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Abstract
Competing endogenous RNAs (ceRNAs) are RNA transcripts that can crosstalk
with each other by competing for shared microRNAs (miRNAs) through miRNA
response elements (MREs). Involved in ceRNA networks, the RNA transcripts may
be in a balance, disruption of which could lead to tumorigenesis. Here we reveal a
ceRNA interaction between PIK3C2A and CD151 mRNAs in hepatocellular carcinoma
(HCC) cells. PIK3C2A is a candidate ceRNA of CD151 because mRNA 3′ untranslated
regions (3′UTRs) of these two genes contain miR-124 binding sites. miR-124 is
downregulated, while PIK3C2A and CD151 are upregulated in HCC cells compared
with normal hepatocytes. Direct and negative regulation of PIK3C2A and CD151 by
miR-124 was confirmed in HCC cells. miR-124 and the two potential ceRNAs are all
recruited to the RNA-induced silencing complex (RISC). In HCC cell lines QGY- 7703
and SMMC-7721, and normal hepatic cell line HL-7702, miR-124 plays a tumor
suppressor role by targeting PIK3C2A and CD151. The MREs within PIK3C2A 3′UTR
can independently stimulate CD151 expression level by acting as miR-124 decoys.
PIK3C2A MREs enhance HCC cell malignancy by absorbing endogenous miR-124 and
activating CD151 in HCC cells. We conclude that PIK3C2A 3’UTR functions as a trans
activator to stimulate CD151 by competing for miR-124 binding in HCC cells. The
collaboration of PIK3C2A and CD151 through ceRNA mechanism may be implicated
in HCC initiation and development.

INTRODUCTION

As a class of non-coding RNAs (ncRNAs),
microRNAs (miRNAs) play important roles in cancer
initiation and development [4, 5]. miRNAs are ~22
nucleotide long, evolutionarily conserved single-stranded
RNAs that bind to miRNA response elements (MREs)
on target transcripts through sequence complementarity,
usually resulting in degradation of the transcript or
inhibition of its translation [6]. A single miRNA can
regulate thousands of target transcripts, and several
miRNAs can corporately bind to separate MREs within

Hepatocellular carcinoma (HCC) is one of the
leading causes of cancer deaths worldwide with over
500,000 new cases being diagnosed each year [1, 2]. The
5-year survival rate is only 20 to 30% in HCC patients
after surgical resection mainly due to the aggressiveness,
invasiveness and frequent recurrence of HCC [1, 3]. Thus,
it is vital to reveal the molecular mechanisms underlying
HCC initiation and progression.
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genes with higher scores to compare their expression
levels between QGY- 7703 and HL-7702 cells. As a
result, 7 of the 11 genes were up-regulated and 2 of them
were down-regulated in QGY-7703 cells compared with
HL- 7702 cells (Figure 1B). Among the up-regulated
genes, the oncogene PIK3C2A got a higher score in the
list of CD151’s ceRNAs because there are three potential
miR- 124 binding sites within 3′UTR of PIK3C2A
mRNA. Besides, as a member of PI3K family, PIK3C2A
is closely related with signaling pathways involved in
HCC progression [28]. So we chose PIK3C2A for further
study.
We constructed a vector expressing the sole MRE
within CD151 3′UTR (CD151 MRE) in triplicate.
Overexpression of triple CD151 MREs led to an
enhancement of PIK3C2A mRNA expression in HL-7702
cells (Figure 1C). According to the ceRDB database,
CD151 and its potential ceRNA PIK3C2A share miR-124
binding sites. A depressed miR-124 level (Figure 1D) and
elevated PIK3C2A mRNA and protein levels (Figure 1A)
were confirmed in the two HCC cell lines. Furthermore,
the upregulation of CD151 and PIK3C2A mRNAs and
the downregulation of miR-124 in HCC cells were also
confirmed in the clinical HCC samples and the paired
normal hepatic tissues (Figure 1E). These data implicate
a possible negative control of CD151 and PIK3C2A
expression by miR-124 in HCC cells.

a single RNA transcript [6–8]. The RNA transcripts
containing same MREs can communicate and regulate
each other by competing for a limited pool of miRNAs.
These RNAs bearing a same set of MREs are known
as competing endogenous RNAs (ceRNAs) [9–12].
Regulation of gene expression through competition for
miRNA binding is a general phenomenon [9, 10], and
perturbations of ceRNA networks may have profound
implications for cancer [13–15]. Until now, the tumor
suppressor PTEN has been most extensively validated
as competing with a variety of ceRNAs in different
cancers. As a pseudogene, PTENP1 performs a biological
function by sponging miRNAs from the tumor suppressor
PTEN [16]. Following studies in 2011 confirmed VAPA,
CNOT6L and ZEB2 as bona fide PTEN ceRNAs [17, 18].
mRNAs are also validated to function as ceRNAs in
cancer. For example, HMGA2 promotes lung cancer
progression by vying for let-7 binding with TGFBR3,
another target of let-7 [19]. Long non-coding RNAs
(lncRNAs) also act as ceRNAs to facilitate protein-coding
genes [20, 21]. miRNA-mediated gene regulation has been
validated in HCC cells [22, 23], and several studies have
confirmed the ceRNA mechanism in HCC cells [24, 25].
Thus, we need to consider ceRNAs which add a new layer
of complexity to HCC biology. However, the ceRNA
mechanism in HCC is still largely unknown.
In this study, we focused on possible ceRNA
network in regulation of tetraspanin CD151 expression.
We chose CD151 for two reasons. First, as a regulator
of laminin-binding integrins, CD151 had been reported
to participate in proliferation, epithelial-mesenchymal
transition (EMT), migration and invasion of various
types of cancer [26] including HCC [27], suggesting
its oncogenic potential in HCC progression. Second,
according to TargetScanHuman database, a series of
MREs were predicted within CD151’s 3′ untranslated
region (3′UTR), indicating a probable miRNA-mediated
ceRNA network in CD151 regulation. We found that in
HCC cells, PIK3C2A 3′UTR acts as a sponge to absorb
miR-124 and regulated CD151 expression. The MREs
within PIK3C2A 3′UTR are able to promote proliferation
and metastasis of HCC cells by regulating CD151 via
ceRNA mechanism.

