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Background:  Emerging  data  suggest  the crucial  regulatory  roles  of  circular  RNAs  (circRNAs)  in hepatocel-
lular  carcinoma  (HCC).  However,  the  pathophysiology  role of  circZFR  in  HCC  remains  largely  unknown.
Aims:  This  study  aims  to disclose  the  functions  of  circZFR  in  HCC  progression  and  its potential  molecular
mechanism.
Methods:  circZFR  and  miR-511  were  identified  by  qRT-PCR.  Colony  formation  assay,  wound-healing  assay,
transwell  assay,  and  flow  cytometry  assay  were  performed  to determine  the cell  proliferation,  migration,
invasion  and  apoptosis.  Western  blotting  and immunohistochemistry  (IHC)  were  utilized  to  evaluate  the
expression  level  of  AKT1,  GSK3�,  �-catenin  and  cascades  of proliferation-related  proteins  both  in  vitro
and  in  vivo.  Dual  luciferase  reporter  assay  was  conducted  to  evaluate  the  interactions  among  circZFR,
miR-511  and  AKT1.
Results: The  expression  of circZFR  was enhanced  and the  expression  of  miR-511  was  down-regulated  in
HCC  tissues  and  cells.  Functionally,  circZFR  silencing  or miR-511  overexpression  suppressed  cell prolif-
eration,  migration  and  invasion,  and  induced  apoptosis  of  HCC  cells.  Mechanistically,  circZFR  acted  as  a
miR-511  sponge  to  up-regulate  its  target  gene  AKT1,  which  activated  cascades  of  proliferation-related

proteins (c-Myc,  cyclin  D1,  Survivin  and  Bcl-2).  Furthermore,  depletion  of  circZFR  inhibited  tumorigenesis
and  decreased  the expression  level  of  AKT1  in  xenograft  models.
Conclusion:  circZFR  promotes  HCC  progression  by  directly  down-regulating  miR-511  to  activate  AKT1
signaling,  suggesting  that  circZFR  is a potential  target  in  HCC  treatment.  Targeting  circZFR  may  provide
therapeutic  benefits  for HCC.

© 2019  Editrice  Gastroenterologica  Italiana  S.r.l.  Published  by Elsevier  Ltd.  All  rights  reserved.
. Introduction

Hepatocellular carcinoma (HCC) is the fifth most common can-
er with the second leading cause of cancer-related mortality
orldwide [1]. Approximately 250,000 people die from HCC each

ear, with China accounting for about 45% [2]. The 5-year survival
ate for patients with advanced HCC is only about 10% [3], which is
argely attributed to the lack of reliable tools for early diagnosis [4].
hus, it is a key prerequisite to identify reliable disease biomarkers

o improve future treatment options.

As a novel class of non-coding RNAs, circular RNAs (circRNAs)
hat form circular structures through the joining of 3’ and 5’ ter-
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unan Province, PR China.
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590-8658/© 2019 Editrice Gastroenterologica Italiana S.r.l. Published by Elsevier Ltd. All
minals [5] have attracted great interest because of their potential
therapeutic and diagnostic value in cancer [6]. Increasing evidence
demonstrates that the aberrant expression of circRNAs may  func-
tion as a key modulator of the tumor initiation and progression
through targeting key genes [7]. In the context of HCC, several
individual circRNA have been identified. For instance, a notewor-
thy down-regulation of circMTO1, cSMARCA5 and circZKSCAN1
were closely associated with suppression of cell proliferation
and invasion [8–10]. On the other hand, enhanced expression of
circHIPK3, has circ 0016788, and circRNA100338 exerted tumor-
promoting effects [11–14]. While increased expression of circZFR
(hsa circ 0072088) has been implicated in HCC progression [15],
the exact function and molecular mechanisms remain largely
unknown.

