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7-dependent inhibition of FAK in hepatocellular carcinoma
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ABSTRACT

Background: Hepatocellular carcinoma (HCC) afflicts more than half a million people each year
worldwide. It was reported that circ_0015756 was up-regulated in HCC, but the mechanism did
not extensively studied.

Methods: we collected 24 paired cancerous and noncancerous liver tissues surgically resected
from HCC patients. HCC cell proliferation, invasion, migration and apoptosis in vitro were eval-
uated using MTT assay, Transwell assay, scratch test and Annexin-V/Pl staining respectively.
Interactions between circ_0015756 and miR-7, miR-7 and FAK were further validated by the
luciferase reporter assay. Tumor xenografts of HCC cells with circ_0015756 knockdown were
established in nude mice.

Results: The expression level of circ_0015756 was increased and the expression level of miR-7 was
diminished in cancerous liver tissues relative to noncancerous liver tissues. Circ_0015756 knock-
down was shown to increase the expression of miR-7, reduce the proliferation, invasion, migration
and resistance to apoptosis, and down-regulate the expression of FAK in HCC. We found miR-7
impaired expression of FAK to inhibit HCC cells, suggesting that miR-7 is responsible for the
dysfunction of FAK. Importantly, we showed circ_0015756 could up-regulate FAK via targeting
miR-7. These in vitro findings were reproduced in vivo that circ_0015756 knockdown decreased
HCC xenograft growth.

Conclusion: Our present study reveals a model of HCC development that is composed of
circ_0015756, miR-7 and FAK. Modulation of their levels exhibits a promise in the treatment of HCC.

Abbreviations: HCC: hepatocellular carcinoma; circRNAs: circular RNAs; miRNA/miR: microRNA;
miR-7: microRNA-7; FAK: focal adhesion kinase; KLF-4: kruppel like factor 4; DKK1: dickkopf WNT
signaling pathway inhibitor 1; ccRCC: clear cell renal cell carcinoma; PI3K: phosphoinositide 3-
kinase; Ct: comparative threshold cycle; RPMI: Roswell Park Memorial Institute; FBS: fetal bovine
serum; RT: reverse transcription; qPCR: quantitative polymerase chain reaction; RIPA: radioimmu-
noprecipitation assay; SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gel electrophoresis;
PVDF: polyvinylidene difluoride; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; MTT: 3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; DMSO: dimethyl sulfoxide; DMEM:
Dulbecco’s modified Eagle’s medium; PI: propidium iodide; SPF: specific pathogen-free; SD:
standard deviation; p-Akt: phosphorylated-Akt; shRNAs: small hairpin RNAs; 3'UTR: 3’-untranslated
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Introduction

Although the incidence and mortality of liver cancer
have been decreasing in China, population growth
and aging still cause a heavy burden for a large
increasing number of newly diagnosed cases in 2015
[1]. Hepatocellular carcinoma (HCC) is the major
subtype of primary liver cancers, accompanied by
a poor prognosis [2]. New molecular-targeted thera-
peutic strategies are urgently needed for improving

the treatment outcomes of HCC through identifica-
tion of biomarkers or targets via investigations asso-
ciated with molecular cell biology [3,4]. Meanwhile,
complex genomic and epigenetic alterations are
implicated in the pathogenesis and development of
HCC, which poses challenges and obstacles in the
molecular classifications [5]. Recent studies have
identified potential correlation of a family of endo-
genous noncoding RNAs, circular RNAs (circRNAs)
with the pathogenesis of various human cancers [6,7].
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Strikingly, circRNAs exert effects in cellular biological
activities, commonly working as microRNA (miRNA
or miR) to sponge corresponding direct target genes
and result in reduced translation [8]. A newly identi-
fied circRNA, circ_0015756, has been suggested to be
highly expressed in hepatoblastoma [9]. However, the
molecular mechanism underlying the role of
circ_0015756 in HCC remains to be investigated.

