies of ELMO1 expression
plasmid Flag-ELMO1 and knockdown plasmid shR-ELMO1 were determined by measurement of mRNA (A) and protein (B) levels. (C, D) The migratory (C) and invasive (D)
capabilities of Hep3B and Huh7 cells transfected with either Flag-ELMO1 or shR-ELMO1 were measured. (E, F) Protein expression levels of EMT-associated markers were
detected by Western blot. All error bars indicate the means ± SD of three independent experiments. *p<0.05; **p<0.01; ***p<0.001.

http://www.jcancer.org
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Figure 6. Knockdown of BAMBI and ELMO1 abolishes the effects induced by miR-HCC2 in human HCC cells. (A) MTT assays of Hep3B and Huh7 cells
co-transfected with pri-miR-HCC2 and shR-BAMBI. (B) The miR-HCC2-mediated increase in the colony formation rate was counteracted when BAMBI was suppressed. (C, D)
Cell cycle progression of the co-transfected cells was obtained via flow cytometry. The populations of cells in different phases and the proliferation indexes are shown. (E, F) The
migration (E) and invasion (F) capacities promoted by miR-HCC2 were impaired by suppression of ELMO1. (G, H) Western blot was performed to determine the expression of
EMT-associated markers (E-cadherin and vimentin) after shR-ELMO1 transfection in the presence of miR-HCC2. All error bars indicate the means ± SD of three independent
experiments. *p<0.05; **p<0.01; ***p<0.001.

In conclusion, our results showed that miRHCC2 up-regulates the expression of BAMBI and