Micro RNAs (miRNAs) are a family of small non-coding RNAs

that is known to play important regulatory roles in tumorigenesis
[16]. Furthermore, a variety of studies have shown that miRNAs are
important regulators of HCC development and progression [17–19].
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iR-511, an intronic miRNA encoded by both mouse and human
RC1 genes [20], was aberrantly expressed in several human can-

ers, including HCC [21–25]. Depending on the cellular context,
iR-511 can function either as an oncogene or as a tumor suppres-

or. In the context of HCC, majority studies suggested that miR-511
as frequently down-regulated and functions as a tumor inhibitor

23–25]. While accumulative evidence demonstrated that circZFRs
ould serve as sponges for miRNAs and thus regulate the function
f miRNAs in HCC tumorigenesis [26], little is known about the
ircZFR-mirR-511 interaction in HCC.

miRNAs control multiple biological processes by blocking trans-
ation or by inducing the degradation of the target mRNAs. The
erine-threonine protein kinase AKT1 is known to be hyper-
ctivated in the majority of human cancers and contributes
o tumorigenesis [27]. Furthermore, AKT1 was  identified as
nfavorable prognostic factors for HCC patients [28], and its
yperactivation was implicated in HCC initiation and progression
29,30]. The functional interaction between miRNA and AKT1 has
een increasingly recognized. For example, miR-149 and miR-105
ave been reported to serve as tumor suppressors by regulating
he AKT1-mTOR or PI3K/AKT1 signaling pathway in HCC [29,30].

iR-511 expression has been found to correlate with AKT/mTOR
ignaling in HCC cell lines [24]. However, the underlying molecu-
ar mechanism, with special regard to the involvement of circRNA,
emains to be determined.

In the current study, we identified that circZFR was  significantly
p-regulated in HCC tissues and cell lines and negatively corre-

ated with miR-511 expression. In addition, circZFR promoted cell
roliferation, migration and invasion of HCC cells and altered the
xpression of cascades of proliferation-related factors through tar-
eting miR-511 and up-regulating its target gene AKT1. This is the
rst study to provide evidence of a functional interplay among
ircZFR, miR-511 and AKT1 in HCC tumorigenesis, thereby demon-
trating the therapeutic potential of circZFR/miR-511/AKT1 axis for
CC.

. Materials and methods

.1. Clinical tissue samples

Thirty patients pathologically diagnosed as hepatocellular car-
inoma (HCC) without receiving chemotherapy or radiotherapy
efore surgery were enrolled in this study. HCC tissue samples and
djacent non-tumor tissue samples were collected and immedi-
tely frozen in liquid nitrogen or at −80 ◦C. The study protocol was
pproved by the Ethics Committee of Xiangya Hospital of Central
outh University, with informed consent obtained from all patients.

.2. Cell culture

HCC cell lines HepG2, Bel-7402, SMMC-7721, and Huh-7 and
he human normal hepatic cell (WRL-68) were purchased from
merican Type Culture Collection (Manassas, VA, USA). HepG2 and
RL-68 cells were cultured in Dulbecco’s modified Eagle medium

DMEM) while Bel-7402, SMMC-7721 and Huh-7 cells were cul-
ured in RPMI-1640 (Thermo Fisher Scientific, USA). The medium
as supplemented with 10% fetal bovine serum (FBS; Gibco, Grand

sland, USA) and 1% penicillin–streptomycin (Invitrogen, CA, USA),
nd maintained at 37 ◦C in a humidified atmosphere containing 5%
O2.

.3. Cell transfection
Small hairpin RNAs (shRNAs) targeting circZFR (sh-circZFR) and
iR-511 mimics and inhibitor were designed and synthesized by
enePharma (Shanghai, China). HCC cells were transfected with
h-NC, sh-circZFR, miR-511 mimics, mimics NC, miR-511 inhibitor,
isease 51 (2019) 1446–1455 1447

and inhibitor NC using Lipofectamine 3000 (Invitrogen, Eugene,
OR, USA) according to the manufacturer’s protocol. After 48 h of
transfection, cells were harvested for the following experiments.

2.4. Wound-healing assay

The transfected HepG2 and Huh-7 cells were seeded into six-
well plates and cultured overnight. Wounds were created in the
center of each cell using a sterile 200 �L plastic pipette tips. Cells
were then washed with culture medium and incubated for 24 h in
serum-free medium. The wound was  imaged at 0 and 24 h. Images
were obtained under a microscopy (Olympus, Tokyo, Japan) at 40×
magnification.

2.5. Transwell migration and invasion assay

Cells in serum-free medium were placed into the upper cham-
ber of the 24-well transwell chambers, and medium containing 10%
FBS was  added into the lower chamber as chemoattractant. After
incubation for 24 h at 37 ◦C, cells remaining on the upper cham-
ber were removed with cotton wool, whereas cells adhering to the
lower chamber were fixed in 1% paraformaldehyde, stained in a
day solution with 0.5% crystal violet and counted. For the invasion
assay, the upper chamber was  coated with extracellular matrix (BD
Biosciences, USA), a soluble basement membrane matrix. The rest
of the assay was  performed as the migration assay. The HCC cells of
migration and invasion were counted and photographed in at least
five random fields under a light microscopy (Olympus Corporation,
Tokyo, Japan).