Functionally, miRNAs are dysregulated in multi-
ple human malignancies, acting as anti-oncomiRs or
oncomiRs [10]. It is interesting to note that miR-7
functions as a tumor suppressor in human cancers,
such as pancreatic carcinoma [11] and non-small cell
lung cancer [12]. More importantly, evidence has
demonstrating the potent tumor suppressive role of
miR-7 in human HCC [13]. CircRNAs have the
ability to act as modulators of miRNA activity in
cancers [14]. For example, a novel circRNA Cdrlas
was revealed to promote HCC progression through
targeting miR-7 [15]. Another circRNA ciRS-7 was
demonstrated to induce hepatic microvascular inva-
sion partly via acting as a sponge of miR-7 [16].
Interestingly, miR-7 could hinder the pathological
process of HCC by inducing kruppel like factor 4
(KLF-4) mRNA degradation [17].

Notably, this current study identified the putative
binding sites between miR-7 and focal adhesion kinase
(FAK). A prior study has proved that miR-7 could
curtail the local invasion and metastatic potential of
breast cancer through targeting and negatively regu-
lating FAK [18]. Recent evidence has also documented
the high expression level of FAK in HCC, which was
revealed to share associations with tumor progression
and metastasis in HCC [19]. Furthermore, FAK was
highlighted to interact with activated Akt to accelerate
cell migration and invasion in liver cancer [20]. Akt,
also known as protein kinase B, is a downstream
kinase of phosphoinositide 3-kinase (PI3K) pathway,
frequently hyperactivated in human cancers [21].

On the basis of those findings, we propose a
hypothesis that circ_0015756, miR-7, FAK and Akt
may involve in the HCC progression. However, how
they function in HCC cell activities and how they
interact with each other remain to be largely
unknown. In this present study, a series of loss- and
gain- of function assays have been performed to char-
acterize the effect of circ_0015756 on HCC cells. The
knockdown of circ_0015756 acted to inhibit the
expression of FAK by up-regulating the tumor

suppressor miR-7 through the Akt pathway. At this
point, the HCC cell proliferation, invasion, and migra-
tion were attenuated, corresponding to facilitated cell
apoptosis and repressed xenograft growth.

Materials and methods
Tissue specimens

A total of 24 cases of HCC tissues (lesion tissues
pathologically identified as HCC) and matched
adjacent normal tissues (> 2 cm from the lesion
without any cancer cells) were obtained from
patients who were diagnosed as HCC and received
partial hepatectomy at the Xiangya Hospital from
January 2018 to January 2019. The study was
approved by the Institutional Review Board of
Xiangya Hospital. Written informed consent was
obtained from each participant. The fresh tissues
were temporarily stored in liquid nitrogen and
permanently preserved at —80°C.

Short hairpin RNA targeting has_circ_0015756 or
FAK

The sequence used to inhibit has_circ_0015756 or
FAK expression was cloned into pENTR™/U6
(Invitrogen, USA). Sense oligos used were 5'-
CACCGCACCTCAATGCAAAGAAAAAACGAA-

TTTTTTCTTTGCATTGAGGTG-3' (has_circ_0015
756) and 5'- CACCGCAAGAACTTAGCAGGAAAT
GCGAACATTTCCTGCTAAGTTCTTGC-3' (FAK).
Antisense oligos used were 5-AAAACACCTCAA
TGCAAAGAAAAAATTCGTTTTTTCTTTGCAT-

TGAGGTGC-3' (has_circ_0015756) and 5'-AAAA
GCAAGAACTTAGCAGGAAATGTTCGCATTTC-
CTGCTAAGTTCTTGC-3" (FAK). Sense oligos of
scramble shRNA were 5CACCTCCGAACGTGTC
ACGTTTCAAGAGAACGTGACACGTTCGGAG-

ACTTTTTTC-3' and antisense oligos were 5'-
AAAAGAAAAAAGTCTCCGAACGTGTCACGT-

TCTCTTGAAACGTGACACGTTCGGAGACA-3'.