ELMO1 to facilitate the proliferation, migration, and
invasion of human HCC cells.
http://www.jcancer.org
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Discussion
Recently, much evidence has indicated the
relevance of a high level of tumor invasiveness,
increased intrahepatic spread, and increased extrahepatic metastasis in HCC aggressiveness. MiRNAs
influence many cell behaviors and are well
established as fundamental regulators of migration
and invasion in HCC cells. MiR-7 functions as a tumor
suppressor and plays a substantial role in the
inhibition of tumor growth and metastasis in HCC
through the PI3K/Akt pathway [35]. MiR-188-5p
suppresses tumor cell proliferation and metastasis via
targeting of FGF5 in hepatocellular carcinoma [36].
MiR-429 was identified as a key inducer of HCC
metastasis via regulation of the classic Wnt pathway
rather than via regulation of epithelial-mesenchymal
transition [37]. Here, we focus on a novel miRNA
named miR-HCC2 identified from HCC tissues by
deep sequencing, which emphasizes its potential roles
in HCC. We are the first to report the up-regulation of
miR-HCC2 in HCC tissues compared with adjacent
non-tumor
tissues.
Functionally,
miR-HCC2
promoted the proliferation of HCC cells. In addition,
the number of migratory and invasive cells was
markedly increased when miR-HCC2 was overexpressed, whereas the inhibition of miR-HCC2
decreased their number, suggesting that miR-HCC2
may act as an oncogene via facilitation of the
proliferation, migration, and invasion of HCC cells.
Currently, there is a considerable body of
literature available indicating that EMT is a pivotal
event associated with tumor cell invasion and
metastasis in HCC progression [38]. EMT is a complex
process that allows epithelial cells to lose their
differentiated features and acquire a mesenchymal
phenotype during metastasis. EMT-induced changes
are associated with decreased expression of epithelial
markers, such as E-cadherin, occludin, plakophilin,
and cytokeratin, and the increased expression of
mesenchymal
markers,
including
vimentin,
N-cadherin, and fibronectin. EMT can be influenced
by several distinct pathways and thus can be
regulated by miRNAs [39]. The observation that
up-regulation of miR-HCC2 can markedly enhance
the expression of vimentin but decrease that of
E-cadherin suggests a positive role of miR-HCC2 in
the EMT process.
To elucidate possible mechanisms by which
miR-HCC2 exerts its function, we predicted its
putative targets using the prediction algorithms of
TargetScan, PicTar, and miRanda. Of the targets
listed, BAMBI and ELMO1 were chosen for further
investigation. EGFP reporter assays were performed
and the results showed that miR-HCC2 directly
targeted the 3′ UTR of BAMBI and ELMO1 mRNAs,
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thus up-regulating their expression. Furthermore,
miR-HCC2 increased endogenous BAMBI and
ELMO1 at both the mRNA and protein levels. RTqPCR and correlation analysis validated that BAMBI
and ELMO1 had the same patterns of expression as
miR-HCC2 in HCC tissues, indicating that the
positive regulation of BAMBI and ELMO1 by miRHCC2 was clinically significant. Typically, miRNAs
bind to the 3' UTR of target mRNAs, leading to
mRNA cleavage or translation repression. However,
documented evidence has revealed that miRNAs can
also enhance gene expression by interacting with
promoter or 3′ UTR of target gene. For example,
miR-205 induced the expression of the interleukin (IL)
tumor suppressor genes IL24 and IL32 by targeting
specific sites in their promoters in prostate cancer [40].
AGO2 and Fragile-X mental retardation related
protein 1(FXR1) associated with TNFα AU-RichElement and relieved the inhibition of TNFα gene
expression by miR-369-3p in response to serum
starvation [41]. Recently, our lab has found that
miRNA-346 binds the 3′ UTR of hTERT in GRSF1
dependent manner [11]. Herein, we found miR-HCC2
targeted and enhanced the expression of BAMBI and
ELMO1. Nevertheless, the underlying mechanism
remains unclear and needs to be further clarified.
BAMBI is aberrantly elevated in most gastric
cancer [42], colorectal cancer and hepatocellular
carcinomas [24] but is absent in breast cancer [43] and
silenced in a subset of high-grade bladder cancer [22].
Overexpression of BAMBI was observed in HCC
tissues, which is consistent with previous reports [24].
In HepG2, transcription of BAMBI is modulated via a
feedback loop that promotes the binding of Smad3
and Smad4 to Smad-responsive elements in the
BAMBI promoter [44], and a previous study validated
that Wnt/β-catenin signaling drove elevated BAMBI
expression [24]. Here, we showed that miR-HCC2 can
also directly up-regulate the expression of BAMBI.
Overall, BAMBI is capable of increasing cellular
growth through the enhancement of Wnt signaling
and the inhibition of TGF-β-SMAD suppressive
signaling in colorectal cancer [45]. Our data suggested
that both miR-HCC2 and BAMBI facilitate the
proliferation of HCC cells via accelerating the G1 to S
and S to G2/M phase transitions. Furthermore, the
phenotypic alterations elicited by miR-HCC2 were
counteracted when BAMBI was knocked down,
demonstrating that miR-HCC2 modulates HCC cells
proliferation by increasing BAMBI expression.
Mammalian ELMO1 and Dock180 proteins and
their homologs in Drosophila melanogaster and
Caenorhabditis elegans function as crucial upstream
regulators of Rac during development and cell
migration. Dock180 and ELMO1 mediate the GTP
http://www.jcancer.org
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loading of Rac via a domain within Dock180 that
recognizes nucleotide-free Rac [46]. The association of
Nck-1 with ELMO1 facilitated the activation of RhoG,
thus promoting Rac1 activation and cell motility [47].
A previous study indicated that overexpression of
ELMO1 promotes cell invasion and migration in
hepatocellular carcinoma [25]. Similarly, our
investigation validated that ELMO1 augmented the
migration, invasion, and EMT of HCC cells.
Suppression of ELMO1 antagonized the migration
and invasion capacities induced by miR-HCC2 and
reversed the expression of EMT-associated markers.
In brief, miR-HCC2 up-regulated the expression of
ELMO1, thereby promoting the migration and
invasion of HCC cells by mediating the EMT process.
To our knowledge, this study is the first
demonstration that miR-HCC2 contributes to the high
level of ELMO1 in HCC tissues. However, whether
the effects of ELMO1 depend on Rac1 activation or
other pathways is yet to be determined.
Collectively, our findings indicate that miRHCC2 increased HCC cells proliferation, metastatic
features, migration and invasion by maintaining high
levels of BAMBI and ELMO1. Therefore, miR-HCC2
may function as an oncogene, thus adding complexity
to the existing miRNAs regulatory network and
presenting potential diagnosis and treatment
strategies for the management of HCC.
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