2.6. Colony formation assay

HCC cells were plated in 6-well plates. After incubation for 2
weeks in culture medium with 10% FBS, the medium was removed
and the cells were stained with crystal violet for 30 min. Visible
colonies were counted under a light microscopy. All assays were
repeated three times.

2.7. Annexin V and PI staining for apoptosis

HCC cells were incubated with trypsin and washed with PBS
twice. Upon resuspended in a solution containing 5 �L of Annexin
V-FITC and 5 �L of PI (Dead Cell Apoptosis Kit, Thermo Fisher Sci-
entific) and harvested in the dark for 15 min  at 37 ◦C, the cells were
analyzed on FACSCalibur machine (BD Biosciences, CA, USA) for the
percentage of Annexin V+PI+ apoptotic cells.

2.8. RNA extraction and quantitative real time-polymerase chain
reaction (qRT-PCR)

Total RNA was isolated from cells and tissues with TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). To determine the miRNA
expression levels, complementary DNA was synthesized with ran-
dom primers using the qScript microRNA cDNA Synthesis Kit
(Quantabio, Beverly, MA). Quantitative real-time PCR (qRT-PCR)
analysis was  carried out using Bulge-Loop miRNA qRT-PCR Starter
Kit (RiboBio), with U6 serving as an internal control gene. To
quantify the expression levels of circZFR and mRNAs, 1 �g RNA
was reverse transcribed into complementary DNA using Prime
Script RT reagent Kit (Takara Bio, Shiga, Japan). Reactions were
incubated in a 96-well optical plate at 95 ◦C for 5 min, followed
by 40 cycles at 95 ◦C for 15 s and 60 ◦C for 1 min. All reac-
tions were run in triplicate with 7500 real-time PCR System

(Applied Biosystems, Foster City, CA, USA) using SYBR Premix
Ex Taq II (TaKaRa). The following primer sequences were used:
circZFR forward 5’-TGCCACCATTTATCCAACTG-3’ and reverse 5’-
CCACTCGCAAAACTCCTTTC-3’; miR-511 forward 5’-GCCCGTGTCT-
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Fig. 1. Expression pattern of circZFR, miR-511, and AKT1 in HCC tissues and cells. The expression level of circZFR (A) and miR-511 (B) was  detected by qRT-PCR in HCC tissues
and  adjacent normal tissues. The expression level of circZFR (C) and miR-511 (D) was  detected by qRT-PCR in diverse HCC cell lines including HepG2, Bel-7402, SMMC-7721,
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nd  Huh-7, as compared with normal human hepatic cell line WRL-68. (E) Protein l
uantification of relative protein level as a ratio to that of GAPDH (internal control
eparate experiments performed in triplicate. * = p < 0.05 and ** = p < 0.01.

TTGCTCTG-3’, and reverse 5’-GTCGTATCCAGTGCAGGGTCCGAG-
TATTCGCACTGGATACGACTGACTG-3’; AKT1 forward 5’-GCACCT-
CCATGTGGAGACT-3’, and reverse 5’-GGGACACCTCCATCTCTTCA-
’; U6 (internal control for miRNAs) forward 5’-CTCGCTTCGG-
AGCACA-3’, and reverse 5’-AACGCTTCACGAATTTGCGT-3’ and
APDH (internal control for mRNAs) forward, 5’-CCAGGTGGTCTCC-
CTGA-3’ and reverse 5’- GCTGTAGCCAAATCGTTGT-3’. The 2−��Ct

ethod was used to calculate the relative expression of targets.