Cell culture and cell treatment

A human fetal hepatic cell line (WRL-68 cells) and
HCC cell lines MHCC97H, Bel-7402, Huh-7 and Bel-
100) (all purchased from the Shanghai Institute of
Biochemistry and Cell Biology, Chinese Academy of



Sciences, Shanghai, China) were maintained in
Roswell Park Memorial Institute (RPMI)-1640 med-
ium (Life Technologies, Carlsbad, CA, USA) supple-
mented with 10% fetal bovine serum (FBS), 100 IU/ml
penicillin and 100 mg/ml streptomycin in a humidi-
fied atmosphere of 5% CO,. To construct HCC cells
with circ_0015756 or FAK knockdown, cells were
transfected with small hairpin RNA (Fenghuibio
Inc., Changsha, Hunan) against circ_0015756 (sh-
circ_0015756) and sh-FAK, respectively. To perturb
miR-7 expression in HCC cells, cells were cultured
with miR-7 mimic or miR-7 inhibitor (Shanghai
GenePharma Co. Ltd., Shanghai, China). Cell treat-
ment was performed using Lipofectamine 3000 as per
the manufacturer’s specification (D0010, Beijing
Solarbio Science & Technology Co., Ltd, China).

RNA isolation and quantification

Total RNA was extracted using Trizol reagent
(Invitrogen, Carlsbad, CA, USA) following the man-
ufacturer’s protocol. For miRNA quantification,
total RNA was reverse-transcribed by the TagMan
MicroRNA Reverse Transcription (RT) Kit (Applied
Biosystems, Foster City, CA, USA) and then sub-
jected to Tagman miRNA assay and TaqMan
Universal PCR Master Mix (Applied Biosystems)
according to the manufacturer’s protocol. The rela-
tive expression of miR-7 was normalized by the U6
transcript. For the quantification of circ_0015756,
cDNA was synthesized by use of the EasyScript First-
Strand cDNA Synthesis SuperMix kit (AE301-02,
TransGen Biotech, Beijing, China) according to the
manufacturer’s procedures, and quantitation was
performed using SYBR°Premix Ex TaqTM II
(RR820A, Takara Bio Inc., Dalian, China). A house-
keeping gene, GAPDH, was used for normalization.
The primer sequences are showed in Table 1.
Quantitative polymerase chain reaction (QPCR) was

Table 1. The primer sequences for RT-qPCR.
Target Sequence
circ_0015756 F: 5'-AATGGATGGAGCCAGTAA-3’
R: 5-AAACCACCCTCACAAGTA-3’
FAK F: 5'-CCCACCAGAGGAGTATGTCC-3'
R: 5'-CCCAGGTCAGAGTTCAATAG-3’

U6 F: 5-CTCGCTTCGGCAGCACA-3'
R: 5'-AACGCTTCACGAATTTGCGT-3'
GAPDH F: 5'-ACAGTCAGCCGCATCTTCTT-3'
R: 5-GTTAAAAGCAGCCCTGGTGA-3’
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run using the Applied Biosystems 7500 Real-Time
PCR System with each reaction run in triplicate.
Analysis and fold change were determined using
the comparative threshold cycle (Ct) method [22].

Protein extraction and western blot analysis

Total cell lysates were prepared using ice-cold
radioimmunoprecipitation assay (RIPA) buffer
(Sigma) containing phenylmethylsulfonyl fluoride
(PMSF) (1 ml RIPA buffer was supplemented with
10 pl PMSEF, both purchased from Beyotime
Institute of Biotechnology, Shanghai, China).
Western blotting analysis was performed and
quantitated as described [23]. Briefly, proteins
were separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to polyvinylidene difluoride
(PVDF) membranes (Beyotime Institute of
Biotechnology). The membranes were incubated
with anti-FAK antibody (1:1000, Cell Signaling
Technology, Beverly, MA, USA), anti-Snail-1 anti-
body (1:1000, Cell Signaling Technology), anti-
Slug antibody (1:800, Cell Signaling Technology),
anti-MMP-9 antibody (1:1,000, ab73734, Abcam,
Cambridge, MA, USA), anti-Akt antibody (1:500,
ab8805), anti-p-Akt antibody (ab18206, lug/ml),
and anti-GAPDH antibody (1:50, ab37168) over-
night at 4X. After the membranes were incubated
with goat anti-rabbit immunoglobulin G (1:5,000,
ab6721) at room temperature for 49 min, the
bands were visualized and analyzed by the Image
] software available from the NIH Web site.
GAPDH was used for normalization. All antibo-
dies were purchased from Abcam (Cambridge,
MA, USA).