miR-124 directly targets PIK3C2A and CD151
mRNAs in HCC cells and normal hepatocytes
The direct targeting on PIK3C2A and CD151 by
miR-124 is a precondition for their crosstalk. A miR- 124
ectopic expression vector or a miR-124 “tough decoy”
(TuD) [29] was used to enhance or inhibit miR- 124
activity, respectively (Figure 2A). When the three
MREs within PIK3C2A 3′UTR (PIK3C2A MREs)
were sequentially cloned following the enhanced green
fluorescent protein (EGFP) reporter gene, miR-124
attenuated the fluorescence intensity. However, miR-124
aborted to influence EGFP intensity if the three PIK3C2A
MREs were all mutated (Figure 2B). we then constructed
other three reporter vectors, in each of which two MREs
were mutated, leaving the other MRE to be wild type. The
EGFP reporter assays showed that each of the three MREs
was able to independently bind miR-124 and to negatively
control EGFP expression (Figure 2B) revealing that all
the three MREs within PIK3C2A mRNA are functional
in miR-124-mediated gene silencing. Next, miR-124 also
directly bound to the CD151 MRE and inhibited EGFP
expression (Figure 2C). In the EGFP reporter assays,
effective EGFP expression was confirmed in QGY- 7703
and HL-7702 cells (Figure 2D), and non-specific
influence of miR-124 on EGFP expression was excluded
(Figure 2E). The above results corroborate suppression of
both PIK3C2A and CD151 by miR-124.

RESULTS
CD151, its potential ceRNA PIK3C2A and their
possible regulator miR-124 are all dysregulated
in HCC cells
At first, we found that CD151 expression level
is elevated in the HCC cell lines QGY-7703 and
SMMC- 7721 than in the normal hepatic cell line
HL- 7702 at both mRNA and protein levels (Figure 1A).
We then used ceRDB database to predict the candidate
ceRNAs of CD151 and chose 11 cancer-associated
www.impactjournals.com/oncotarget
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Figure 1: CD151, miR-124 and CD151’s potential ceRNA PIK3C2A are all dysregulated in HCC cells. (A) mRNA and

protein levels of CD151 and PIK3C2A in cell lines were detected by quantitative RT-PCR and Western blot assays, respectively. β-actin
mRNA and GAPDH protein were regarded as the endogenous normalizers. (B) mRNA levels of 11 CD151’s potential ceRNAs predicted
by ceRDB database were detected by quantitative RT-PCR in HL-7702 and QGY-7703 cells. (C) A vector expressing the miR-124 reaction
element within CD151 3′UTR in triplicate (CD151-MRE3x) was constructed. After transfection, CD151 MREs and PIK3C2A mRNA
levels were measured by quantitative RT-PCR. (D) miR-124 level in the cell lines was measured by quantitative RT-PCR. U6 snRNA was
regarded as the endogenous normalizer. (E) CD151 mRNA, PIK3C2A mRNA and miR-124 levels in 20 pairs of HCC tissues (Ca) and
normal hepatic tissues (N) were detected by quantitative RT-PCR. (*p < 0.05, **p < 0.01).