.9. Western blot analysis

Cultured cells were harvested and lysed in ice-cold radio
mmunoprecipitation assay buffer (RIPA, Beyotime, Beijing, China)
upplied with 0.001% protease inhibitor cocktail (Roche, Pleasan-
on, CA, USA) and incubated on ice for 30 min. BCA Protein
ssay kit (Beyotime, Bejing, China) was then used to detect the
oncentrations of protein samples. Equal amounts of protein
xtracts were run on a 10% SDS-PAGE gels and transferred to
olyvinylidene fluoride membranes (Milipore, Shanghai, China).
he membranes were blocked with 5% nonfat milk, followed by

ncubation with primary antibodies at 4 ◦C overnight. Primary
ntibodies used were: rabbit anti-AKT1 antibody (1:500 dilution;
ab179463, Abcam), rabbit anti-GSK-3� antibody (1:5000 dilu-

ion; #ab32391), rabbit anti-p-GSK-3�  antibody (1:1000 dilution;
f AKT1 was  detected by western blotting in HCC cell lines and WRL-68 cells. (F) The
 results from cell experiments were shown as mean ± SD (n = 3), which were three

#9336, Cell Signaling, MA,  USA), rabbit anti-�-catenin antibody
(1:5000 dilution; #ab32572), rabbit anti-p-�-catenin antibody
(1:1000 dilution; #a4176, Cell Signaling), rabbit-anti-Cyclin D1
antibody (1:10,000 dilution; #ab134175), rabbit anti-c-Myc anti-
body (1:1000 dilution; #ab32072), rabbit anti-Survivin antibody
(1:5000 dilution; #ab76424), rabbit anti-Bcl-2 antibody (1:1000
dilution; #ab32124), and rabbit anti-GAPDH antibody (1:500 dilu-
tion; #ab9485). After being washed with PBS, the membrane was
probed with corresponding goat anti-rabbit IgG H&L secondary
antibodies (1:2000 dilution; #ab6721) at room temperature for
1 h. Finally, the protein signals were visualized by densitometry
using an enhanced chemiluminescence detection kit (ECL, Thermo
Scientific, Shanghai, China).

2.10. Immunohistochemistry (IHC)

The tissues were routinely fixed in 4% formalin and embedded
in paraffin, and were sectioned at 4 �m thick. After being baked at
60 ◦C for 2 h, the tissues were incubated with xylene for deparaf-
finization and decreasing concentrations of ethanol for rehydration.

Antigen retrieval was  subsequently performed, and 3% hydrogen
peroxide was  applied to block endogenous peroxidase activity for
20 min. The sections were treated with normal goat serum to avoid
nonspecific staining and incubated with the following primary anti-
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Table 1
Correlation between the expression levels of circZFR and the clinicopathological
characteristics of HCC patients.

Clinical parameters Cases (n) circZFR expression P-value
(*p < 0.05)

High (n) Low (n)

Gender
Male 22 12 10 0.682
Female 8 3 5

Age
<60 20 9 11 0.699
≥60 10 6 4

AFP (ng/mL)
<400 21 9 12 0.427
≥400 9 6 3

Tumor size (cm)
<5 13 3 10 0.025*
≥5  17 12 5

Differentiation grade
Well-moderate 19 7 12 0.128
Poor-undifferentiation 11 8 3

Cirrhosis
Negative 4 1 3 0.598
Positive 26 14 12

TNM stage
I-II 11 2 9 0.021*
X. Yang et al. / Digestive and L

odies overnight at 4 ◦C: AKT1 (1:100 dilution; #ab179463, Abcam)
ntibody. The complex was visualized with DAB complex, and the
uclei were counterstained with haematoxylin. Positive immunos-
aining was assessed by proportion of positive cells.

.11. Dual luciferase reporter assay

For luciferase reporter assay, the circZFR or AKT1 3’-UTR was
mplified by PCR and inserted into the pGL3 luciferase promoter
lasmid (Promega Corporation, Madison, WI,  USA). Point mutations
f the miR-511 targeting sites in the circZFR or AKT1 3’-UTR were
enerated using the QuickChange Multiple Site-directed Mutage-
esis Kit (Stratagene, La Jolla, CA). HepG2 and Huh-7 cells were
eeded in 12-well plates and each cell was subsequently co-
ransfected with miR-511 mimics, mimic  NC, miR-511 inhibitor,
nhibitor NC and luciferase plasmids using the Lipofectamine 2000

ethod (Invitrogen, Carlsbad, CA, USA). After 48 h of transfection,
ell lysates were harvested, and the luciferase activities were mea-
ured by the Luc-PairTM Duo-Luciferase Assay Kit (Genecopoeia,
uangzhou, China). Firefly luciferase activities were normalized

o renilla luciferase activity. All experiments were performed in
riplicate.