Cell viability assay

Cells were seeded into 96-well plates and then incu-
bated with 20 pl MTT (5 mg/ml) at 37°C at the begin-
ning, 24", 48™ and 72" h, respectively. Four hours
later, the media was aspirated and replaced by 150 pl
Dimethyl Sulfoxide (DMSO, Amresco, Solon, Ohio,
USA) in each well to dissolve the formazan crystals.
Absorbance was read at 490 nm using a Microplate
reader (DNM-9602G; Aolu Biotech, Shanhai, China).
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Cell invasion assay

Cell invasion assays were carried out using a Matrigel-
coated transwell invasion chamber (BD Biosciences,
San Jose, CA, USA) following the manufacturer’s
instruction. In brief, the cells were added to the
upper chambers at a concentration of 2.5 x 10* cells
per well. Dulbecco’s modified Eagle’s medium
(DMEM) with 5% FBS used as a chemoattractant in
the lower chambers. The cells that transferred to the
bottom chamber were stained with 0.1% crystal violet
at room temperature for 15 min and then counted in
six fields per well using the Olympus inverted micro-

scope (Olympus, Tokyo, Japan).

Cell migration assay

Cell migration was evaluated by using a scratch assay.
In brief, cells were seeded in a 6-well plate (2 x 10°
cells/well) and a pipette (1 ml) was used to create a
straight scratch. After 24-hour incubation, the scratch
healing was captured using the Olympus inverted
microscope (Olympus, Tokyo, Japan) and the distance
from one side of the scratch to the other was
measured.

Cell apoptosis assay

An apoptosis assay was performed using an Annexin
V-FITC/PI Cell Apoptosis kit (KeyGen, Nanjing,
Jiangsu, China). Briefly, a suspension (100 ul) of
5 x 10° cells was incubated with 5 pl of Annexin
V and 1 pl of propidium iodide (PI) at room tempera-
ture for 15 min. The apoptotic rate was determined by
flow cytometry as per the manufacturer’s specification
(BD Pharmingen, San Diego, CA, USA).

Dual-luciferase reporter assay

The pmirGLO-based luciferase reporter plasmids
(Promega, Madisom, WI, USA) containing wild-
type circ_0015756 (pmirGLO-circ_0015756-wt),
circ_0015756 mutated at the putative miR-7 bind-
ing sites (pmirGLO-circ_0015756-mut), wild-type
FAK (pmirGLO-FAK-wt) or FAK mutated at the
putative miR-7 binding sites (pmirGLO-FAK-mut)
were designed. HEK293T cells (Shanghai Beinuo
Biotech Ltd., Shanghai, China) were seeded into
6-well plates in triplicate and co-transfected with

well-designed pmirGLO-based reporter plasmids
and either miR-7 mimic or inhibitor using the
dual-luciferase reporter assay system according to
the manufacturer’s instructions (D0010, Beijing
Solarbio Science & Technology Co., Ltd, China).
Relative Luciferase activity was normalized to that
of Firefly Luciferase.