www.impactjournals.com/oncotarget

43378

Oncotarget

Figure 2: PIK3C2A and CD151 are direct targets of miR-124. (A) Primary miR-124 (pri-124) expression vector was used to
enhance miR-124 level in QGY-7703 and SMMC-7721 cells, and miR-124 tough decoy (TuD-124) expression vector was used to inhibit
miR-124 in HL-7702 cells. (B) The wild type (wt) or mutated (mut) PIK3C2A MREs with all the three MREs mutated (1/2/3m) or with
every two MREs mutated (1/2m, 2/3m or 1/3m) were cloned at downstream of EGFP coding sequence. The EGFP reporter vector and pri124 or TuD-124 plasmid were co-transfected into cell lines with RFP expression vector as the normalizer. At 48 h after transfection, cells
were lysed and EGFP and RFP activities were detected. The histogram shows normalized EGFP intensity (EGFP/RFP). (C) The wild type
(wt) or mutated (mut) CD151 MRE was also cloned into pcDNA3/EGFP vector, and EGFP reporter experiments were performed. (D, E)
To confirm EGFP expression (D) and exclude possible nonspecific effects on EGFP intensity by miR-124 (E), plasmids were transfected
into QGY-7703 or HL-7702 cells, and normalized EGFP intensity was measured. (*p < 0.05, **p < 0.01).
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Endogenous PIK3C2A expression was inhibited
when overexpressing miR-124 in QGY-7703 and
SMMC- 7721 cells, and inhibition of miR-124 in HL-7702
cells resulted in PIK3C2A increase on both mRNA and
protein levels (Figure 3A). The same regulation pattern
was observed on CD151 (Figure 3B). Moreover, in the
clinical tissues, miR-124 exhibited negative correlation
with PIK3C2A or CD151 mRNA (Figure 3A, 3B). These
data demonstrate a negative regulation of endogenous
PIK3C2A and CD151 expression by miR-124.
To further validate that the effects on PIK3C2A
and CD151 by miR-124 was through miRNA mediated
gene silencing, we performed an RNA-binding protein
immunoprecipitation (RIP) assay in the parental and
miR- 124-inhibited HCC cell lines. The antibody to AGO2
was used to pull-down AGO2 protein, a key member of
RNA-induced silencing complex (RISC), and also the
AGO2-binding RNAs. As a result, miR-124, PIK3C2A
mRNA and CD151 mRNA were all detected in the
immunoprecipitated RNAs from the parental HCC cells
(Figure 3C), suggesting that miR-124 and its two targets
are all recruited into RISC. After miR-124 was inhibited,
we did not detect miR-124 in the RNAs pulled-down by
anti-AGO2. However, PIK3C2A and CD151 mRNAs
were still detectable (Figure 3C), indicating that these two
mRNAs may also be controlled by other miRNAs.

exhibited a lower growth rate in nude mice (Figure 4E).
These experiments illustrated that miR-124 plays a tumor
suppressor role in HCC cells by targeting PIK3C2A and
CD151.

PIK3C2A MREs affect CD151 expression
through competitively binding miR-124 in HCC
cells
We then used the EGFP-CD151-MRE reporter
vectors to detect the effects of PIK3C2A MRE
on CD151 expression. EGFP intensity obviously
decreased when PIK3C2A shRNA was transfected into
QGY- 7703 and SMMC-7721 cells to degrade PIK3C2A
mRNA. Importantly, further expression of miR-124
partly saved the depressed EGFP level. When the
CD151 MRE sequence within the reporter vector was
mutated, shR- PIK3C2A could no longer affect EGFP
intensity (Figure 5A). Similar experiments in HL-7702
further verified that the three PIK3C2A MREs could
independently stimulate CD151 expression, in which
miR- 124 was also involved (Figure 5B).
We then detected influence of PIK3C2A MREs
on endogenous CD151 expression. Inhibition of
PIK3C2A mRNA led to a CD151 level decrease in
QGY-7703 and SMMC-7721 cells, which was further
reversed by miR- 124 suppression. On the other hand,
ectopic expression of PIK3C2A MREs in HL-7702
cells caused an elevated CD151 level, and subsequent
miR-124 expression restored it (Figure 5C). A linear
positive correlation between PIK3C2A and CD151
mRNAs in the 20 pairs of HCC and normal hepatic
tissues were also confirmed (Figure 5D). Furthermore,
their positive correlation also exists in other two
microarray-based studies containing large number of
HCC and non-tumor hepatic tissues (GEO datasets
GDS4887 and GSE36376; Supplementary Table S1
and Supplementary Figure S2) [30]. The above data
support the hypothesis that PIK3C2A MREs are enough to
competitively absorb miR-124 and to up- regulate CD151
expression.

miR-124 suppresses proliferation, migration and
invasion of HCC cells via negatively regulating
PIK3C2A and CD151
Given that miR-124 directly targets PIK3C2A
and CD151, we next evaluated their influence in HCC
cells’ phenotypes. Endogenous PIK3C2A and CD151
were silenced using small hairpin RNAs (shRNAs) in
QGY- 7703 and SMMC-7721 cells, and the full-length
CDS of CD151 was forcedly expressed in HL-7702 cells
(Figure 4A). Increase of miR-124 level attenuated cell
viability of the two HCC cell lines, and further expression
of CD151 rescued the depressed cell viability caused by
miR-124 (Figure 4B). In HL-7702 cells, an enhanced
cell viability was observed when miR-124 was inhibited,
and the elevated cell activity was restored when either
PIK3C2A or CD151 was suppressed (Figure 4B). When
detecting colony formation activity of these two cell
lines, we obtained similar results (Figure 4C). miR-124
also suppressed migration and invasion of QGY-7703 and
HL-7702 cells (Figure 4D). We also found that miR-124
led to downregulation of N-cadherin and upregulation of
E-cadherin, suggesting that miR-124 may attenuate EMT
of HCC cells (Supplementary Figure S1). Moreover, with
a low miR-124 level, CD151 shRNA but not PIK3C2A
shRNA could weaken the increased migration and invasion
activities caused by miR-124 inhibitor in HL-7702 cells
(Figure 4D). In vivo studies also suggested that xenograft
tumors induced by HCC cells stably expressing miR-124
www.impactjournals.com/oncotarget