.12. Tumor xenografts experiments in vivo

Six-week-old female BALB/c nude (nu/nu) mice were pur-
hased from SJA Laboratory Animal Co., Ltd (Hunan, China; n = 42,

 = 7/group). HepG2 and Huh-7 cells stably expressing sh-circZFR
ere subcutaneously injected into the upper left back of BALB/c
ude mice. The tumor length (L) and width (W)  was measured
very five days thereafter and the tumor volume (V) was  calculated
s V = 0.5×L × W2. At 30 days post injection, mice were eutha-
ized, and the tumors were excised, weighed and photographed.
he animal procedures were approved by the Ethics Committees of
iangya Hospital of Central South University

.13. Statistical analysis

All data were analyzed by SPSS 13.0 software and presented
s mean ± SD. Comparisons between two groups were performed
sing two-tailed Student’s t test and multiple comparisons using
ne-way analysis of variance (ANOVA). The correlation between
ircZFR expression and clinicopathological characteristics of HCC
atients was assessed by the Chi-squared test. P value of <0.05 was
onsidered statistically significant.

. Results

.1. circZFR and AKT1 expression is up-regulated and miR-511
xpression is down-regulated in HCC tissues and cells

We  first determined the expression levels of circZFR and miR-
11 by qRT-PCR and the protein levels of AKT1 by Western blotting

n HCC tissues and cell lines. We  found that circZFR expression was
ignificantly increased, while miR-511 expression was  significantly
ecreased in HCC tissues compared with that in adjacent normal
issues (Fig. 1A and B). The higher expression of circZFR was  corre-
ated with tumor size (p = 0.025) and the Tumour, Node, Metastases
TNM) stage (p = 0.021) (Table 1). Additionally, the increased lev-
ls of circZFR and decreased levels of miR-511 were also found
n diverse HCC cell lines including HepG2, Bel-7402, SMMC-7721,
nd Huh-7, as compared with human normal hepatic cell WRL-68

Fig. 1C and D). Western blotting results demonstrated a dramatic
p-regulation of AKT1 expression in HCC cells compared to WRL-
8 cells (Fig. 1E and F). These data indicated that circZFR expression
as negatively correlated with miR-511 expression, and positively
III-IV  19 13 6

Abbreviations: HCC—hepatocellular carcinoma; AFP—�-fetoprotein.

correlated with AKT1 expression in HCC tissues and cells. As HepG2
and Huh-7 cells showed relatively higher expression of circZFR,
these two  cell lines were selected for silencing of circZFR.

3.2. circZFR up-regulates AKT1 by sponging miR-511 in HCC cells

Silencing of circZFR was performed in HCC cells to investigate its
interaction with miR-511. qRT-PCR analysis confirmed that deple-
tion of circZFR caused a significant increase in miR-511 level in
both HepG2 and Huh-7 cells (Fig. 2A). Moreover, increased miR-
511 level was accompanied by a concomitant decrease in AKT1
level for circZFR knockdown (Fig. 2A). Additionally, qRT-PCR anal-
ysis indicated that miR-511 inhibitor could significantly decrease
miR-511 expression, while miR-511 mimics significantly increased
miR-511 expression in HepG2 and Huh-7 cells (Fig. 2B). Overex-
pression of miR-511 could result in a significant decrease in AKT1
mRNA level, whereas miR-511 knockdown had the opposite effect
in both HepG2 and Huh-7 cells (Fig. 2B). As shown in Fig. 2C and
D, circZFR and AKT1 3’-UTR contained a putative binding sites of
miR-511. To verify this result, we performed dual luciferase report-
ing assay to test the interplay between miR-511 and the predicted
circZFR and AKT1 3’-UTR targeting sequences. It was notable that
both circZFR and AKT1 3’-UTR showed higher luciferase activities
in the presence of miR-511 inhibitor while lower luciferase activ-
ities in the presence of miR-511 mimics, by contrast, the binding
site mutants of circZFR and AKT1 3’-UTR failed to display any dif-
ferences with the control groups (Fig. 2E and F). These results fully
revealed that circZFR could directly sponge miR-511 to counteract
its suppression on AKT1, serving as a positive regulator of AKT1 and
exerting its tumor-promoting effect.