Animal studies

A total of 60 BALB/c nude mice (without limita-
tion in gender, aged 4 weeks, weighing 18 to 25 g)
purchased from Guangdong Medical
Laboratory Animal Center (Guangdong, China).
The mice were fed in specific pathogen-free
(SPF) environment and subcutaneously injected
with MHCC-97H cells at 1 x 10° cells per mouse
(n = 30). When the tumor size reached about 200-
300 mm?>, the mice were injected with either lenti-
virus  packaging vectors pLenti7.3/V5-DEST
(Invitrogen, USA) constructed with pENTR™/U6-
sh-circ_0015756 or pENTR™/U6-scramble shRNA
(a viral titre of 5 x 10° TU/ml and 300 pl for per
mouse) by tail vein injection. Five days later, the
mice were injected intraperitoneally with piperida-
zole at 60 mg/kg and then euthanized by carbon
dioxide asphyxiation. For evaluation of intrahepa-
tic metastasis, orthotopic implantation in 30
BALB/c nude mice was performed. The cell sus-
pensions of MHCC-97H cells (200 ml/mouse)
were implanted into the left lobe of mouse liver,
and then the mice were also injected with either
lentivirus packaging vectors pLenti7.3/V5-DEST
(Invitrogen, USA) constructed with pENTR™/U6-
sh-circ_0015756 or pENTR™/U6-scramble shRNA
(a viral titre of 5 x 10* TU/ml and 300 ul for per
mouse) by tail vein injection. These mice were
euthanized on day 36 after tumor implantation
and the liver lesion was subject to hematoxylin
and eosin (HE) staining to observe the metastasis.
All experimental procedures were conducted in
accordance with the Guide for the Care and Use
of Laboratory Animals and approved by our insti-
tutional ethical guidelines for animal experiments.

were

Statistical analysis

Statistical analyzes were conducted by SPSS 22.0 soft-
ware (IBM Corp. Armonk, NY, USA). Measurement



data were expressed by mean + standard deviation
(SD). First, normal distribution and homogeneity of
variance are tested. If the data conformed to normal
distribution and homogeneity of variance, data
between two groups were compared by non-paired
t test, comparisons among multiple groups were ana-
lyzed by one-way analysis of variance (ANOVA) or
repeated measurement ANOVA. p < 0.05 indicated
that the difference was statistically significant.

Results

Expression patterns of circ_ 0015756 and mir-7 in
HCC cells

In order to determine the expression patterns of
circ_0015756 and miR-7 in HCC, we quantified the
expressions of circ_0015756 and miR-7 in HCC tis-
sues and matched adjacent normal tissues. The results
showed that the expression of circ_0015756 was up-
regulated and the expression of miR-7 was down-
regulated in HCC tissues in contrast to matched adja-
cent normal tissues (p < 0.05, Figure 1a-b). In addition,
we determined the expressions of circ_0015756 and
miR-7 in WRL-68, MHCC97H, Bel-7402, Huh-7 and
Bel-100 cells by RT-qPCR. The results showed that the
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expression of circ_0015756 was higher in all HCC cells
than in WRL-68 cells, while the expression of miR-7
was lower in all HCC cells than in WRL-68 cells
(p < 0.05, Figure 1c-d). Huh7 and MHCC97H cells
were selected for in vitro studies.

Circ_0015756 knockdown inhibited HCC cells
in vitro

Following our speculation in regards to whether
circ_0015756 had the potential to affect HCC pro-
gression, we prepared Huh7 and MHCC-97H cells
transfected with either sh-circ_0015756 or scramble
shRNA to examine the effects on HCC cells in vitro,
focusing on cell viability, migration, invasion and
apoptosis. To start, RT-qPCR was conducted to
examine the expressions of circ_0015756 and miR-
7 in Huh7 and MHCC-97H cells, and the results
showed that disrupting circ_0015756 elevated the
expression of miR-7 (p < 0.05, Figure 2a-b). Next,
the data obtained from the MTT assay, Annexin
V-FITC/PI staining, scratch test and Transwell
assay showed that cell viability, migration, invasion
were reduced but the apoptosis was induced in Huh7
and MHCC-97H cells in the absence of circ_0015756