PIK3C2A MREs enhance HCC cell malignancy
through absorbing miR-124 and subsequent
upregulation of CD151
After validating the regulation of PIK3C2A MREs
on CD151, we then evaluated the role of PIK3C2A
MREs in HCC malignancy. shRNA mediated PIK3C2A
mRNA degradation resulted in a decreased viability
of QGY-7703 and SMMC-7721 cells, and this impact
could be reversed sequentially by either inhibiting
miR-124 or overexpressing CD151. In HL-7702 cells,
special expression of PIK3C2A MREs enhanced cell
viability, which was restored by expression of miR-124 or
suppression of CD151 (Figure 6A). Similar phenomena
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were observed in colony formation assays (Figure 6B).
Furthermore, transwell experiments suggested that
PIK3C2A MREs was able to positively regulate migration
and invasion activities, and these effects could also be
reversed by artificially altering miR-124 or CD151 levels
(Figure 6C). These results elucidated that PIK3C2A
mRNA acts as a miR-124 decoy to regulate CD151 and to
affect HCC malignant phenotypes.

and CD151 mRNAs in HCC. To validate the ceRNA
network, it was principal to confirm that both the two
RNA transcripts could bind endogenous miR-124. First,
PIK3C2A was predicted to be a candidate ceRNA of
CD151 because their mRNA transcripts bear miR- 124
binding sites according to bioinformatic database.
Nevertheless, experimental evidence was needed to
validate PIK3C2A as a CD151’s bona fide ceRNA.
Second, fluorescent reporter assays determined the direct
interaction between miR-124 and the two mRNAs. Third,
miR-124 and its two targets were all dysregulated in HCC
cells. In cell lines and HCC clinical tissues, PIK3C2A
and CD151 exhibited negative correlation with miR-124
level, supporting an actual regulation of the two mRNAs

DISCUSSION
Aberrant ceRNA networks have been linked
to tumorigenesis [13–15]. In this study, we revealed
a miR- 124 mediated crosstalk between PIK3C2A

Figure 3: miR-124 negatively regulates PIK3C2A and CD151 expression. (A) pri-124 or TuD-124 expression vector was

transfected into cell lines, and PIK3C2A mRNA and protein levels were detected by quantitative RT-PCR and Western blot assays,
respectively. Also, correlation of miR-124 and PIK3C2A mRNA levels in the 20 pairs of clinical tissue samples was analyzed. (B) Similarly,
the regulation of miR-124 on CD151 expression and linear correlation between miR-124 and CD151 mRNAs were detected and analyzed.
(C) RIP assay was performed in parental and miR-124-inhibited HCC cell lysate using magnetic beads conjugated AGO2 antibody.
miR- 124, PIK3C2A mRNA and CD151 mRNA in the immunoprecipitated RNAs were detected by qRT-PCR. Normal mouse IgG was
used as isotype control. (*p < 0.05, **p < 0.01).
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Figure 4: miR-124 alleviates malignancy of HCC cells by regulating PIK3C2A and CD151. (A) Endogenous PIK3C2A and

CD151 expression was suppressed by shRNA in QGY-7703 and SMMC-7721 cells, and CD151 was forcedly expressed in HL-7702 cells.
These alterations were confirmed by Western blot. (B) Cell lines were transfected and then seeded in 96-well plates. At 48 h after seeding,
CCK-8 assay was performed to evaluate cell viability. The histograms show absorbance of cell cultures at 450 nm (A450). (C) Cell lines were
transfected, counted and seeded in 12-well plates. After 7–8 days (QGY-7703) or 9–10 days (SMMC-7721 or HL-7702), cell colonies were
counted and stained using 2% crystal violet. (D) Migration and invasion activities of transfected cells were detected using Transwell assays.
The penetrating cells in 5 random view fields were counted, and average cell number per field was shown in the histograms (magnification:
100×; the scale bar indicates 100 μm). (E) QGY-7703 and SMMC-7721 cells stably expressing miR-124 were injected into right axillary
fossa of nude mice to examine growth rate of the xenograft tumors. (Brightness and contrast of the cell images in (C and D) have been
modified to make them accordant. *p < 0.05, **p < 0.01).
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by miR-124. Fourth, miR-124 and the two candidate
ceRNAs were symultaneously recruited into AGO2
within RISC, a key locus of miRNA mediated target RNA
degradation or translational repression [6, 31]. These facts
provide essential conditions for ceRNA crosstalk between
PIK3C2A and CD151.
ceRNA interactions can be either symmetrical,
whereby two ceRNAs co-regulate each other, or
asymmetrical, whereby one ceRNA regulates expression
of the other but not the reverse [32]. We found that the
crosstalk between PIK3C2A and CD151 in HCC cells
was asymmetrical. Alteration of PIK3C2A MREs led to
a coordinate CD151 expression, and change of CD151
MRE, however, did not result in any detectable variation
of PIK3C2A level (data not shown). PIK3C2A mRNA
bears as many as three MREs within its 3′UTR, and each
MRE was responsible for miR-124 binding and PIK3C2A