3.3. Depletion of circZFR inhibits cell proliferation and induces

apoptosis through up-regulating miR-511 in HCC cells

To determine whether silencing of circZFR or overexpression
of miR-511 inhibit the growth of HCC cells in vitro, we  exam-



1450 X. Yang et al. / Digestive and Liver Disease 51 (2019) 1446–1455

Fig. 2. Knockdown of circZFR inhibited AKT1 expression by binding to miR-511 in HCC cells. (A) The expression level of circZFR, miR-511, and AKT1 was measured by qRT-PCR
in  HepG2and Huh-7 cells transfected with sh-circZFR or sh-NC. (B) The expression level of miR-511 and AKT1was measured by qRT-PCR in HepG2 and Huh-7 cells transfected
with  miR-511 mimics, mimics NC, miR-511 inhibitor, or inhibitor NC. (C) Schematic representation of the target site in circZFR for miR-511. (D) Schematic representation
of  the target site in AKT1 for miR-511. miR-511 targeting sequence in circZFR (E) or AKT1 3’-UTR (F) was  analyzed by dual-luciferase assay. miR-511 inhibitor or miR-511
mimics were co-transfected with firefly luciferase reporter plasmid containing human circZFR wild type (WT) or mutant (MUT) (E) or AKT1 3’-UTR WT  or MUT (F) as well as
the  Renilla luciferase control reporter vector. All the results were shown as mean ± SD (n = 3), which were three separate experiments performed in triplicate. * = p < 0.05 and
**  = p < 0.01.

Fig. 3. Knockdown of circZFR resulted in proliferation inhibition and apoptosis induction by targeting miR-511in HCC cells. (A and B) The proliferation capacity was  examined
by  colony formation assay in HCC cells transfected with sh-circZFR, miR-511 mimics or miR-511 inhibitor. Representative images of colonies from indicated cells were shown
in  A and the quantification of colony numbers in B. (C and D) The apoptosis was examined by flow cytometry following dual staining with Annexin V and propidium
iodide (PI) in HCC cells transfected with sh-circZFR, miR-511 mimics or miR-511 inhibitor. The representative flow images were shown in C and the quantification of % of
AnnexinV + PI + apoptotic cells in D. All the results were shown as mean ± SD (n = 3), which were three separate experiments performed in triplicate. * = p < 0.05 and ** = p < 0.01.
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Fig. 4. Knockdown of circZFR repressed cell migration and invasion by increasing miR-511 in HCC cells. (A) The migration was examined by wound healing assays and the
representative images of wound on cell monolayer were shown at 0 h and 24 h, respectively. (B) The quantification of migration rate (%) from indicated cells was  shown.
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C)  The representative images of migrated cells were shown in transwell assay. (D)
hown  transwell assay. (F) The quantification of cell invasion. All the results were sh

 = p < 0.05 and ** = p < 0.01.

ned the effects of circZFR on proliferation and apoptosis of HCC
ells by colony formation and flow cytometry assay. Results from
olony formation assay suggested that the colony-forming activ-
ty of HepG2 and Huh-7 cells transfected with sh-circZFR was

arkedly less than that in control cells (Fig. 3A and B). Similarly,
fficiency of colony formation was decreased upon miR-511 over-
xpression in HepG2 and Huh-7 cells (Fig. 3A and B). Furthermore,
nockdown of circZFR markedly accelerated cell apoptosis in both
epG2 and Huh-7 cells (Fig. 3C and D). The effect of miR-511
verexpression on cell apoptosis was similar to that of circZFR
nockdown (Fig. 3C and D). In order to functionally confirm that
ircZFR promotes HCC progression by regulating miR-511, we  per-
ormed rescue experiments by co-transfecting with sh-circZFR and
iR-511 inhibitor in HCC cells. Results from both colony formation
ssays and flow cytometry analysis revealed that miR-511 inhibitor
artially reversed the effects of circZFR silencing on cell growth and
poptosis in vitro (Fig. 3A–D). These data suggested that circZFR
uantification of cell migration. (E) The representative images of invaded cells were
s mean ± SD (n = 3), which were three separate experiments performed in triplicate.

promoted cell proliferation and inhibited cell apoptosis through
inhibiting miR-511 in HCC.