Relative level of miR-7

o
@

Relative level of miR-7

o
=)
T

Figure 1. Expression patterns of circ_0015756 and miR-7 in HCC cells. The expressions of circ_0015756 (a) and miR-7 (b) in HCC tissues and
matched adjacent normal tissues The expressions of circ_0015756 (c) and miR-7 (d) in WRL-68, Bel-100, Bel-7402, MHCC97H, and Huh-7 cells
were quantified by RT-qPCR, normalized to GAPDH (for circ_0015756) and U6 (for miR-7). * p < 0.05, ** p < 0.01, *** p < 0.005 . The experiment
was performed in triplicate and repeated three times. The data were expressed by mean + SD and were analyzed by one-way ANOVA.
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Figure 2. Knockdown of circ_0015756 inhibits HCC cell viability, migration, and invasion but induces apoptosis in vitro. The levels of
circ_0015756 (a) and miR-7 (b) in MHCC-97H and Huh-7 cells manipulated by scramble shRNA and shRNA circ_0015756 were determined by
RT-gPCR, normalized to GAPDH (for circ_0015756) and U6 (for miR-7). (c) Cell viability of MHCC-97H and Huh-7 cells manipulated by scramble
shRNA and shRNA circ_0015756 was evaluated by MTT assay. (d) Cell apoptosis of MHCC-97H and Huh-7 cells manipulated by scramble shRNA
and shRNA circ_0015756 was performed by Annexin V-FITC/PI staining of flow cytometry. (e) Cell migration of MHCC-97H and Huh-7 cells
manipulated by scramble shRNA and shRNA circ_0015756 was confirmed by scratch test. (f) Cell invasion of MHCC-97H and Huh-7 cells
manipulated by scramble shRNA and shRNA circ_0015756 was performed by Transwell assay. (g)The protein levels of FAK, Akt, p-Akt, Snail-1,
Slug and MMP-9 in MHCC-97H and Huh-7 cells manipulated by scramble shRNA and shRNA circ_0015756 were determined by Western
blotting, normalized to GAPDH. * p < 0.05 and ** p < 0.01 vs. scramble shRNA (sh-NC). The experiments were performed in triplicate and
repeated three times. The data were expressed by mean + SD and were analyzed by one-way ANOVA in each panel, except panel C in which
the data were analyzed by two-way ANOVA.



(p < 0.05, Figure 2C-F). To further study the effect of
circ_0015756 on FAK, Akt pathway, and HCC cell
metastasis, we performed Western blot analysis to
quantify the protein levels of FAK, p-Akt, Snail-1,
Slug and MMP-9 once circ_0015756 was manipu-
lated in Huh7 and MHCC-97H cells. Snail-1, Slug
and MMP-9 genes are recognized to be involved in
EMT and metastasis in cancers. As expected, the
result showed the loss of circ_0015756 reduced
expressions of FAK, Snail-1, Slug and MMP-9, and
inhibited Akt pathway (p < 0.05, Figure 2g). These
findings suggested that circ_0015756 might be
responsible for targeting miR-7 and inhibiting
HCC cells.

Mir-7 was found to inhibit HCC cells in vitro

With the results in the above section detailing
circ_0015756 knockdown elevated the expression of
miR-7, the focus of the experiment shifted to evaluate
the effects of miR-7 on HCC cells in vitro. miR-7
mimic and inhibitor was introduced to establish
Huh?7 and MHCC-97H cells with or without miR-7.
Firstly, we performed RT-qPCR and found miR-7
mimic or inhibitor could significantly increase or
reduce miR-7 (p < 0.05, Figure 3a). Subsequently,
we conducted MTT assay, Annexin V-FITC/PI stain-
ing, scratch test and Transwell assay and observed
that increased miR-7 decreased Huh7 and MHCC-
97H cell viability, migration and invasion but
induced apoptosis, while decreased miR-7 elicited
opposite effects (p < 0.05, Figure 3b-e). The next
step in this process was to explore the mechanism
by which miR-7 regulated HCC cells. We performed
Western blot analysis and found the miR-7 overex-
pression resulted in reduced expressions of FAK,
Snail-1, Slug and MMP-9, and inhibited Akt path-
way, while miR-7 downexpression showed the oppo-
site trend (p < 0.05, Figure 3f). These findings
suggested that miR-7 inhibited HCC cells in vitro,
which triggered the hypothesis that FAK and Akt
pathway functioned via miR-7.