suppression (Figure 2B). Thus, we presumed that the
MRE number is a factor that may influence effectiveness
of ceRNA [10]. With three MREs, PIK3C2A 3′UTR can
absorb large abundance of miR-124 molecules and tend to
affect CD151. However, CD151 3′UTR has little impact
on PIK3C2A expression possibly due to low titrimetric
ability of the single MRE within it. This hypothesis was
also confirmed by our experiment, in which PIK3C2A
level was also responsive to change of CD151 MRE if
the MRE sequence was cloned into the vector in triplicate
(Figure 1C).
In the two HCC cell lines, we used shR-PIK3C2A
to reduce endogenous PIK3C2A MRE level by reason
that double-stranded siRNAs can guide cleavage of target
RNA [33]. shR-PIK3C2A led to degradation of PIK3C2A
MREs and more miR-124 was, as a result, released to
bind CD151 MRE and suppress CD151 expression.

Figure 5: PIK3C2A MREs facilitate CD151 expression. (A) The pcDNA3/EGFP- CD151-MREwt and -MREmut plasmids were
used as reporter vectors, which were co-transfected with other plasmids into QGY-7703 and SMMC-7721 cells to perform fluorescent
reporter assays. (B) A vector expressing PIK3C2A MREs was constructed, and fluorescent reporter assays were performed in HL-7702 cells
to detect the effects of PIK3C2A MREs on CD151 expression. (C) PIK3C2A MREs were suppressed followed by suppressing miR-124
in QGY-7703 and SMMC-7721 cells. Also, PIK3C2A MREs were overexpressed followed by overexpressing miR-124 in HL-7702 cells.
Endogenous CD151 in these cells was measured on both mRNA and protein levels. (D) PIK3C2A mRNA and CD151 mRNA levels in
clinical tissues were detected, and linear correlation between these two RNA transcripts was analyzed. (*p < 0.05, **p < 0.01).
www.impactjournals.com/oncotarget
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Figure 6: PIK3C2A MREs enhance HCC cell malignancy by alleviating miR-124 mediated CD151 suppression.

(A) Endogenous PIK3C2A MREs were inhibited by shRNA (shR-PIK3C2A), and miR-124 repressor (TuD-124) or CD151 ectopic
expression vector was further transfected in QGY-7703 and SMMC-7721 cells. In HL-7702 cells, PIK3C2A MREs were overexpressed and
pri-124 or CD151 shRNA expression vector (shR-CD151) was further transfected. CCK-8 assay was performed to evaluate cell viability.
(B) Cell lines were transfected as described in (A), and colony formation activity was detected. (C) Cell lines were transfected as described
in (A), and migration and invasion activities of these cells were measured by Transwell assays (magnification: 100×; the scale bar indicates
100 μm). (Brightness and contrast of the cell images in B and C have been modified to make them accordant. *p < 0.05, **p < 0.01).
www.impactjournals.com/oncotarget
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To confirm this, we found that miR-124 inhibitor can
partly rescue CD151 level from shR-PIK3C2A mediated
depression. Here we should note that besides PIK3C2A
MREs degradation, shRNA also suppresses PIK3C2A
protein expression. We should exclude the possible that
suppression of CD151 was due to the silence of PIK3C2A
protein expression. This was performed in HL-7702 cells,
in which only PIK3C2A MREs were overexpressed. The
elevated PIK3C2A MREs rescued CD151 from miR-124
induced suppression, because forced miR-124 expression
could again reduce CD151 level. From these data, we
presume that PIK3C2A MREs affect CD151 level by
competing for miR-124 binding.
CD151 belongs to an evolutionarily conserved
transmembrane-4 family known as tetraspanins [34] and
is principally involved in all types of integrin-mediated
cellular behavior [35]. As an oncogene, CD151 not only
supports growth of various types of tumors but also
regulates tumor cell spreading, migration and invasion
[26, 36–38] and facilitates metastatic process [39]. Our
data demonstrated an oncogenic role of CD151 in HCC
cells, in which CD151 enhances proliferation, migration
and invasion. In mammary cancer cells, the CD151-α3β1

integrin complex participates in invasive migration, which
is blocked by PI3K inhibitor, suggesting the involvement
of tetraspanin-integrin complex in cell invasion via
PI3K-dependent pathway [40]. Another research also
demonstrated the role of tetraspanin in regulation of the
integrin-dependent PI3K signaling pathway [41]. In this
study, we illustrated a ceRNA interaction mechanism
between PIK3C2A, a member of PI3K family, and
CD151. In HCC cells, the three miR-124 binding sites
within PIK3C2A act as a sponge to absorb miR-124,
liberating CD151 from miR-124 targeting. The noncoding PIK3C2A MREs contributes, at least in part, in this
process, because in HL-7702 cells, overexpression just
the PIK3C2A MREs was able to enhance cell malignancy,
which was also miR-124 or CD151 dependent (Figure 6).
Interestingly, with a low miR-124 level, degradation
of PIK3C2A mRNA suppressed cell proliferation
(Figure 4B, 4C) but did not affect migration and invasion
(Figure 4D). We presumed that PIK3C2A promotes HCC
cell proliferation but not metastasis via its protein-coding
function [28], while its non-coding region enhances both
proliferation and metastasis of HCC cells by facilitating
CD151 expression (Figure 7). The function of PIK3C2A