3.4. Depletion of circZFR suppresses cell migration and invasion
through increasing miR-511 in HCC cells

We next explored the effects of circZFR and miR-511 on motil-
ity of HCC cells, utilizing a classic in vitro wound-healing model.
Treatment of HepG2 and Huh-7 cells with sh-circZFR markedly
decreased the cell migration into the denuded area, as evidenced by
a slower closing of scratch wound compared to sh-NC group (Fig. 4A
and B). Similarly, the wound filling was evidently decelerated in
HepG2 and Huh-7 cells transfected with miR-511 mimics (Fig. 4A

and B). Moreover, knockdown of circZFR remarkably reduced cell
migration and invasion compared to sh-NC group, as determined
by transwell assays (Fig. 4C–F). Overexpression of miR-511 also
force fully decreased the number of migrated and invaded cells
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Fig. 5. Knockdown of circZFR suppressed AKT1/�-catenin signaling pathway by directly up-regulating miR-511 in HCC cells. (A) The protein levels of AKT1, GSK-3�, p-
GSK-3�,  �-catenin and p-�-catenin were detected by western blotting in HepG2 and Huh-7 cells treated with sh-circZFR, miR-511 mimics or miR-511 inhibitor. (B) The
q . (C) T
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uantification of relative protein level as a ratio to that of GAPDH (internal control)
lotting in HepG2 and Huh-7 cells treated with c sh-circZFR, miR-511 mimics, or mi
internal  control). All the results were shown as mean ± SD (n = 3), which were thre

Fig. 4C–F). Notably, the suppressive effects of circZFR silencing
n cell migration and invasion were partially rescued by miR-511
nhibitor in HepG2 and Huh-7 cells (Fig. 3A-F). Collectively, these
ndings fully demonstrated that circZFR potentiated cell migration
nd invasion by down-regulating miR-511 in HCC.

.5. circZFR activates AKT1/ ˇ-catenin signaling pathway via
argeting miR-511 in HCC cells

We  noticed that knockdown of circZFR significantly down-
egulated the protein expression level of AKT1 (Fig. 5A and B).
his was accompanied by inhibition of the GSK-3�/�-catenin

ignaling pathway, as indicated by reduced expression of phos-
horylation of GSK-3� (p-GSK-3�) and �-catenin and increased
xpression of GSK-3� and phosphorylation of �-catenin (p-�-
atenin) (Fig. 5A and B). We  also found that the expression level
he protein levels of c-Myc, cyclin D1, Survivin and Bcl-2 were detected by western
 inhibitor. (D) The quantification of relative protein level as a ratio to that of GAPDH
rate experiments performed in triplicate. * = p < 0.05 and ** = p < 0.01.

of several proliferation-related proteins c-Myc and cyclin D1 and
anti-apoptotic proteins Survivin and Bcl-2 were strongly down-
regulated in HepG2 and Huh-7 cells transfected with sh-circZFR
and miR-511 mimics (Fig. 5C and D). Notably, the above changes
induced by circZFR depletion were partially abrogated by miR-511
inhibitor in HepG2 and Huh-7 cells (Fig. 5A–D). These data indi-
cated that circZFR activated AKT1/�-catenin signaling pathway by
directly down-regulating miR-511 in HCC cells.

3.6. Knockdown of circZFR inhibits xenograft growth via
regulating miR-511/AKT1 axis in vivo
To explore the in vivo activities of circZFR during HCC devel-
opment, we  established xenografts from HepG2 and Huh-7 cells.
By monitoring the xenograft growth, we found that sh-circZFR-
transfected cells generated xenografts significantly lower in both
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Fig. 6. circZFR promoted tumorigenesis via regulating miR-511/AKT1 axis in vivo. (A) Representative pictures of isolated xenografts were shown. (B) Tumor sizes measured
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very  five days with electronic caliper. (C) Weights of tumors harvested from mice 

as  measured by qRT-PCR. (E) IHC staining analysis of AKT1. Scale bar: 500 �m.  (
n  = 3), which were three separate experiments performed in triplicate. * = p < 0.05 a

ize and weight in the two cell lines (Fig. 6A–C). The expression level
f circZFR was markedly reduced while miR-511 was significantly
ncreased in xenografts derived from sh-circZFR in both HepG2 and
uh-7 cells (Fig. 6D). Moreover, IHC revealed that circZFR silenc-

ng decreased the proportion of AKT1-positive cells (Fig. 6E and F).
hese results demonstrated that circZFR could promote xenografts
rowth through the miR-51/AKT1 axis in vivo.