Knockdown of FAK inhibited HCC cells in vitro

To further confirm the mechanism by which miR-7
regulated HCC cells is dependent of FAK, Huh7 and
MHCC-97H cells were treated with sh-FAK or scram-
ble shRNA. By performing MTT assay, Annexin
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V-FITC/PI staining, scratch test and Transwell assay,
we found that knockdown of FAK reduced Huh7 and
MHCC-97H cell viability, migration and invasion but
increased apoptosis (p < 0.05, Figure 4a-d). The results
of western blot analysis showed that knockdown of
FAK reduced protein levels of Snail-1, Slug and MMP-
9 and inhibited Akt pathway (p < 0.05, Figure 4e).
These findings suggested that FAK-mediated Akt-
pathway was a potential anti-HCC mechanism.

The interference of mir-7 restored HCC
proliferation in the absence of circ_0015756

We used a computer-based miR target detection
programs to predict the binding sites of
circ_0015756 and miR-7 (http://starbase.sysu.
edu.cn/), and miR-7 and FAK (http://www.tar-
getscan.org/vert_72/), and the results were posi-
tive (Figure 5a-b). To determine whether
circ_0015756 could bind with miR-7, the dual-
luciferase reporter assay using vectors con-
structed with circ_0015756 sequences with recog-
nizing sites or recognizing sites mutated in the
presence of miR-7 mimic or inhibitor was per-
formed. Decreases in Renilla luciferase were mea-
sured upon miR-7 mimic and pmirGLO-
circ_0015756-wt treated and normalized to
Firefly luciferase (p < 0.05, Figure 5¢). To deter-
mine whether the FAK gene is indeed the target of
miR-7, dual-luciferase reporter vectors were con-
structed containing the predicted seed sequence
in the 3'-untranslated regions (3'UTR) of FAK, as
well as the accordingly mutant vectors in which
random nucleotide mutants were introduced into
the seed sequences. Following the treatment with
miR-7 mimic and vectors containing the FAK 3K-
UTR with recognizing sites, the Renilla luciferase
was reduced and normalized to Firefly luciferase
(p < 0.05, Figure 5d). These findings suggested
that circ_0015756 might be responsible for the
dysregulation of miR-7 that negatively regulated
FAK. Next, we performed recovery experiments
to confirm that miR-7 inhibitor could reverse the
effects of shcirc_0015756 on Huh7 and MHCC-
97H cells, with sh-NC + NC inhibitor,
shcirc_0015756 + NC inhibitor, sh-NC + miR-7
inhibitor and shcirc_0015756 + miR-7 inhibitor
grouped. The results of RT-qPCR showed that the
interference of miR-7 by its specific miRNA
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Figure 3. miR-7 inhibits HCC cell viability, migration, and invasion but induces apoptosis in vitro. (a) The expression of miR-7 was determined
by RT-qPCR, normalized to U6. (b) Cell viability of MHCC-97H and Huh-7 cells treated with miR-7 mimic or inhibitor was evidenced by MTT
assay. (c) Cell apoptosis of MHCC-97H and Huh-7 cells treated with miR-7 mimic or inhibitor was performed by Annexin V-FITC/PI staining of
flow cytometry. (d) Cell migration of MHCC-97H and Huh-7 cells treated with miR-7 mimic or inhibitor was determined by scratch test. (e) Cell
invasion of MHCC-97H and Huh-7 cells treated with miR-7 mimic or inhibitor was performed by Transwell assay. (f) The expressions of FAK, Akt,
p-Akt, Snail-1, Slug and MMP-9 in MHCC-97H and Huh-7 cells treated with miR-7 mimic or inhibitor were determined by Western blot,
normalized to GAPDH. * p < 0.05, **p < 0.01. The experiments were performed in triplicate and repeated three times. The data were expressed
by mean * SD and were analyzed by one-way ANOVA in each panel, except panel B in which the data were analyzed by two-way ANOVA.
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Figure 5. Interactions between circ_0015756 and miR-7, miR-7 and FAK. (a) The binding sites of circ_0015756 and miR-7. (b) The
binding sites of miR-7 and FAK. (c) Luciferase activity of luciferase reporter vectors constructed with circ_0015756 sequences with
recognizing sites or recognizing sites mutated in the presence of miR-7 mimic or inhibitor. (d) Luciferase activity of luciferase
reporter vectors containing the FAK 3X-UTR with recognizing sites or recognizing sites mutated. (e) The expression level of miR-7 in
MHCC-97H and Huh-7 cells was determined by RT-qPCR, normalized to GAPDH. (f) Cell viability of MHCC-97H and Huh-7 cells was
examined by MTT assay. (g) Cell apoptosis of MHCC-97H and Huh-7 cells was examined by Annexin V-FITC/Pl-labeled flow cytometry.
* p < 0.05, **p < 0.01. The experiments were performed in triplicate and repeated three times. The data were expressed by mean +