Figure 7: ceRNA crosstalk between PIK3C2A and CD151 in HCC cells. As ceRNAs, PIK3C2A and CD151 mRNAs
competitively bind miR-124 pool in HCC cells. PIK3C2A mRNA encodes protein to facilitate HCC proliferation. Moreover, PIK3C2A
3′UTR can absorb miR-124 and alleviate miR-124 mediated CD151 suppression. The raised CD151 protein expression, as a result, further
promotes HCC proliferation and metastasis.
www.impactjournals.com/oncotarget
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coding region was not measured because we were not able
to successfully amplify the 5061-bp full-length PIK3C2A
coding region. Alternatively, the exact role of PIK3C2A
MREs was mainly measured by its ectopic expression
vector in HL-7702 cells.
RNA transcripts which serve as endogenous miRNA
sponges contain pseudogenes, long non-coding RNAs
(lncRNAs), circular RNAs (circRNAs) and the UTR of
mRNAs [10, 13]. This study suggested a ceRNA crosstalk
between two mRNA transcripts. PIK3C2A 3′UTR acts
as a trans modulator of CD151 expression through miR124 binding, conferring an additional non-protein-coding
role to protein-coding PIK3C2A mRNA. It should be
mentioned that one shortcoming of the ceRNA prediction
database ceRDB is that it considers only mRNAs with
shared MREs for the ceRNA network [42]. Many ncRNAs
may also act as CD151’s functional ceRNAs, which
should be elucidated in the following studies.
Collectively, this study revealed a miR- 124- dependent
ceRNA crosstalk between PIK3C2A and CD151 mRNAs.
Upregulated PIK3C2A expression (i.e. transcriptional
activation) results in a redistribution of miR-124 and
facilitates CD151 expression in hepatocytes (Figure 7). The
coordinate expression of these two genes may allow us to
better understand the mechanism of HCC initiation and
development.

ceRDB database [42] (http://www.oncomir.umn.edu/
cefinder/basic_search.php) was used to predict CD151’s
potential ceRNAs. The miRNA binding sequences within
the target mRNAs were searched by TargetScanHuman
Release 7.0 [43].

Vector construction
To construct the pcDNA3/CD151-MRE3x vector
expressing CD151 MRE in triplicate, a double-strand DNA
(dsDNA) fragment was obtained by annealing reaction
of CD151-MRE3x-top and -bottom. The DNA fragment
was cloned into a pcDNA3.1(+) vector (Invitrogen) at
the BamHI and EcoRI sites (All the endonucleases and
T4 DNA ligase used in this study were purchased from
TaKaRa, Otsu, Shiga, Japan).
To construct the miR-124 ectopic expression vector
pcDNA3/pri-124, a 190-bp dsDNA fragment containing
miR-124 precursor was amplified by PCR using human
genomic DNA as template and using pri-124-S and -A
as primers. The amplified fragment was cloned into a
pcDNA3.1(+) vector at the BamHI and EcoRI sites.
The miR-124 TuD [29] was used to suppress miR124 activity. The TuD-124 expression vector pSIH1-H1puro/TuD-124 was constructed by directly synthesizing a
134-bp TuD-124 sequence into a pcDNA3.1(+) vector at
the BamHI and EcoRI sites.
To construct the EGFP reporter vectors, we first
amplified the 720-bp whole EGFP CDS by PCR using
pEGFP-N1 plasmid (Clontech, Otsu, Shiga, Japan) as
template and using EGFP-CDS-S and -A as primers. The
amplified fragment was cloned into a pcDNA3.1(+) vector
at the HindIII and BamHI sites to generate pcDNA3/EGFP
vector. Then the wild type or mutated MREs (PIK3C2A
MREs 1/2/3 and CD151 MREs) were firstly obtained by
annealing reactions of top and bottom oligonucleotides
and then cloned into the pcDNA3/EGFP vector at the
endonuclease sites (BamHI, EcoRI, XhoI and XbaI)
downstream of EGFP CDS. Also, the PIK3C2A wild type
MREs expression vector pcDNA3/PIK3C2A-MREwt was
constructed by cloning the annealed PIK3C2A MREs into
a pcDNA3.1(+) vector without EGFP CDS.
To construct shRNA expression vectors, three
~65 bp dsDNA fragments (shR-PIK3C2A, shR-CD151
and a control shR-NC) were obtained via annealing
reactions. The fragments were then respectively cloned
into a pSilencer 2.1 neo vector (Ambion, Austin, TX,
USA) at the BamHI and HindIII sites.
To construct the CD151 ectopic expression vector,
the full-length CD151 CDS was amplified by PCR
using the oligo dT primed cDNA from QGY-7703 cells
as template and CD151-CDS-S and -A as primers. The
amplified fragment was cloned into a pcDNA3.1(+) vector
at the EcoRI and XbaI sites.