. Discussion

As a type of novel non-coding RNAs, a growing body of evidence
ndicates that circRNAs may  serve as potential biomarkers and reg-
lators for cancers [6]. circZFR is a newly identified non-coding
ircle RNA, which has been proposed as a prognostic indicator and
herapeutic target in HCC [15]. Previous study revealed that cir-
ZFR initiated the development of lung cancer through repressing

iR-4302 to facilitate MYC  expression [31]. By contrast, circZFR

uppressed cell proliferation and promoted apoptosis in gastric
ancer by modulating PTEN via sponging miR-130a/miR-107 [32].
his indicates that circZFR plays complex dual roles as an inhibitor
 end of experiments. (D) The expression level of circZFR and miR-511 in xenografts
 positive signals for AKT1 were quantified. The results were shown as mean ± SD
= p < 0.01.

and promoter of tumor progression depending on the cellular
circumstances. However, the role and underlying mechanism of
circZFR in HCC remains unclear. In the current study, we  presented
for the first time the expression, functions, and potential molecular
mechanism of circZFR in HCC progression. Our study demonstrated
that circZFR was  up-regulated in HCC tissues and cells. Importantly,
loss-of-function experiments revealed that circZFR depletion sup-
pressed cell proliferation, migration and invasion, and induced cell
apoptosis. Importantly, we confirmed the functions of circZFR in
HCC in vivo by building nude mice model. Our findings demon-
strate that circZFR is an oncogene in HCC and blockage of circZFR
may  be a promising strategy for HCC treatment.

Accumulating reports demonstrate that circRNAs can act as
competing endogenous RNAs (ceRNAs) for miRNA targets [26],
and ceRNAs can seclude miRNAs, thereby protecting their tar-
get RNAs from repression [33]. In this context of HCC, several

circRNA-miRNA interactions have been identified to be critical
contributors to its initiation and progression. For instance, cir-
cMTO1, which was down-regulated in HCC and was  an indicator
of shortened survival, inhibited tumor progression by deactivat-
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ng miR-9-mediateddown-regulation of p21 [8]. circHIPK3 and
sa circ 0016788 were up-regulated in HCC and promoted cell pro-

iferation by function as ceRNA for the miR-124 family [11–13].
ased on the bioinformatics data and prior findings [15], we
ssumed that circZFR might be a target gene of miR-511 in HCC
ells. Consistently with previous studies [23–25], we found that
iR-511 was significantly down-regulated in HCC tissues and cells.

n addition, the expression of miR-511 was negatively regulated by
ircZFR in HCC cells. We  carried out luciferase reporter assay and
ound that circZFR could directly bind to miR-511. More impor-
antly, rescue experiments in vitro demonstrated that miR-511 was

 key mediator of circZFR in HCC cell activities. These findings
trongly revealed that circZFR may  act as an miR-511 sponge in
CC.

AKT1 is known to be contributor to HCC tumorigenesis, and has
een described as an important target of several miRNAs in HCC
29,30]. AKT1 is a crucial receptor for activation of highly onco-
enic Wnt/�-catenin signal pathway [27], which is closely linked
o HCC cell proliferation and migration [34,35]. GSK-3�,  a known
hosphorylation substrate of AKT1, behaves as part of the cir-
uitry; inactivation of GSK-3� by Ser9 phosphorylation induced by
hosphorylation of AKT1 at Ser473 could promote accumulation
f �-catenin and ultimately activate the Wnt/�-catenin signaling
athway [36–38]. Moreover, previous studies showed that miR-
11 acts as a negative regulator of PI3K/AKT pathways in HCC
24]. In our study, we found that AKT1 levels were significantly
p-regulated in HCC cells, and our luciferase reporter gene indi-
ated that AKT1 was a target gene of miR-511. Western blot analysis
howed that knockdown of circZFR and overexpression of miR-511
ould repress AKT1-mediated GSK-3�/�-catenin signaling path-
ay. In addition, the proliferation-associated proteins including

-Myc, cyclin D1, surviving and Bcl-2 were significantly decreased
n HCC cells transfected with sh-circZFR and miR-511 mimics. In
upport of these observations, shRNA-mediated knockdown of cir-
ZFR suppressed tumor progression in vivo. These results fully
lluminated that circZFR promoted multiple malignant phenotypes
ia directly down-regulating miR-511 to activate AKT1/�-catenin
ignal pathway in HCC.

In conclusion, we determined the expression and functions of
ircZFR in HCC for the first time. circZFR regulates the prolifera-
ion, migration and invasion of HCC cells by targeting miR-511 to
ctivate AKT/�-catenin signaling pathway. In vivo study confirmed
he tumor-promoting role of circZFR in HCC. Further understanding
f the circZFR-miR-511-AKT1 axis should provide new insight into
he pathogenesis of disease and the development of new strategies
o treat HCC in the future.
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