MATERIALS AND METHODS
Cell lines, transfection and clinical tissue samples
Human HCC cell lines QGY-7703, SMMC-7721
and normal hepatic cell line HL-7702 were obtained from
the Cell Bank of Saierbio Inc. (Tianjin, China), and these
cell lines were originally obtained from the Cell Bank
of Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences (Shanghai, China). At 2 weeks
before passaged in our laboratory, both the cell lines
were characterized using vitality test and mycoplasma
detection by Saierbio Inc.. The cell lines were maintained
in RPMI- 1640 medium (Solarbio, Beijing, China)
supplemented with 10% (QGY-7703 and SMMC-7721) or
15% (HL- 7702) fetal bovine serum (FBS, Gibco, Carlsbad,
CA, USA) at 37°C in a humidified chamber supplemented
with 5% CO2. Transfection of plasmids was performed
with Lipofectamine 2000 Reagent (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instruction.
Twenty pairs of human HCC tissues and normal
hepatic tissues, confirmed by pathological analysis, were
obtained from the Biobank of Tianjin First Center Hospital
with the patients’ informed consent. This study was
approved by the Ethics Committee of Tianjin First Central
Hospital. The normal hepatic tissues were the distal end of
the operative excision far away from the tumor. The tissue
samples were snap-frozen in liquid nitrogen immediately
after surgical resection and then stored at –80°C until use.
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Fluorescent reporter assays

All the primers and oligonucleotides were ordered
from AuGCT Inc. (Beijing, China) and sequence of
these DNAs is provided in Supplementary Table S2.
All the constructed plasmids were validated using DNA
sequencing by AuGCT Inc..

Cells were transfected with an EGFP reporter
plasmid alone or with other plasmids (miR-124 expression
or suppression vector, PIK3C2A wild type MREs
expression vector, etc.). In each group, identical amounts
of red fluorescent protein (RFP) expression vector
pDsRed2-N1 (Clontech) were co-transfected to serve as
the loading control. After 48 h, the cells were lysed with
RIPA lysis buffer and fluorescent intensity was measured
using an EnSpireTM Multilabel Reader (PerkinElmer,
Waltham, MA, USA).

Extraction of RNA and protein
The large (> 200 nt) and small (< 200 nt) RNAs
were extracted and isolated using mirVanaTM miRNA
Isolation Kit (Ambion) according to the manufacturer’s
instructions. To extract protein from cell lines, the
cells were lysed using RIPA lysis buffer (150 mM
NaCl, 50 mM Tris-HCl pH 7.2, 1% Triton X-100 and
0.1% SDS). After centrifugation, the undissolved cell
components were removed and the cellular total proteins
were obtained.

RIP assay
RIP assay was performed using MagnaRIPTM RNABinding Protein Immunoprecipitation Kit (Millipore,
Billerica, MA, USA) following the manufacturer’s
instruction. miR-124, PIK3C2A mRNA and CD151 mRNA
in the immunoprecipitated RNAs were then analyzed via
quantitative RT-PCR.

Quantitative RT-PCR (qRT-PCR)
Quantitation of miR-124 and an endogenous
control U6 snRNA was performed using a stem-loop
RT- PCR assay [44]. Briefly, 2 μg small RNA was reverse
transcribed into cDNA using a PrimeScript II 1st Strand
cDNA Synthesis Kit (TaKaRa) with miR-124-RT or
U6- RT primers. The cDNAs were then used for miR-124
and U6 snRNA quantification by PCR.
For mRNA quantification of protein-coding genes
and the triple CD151 MREs, 5 μg large RNA was reverse
transcribed into cDNA using oligo dT primers. The
cDNAs were then used for amplification of target RNAs
and an endogenous control β-actin.
All the quantitative PCR reactions were performed
using the SYBR Premix Ex Taq II (TaKaRa) on a 7300
Real Time PCR System (Applied Biosystems, Grand
Island, NY, USA). Gene expression was analysed using
the ΔΔCt method.

Cell counting kit-8 (CCK-8) cell viability assay
Transfected cells were seeded in a 96-well plate. At
48 h after seeding, CCK-8 (Dojindo, Kumamoto, Japan)
was added to the cells and absorbance of the cell culture
at 450 nm was measured using an EnSpireTM Multilabel
Reader (PerkinElmer).

Colony formation assay
To detect the cell colony formation activity, 100
(QGY-7703), 120 (SMMC-7721) or 200 (HL-7702)
cells were seeded into each well of a 12-well plate.
After 7–8 days (QGY-7703) or 9–10 days (SMMC-7721
and HL- 7702), cell colonies were counted if a colony
contained more than 50 cells. The colonies were finally
stained using 2% crystal violet.

Western blot assay

Transwell migration and invasion assays

For detecting target protein levels, the cellular
total proteins were resolved on an SDS denaturing
polyacrylamide gel and then transferred onto a
nitrocellulose membrane. Antibodies to CD151 (Santa
Cruz, Dallas, TX, USA, Cat# sc-271216), PIK3C2A
(Santa Cruz, Cat# sc-365290) or an endogenous control
GAPDH (Signalway Antibody, College Park, MD, USA)
were incubated with the membranes overnight at 4°C.
The membranes were then washed and incubated with
horseradish peroxidase (HRP)-conjugated secondary
antibodies (Goat anti-mouse IgG, Genomapping, Tianjin,
China). Protein expression was assessed by enhanced
chemiluminescence and the bands were captured by
a FluorChem FC2 Imaging System (Alpha Innotech,
Kasendorf, Germany). The band intensity was analyzed
by an AlphaView SA V3.4.0 (ProteinSimple, San Jose,
CA, USA).
www.impactjournals.com/oncotarget

Transwells (Corning, Corning, NY, USA, Cat#3422)
with Matrigel (BD, Franklin Lakes, NJ, USA, for invasion
assays) or without Matrigel (for Migration assays) were
inserted into 24-well plate. An amount of 2 × 104 (for
QGY- 7703 and SMMC-7721 migration assays), 4 × 104 (for
QGY-7703 and SMMC-7721 invasion assays or HL- 7702
migration assay) or 8 × 104 (for HL-7702 invasion assay)
cells within 200 µL serum-free medium were added to the
upper chamber of the well, and the lower chamber was
filled with complete medium. The cells were allowed to
penetrate at 37°C, 5% CO2 for 12 h (QGY-7703) or 24 h
(SMMC- 7721 and HL-7702). Then, the penetrated cells
attached to the lower surface were stained with 2% crystal
violet and were observed under a Nikon Ni-U microscope.
Cells in 5 random view fields at 100× magnification were
counted.
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4. Farazi TA, Spitzer JI, Morozov P, Tuschl T. miRNAs in
human cancer. J Pathol. 2011; 223:102–115.

QGY-7703 and SMMC-7721 cells were transfected
with pcDNA3/pri-124 or the control vector pcDNA3,
followed by selection for 20 (QGY-7703) or 28
(SMMC- 7721) days in complete RPMI-1640 medium
supplemented with 300 μg/mL Geneticin (Gibco)
to establish HCC cell lines stably overexpressing
miR- 124. Overexpression of miR-124 in the selected
cells were confirmed by qRT-PCR. The cells (6 × 106
in 200 μL) were inoculated into right axillary fossa
of male athymic BALB/c nude mice aged 4–5 weeks.
Tumor size was monitored by measuring length and
width with calipers, and tumor volume was calculated
with the formula: (L×W2) × 0.5, in which L is the length
and W is the width of tumor. At the 14th (QGY-7703) or
25th (SMMC-7721) day after injection, the mice were
sacrificed and the tumors were isolated. The mice used
in this experiment were handled in accordance with NIH
Animal Care and Use Committe Regulations, and this
study was approved by the Ethics Committee of Tianjin
First Central Hospital.

5. Lujambio A, Lowe SW. The microcosmos of cancer. Nature.
2012; 482:347–355.
6. Bartel DP. MicroRNAs: target recognition and regulatory
functions. Cell. 2009; 136:215–233.
7. Friedman RC, Farh KK, Burge CB, Bartel DP. Most
mammalian mRNAs are conserved targets of microRNAs.
Genome Res. 2009; 19:92–105.
8. Ebert MS, Sharp PA. Roles for microRNAs in conferring
robustness to biological processes. Cell. 2012; 149:515–524.
9. Salmena L, Poliseno L, Tay Y, Kats L, Pandolfi PP. A
ceRNA hypothesis: the Rosetta Stone of a hidden RNA
language? Cell. 2011; 146:353–358.
10. Tay Y, Rinn J, Pandolfi PP. The multilayered complexity of
ceRNA crosstalk and competition. Nature. 2014; 505:344–352.
11. Sen R, Ghosal S, Das S, Balti S, Chakrabarti J. Competing
endogenous RNA: the key to posttranscriptional regulation.
ScientificWorldJournal. 2014; 2014:896206.
12. Kartha RV, Subramanian S. Competing endogenous
RNAs (ceRNAs): new entrants to the intricacies of gene
regulation. Front Genet. 2014; 5:8.

Statistical analysis

13. Su X, Xing J, Wang Z, Chen L, Cui M, Jiang B. microRNAs
and ceRNAs: RNA networks in pathogenesis of cancer.
Chin J Cancer Res. 2013; 25:235–239.

All the data were reported as mean ± standard
deviation (SD) collected from three independent
experiments with three technical replicates (five in CCK- 8
assays) in each experiment. The hypothesis test for
significance between two groups utilized Student’s t test;
for three or more groups, a one-way analysis of variance
(ANOVA) was used, followed by Student-Newman-Keuls
q test for comparing each two groups. The statistical
significance was set at p ≤ 0.05. Figure drawing and data
processing were performed using GraphPad Prism v5.0
(GraphPad Software, La Jolla, CA, USA).

14. de Giorgio A, Krell J, Harding V, Stebbing J, Castellano L.
Emerging roles of competing endogenous RNAs in cancer:
insights from the regulation of PTEN. Mol Cell Biol. 2013;
33:3976–3982.
15. Sanchez-Mejias A, Tay Y. Competing endogenous RNA
networks: tying the essential knots for cancer biology and
therapeutics. J Hematol Oncol. 2015; 8:30.
16. Poliseno L, Salmena L, Zhang J, Carver B, Haveman WJ,
Pandolfi PP. A coding-independent function of gene and
pseudogene mRNAs regulates tumour biology. Nature.
2010; 465:1033–1038.
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