SD and were analyzed by one-way or two-way ANOVA.

inhibitor was ablated by shcirc_0015756
(p < 0.05, Figure 5e). The MTT assay (Figure
5f), Annexin V-FITC/PI staining (Figure 5g),
scratch test (Figure 6a) and Transwell assay
(Figure 6b) demonstrated that the interference
of miR-7 restored the viability, migration and
invasion and reduced the apoptosis of
circ_0015756-depleted Huh7 and MHCC-97H
cells. The results of Western blot analysis
(Figure 6¢) showed that compared with the sh-
NC + miR-7 inhibitor group, the shcirc_0015756
+ miR-7 inhibitor exhibited reduced expressions
of FAK, Snail-1, Slug and MMP-9, and inhibited

Akt pathway, suggesting the interference of miR-
7 removed the inhibitory effect of FAK, Snail-1,
Slug and MMP-9, and Akt pathway.
Circ_0015756 knockdown suppressed tumor
growth and intrahepatic metastais of HCC
Finally, the finding that circ_0015756 knockdown
inhibited HCC cells in vitro was reproduced in
tumor xenografts of HCC cells. Thirty BALB/c
nude mice were subcutaneously injected with
SMCC7721 cells at 1 x 10° cells per mouse. When
the tumor size reached about 200-300 mm?>, the
mice were injected with either lentivirus particles
containing sh-circ_0015756. The results showed
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Figure 6. Knockdown of circ_0015756 inhibits HCC cell migration and invasion, FAK expressiom and Akt pathway by binding to miR-
7. (a) Cell migration of MHCC-97H and Huh-7 cells was evaluated by scratch test. (b) Cell invasion of MHCC-97H and Huh-7 cells was
evaluated by Transwell assay. (c) The expressions of FAK, Akt, p-Akt, Snail-1, Slug and MMP-9 were determined by Western blotting,
normalized to GAPDH. * p < 0.05, **p < 0.01. The experiments were performed in triplicate and repeated three times. The data were
expressed by mean + SD and were analyzed by one-way ANOVA.

that the mice bearing tumor xenografts of injection with lentivirus particles containing sh-
SMCC7721 cells showed reduced tumor volume  circ_0015756 relative to injection with lentivirus
(Figure 6a-b) and tumor weight (Figure 6¢) after  containing scramble shRNA or without injection of
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were subcutaneously injected with MHCC-97H cells at 1 x 10° cells per mouse. When the tumor size reached about 200-300 mm?, the
mice were injected with either lentivirus particles containing sh-circ_0015756 (sh-circ_0015756 group, n = 10) or scramble shRNA (sh-NC
group, n = 10). The control group consisted of 10 mice bearing tumor xenografts of MHCC-97H cells without treatment of lentivirus
particles. (a) Representative subcutaneous xenotransplanted tumors. (b) Tumor volume. (c) Tumor weight. D-F, The cell suspensions of
MHCC-97H cells were implanted into the left lobe of mouse liver for orthotopic implantation. (d) Representative liver lesions in mice after
orthotopic implantation (n = 10 for each group). (e) Representative views of liver lesions by HE staining (n = 10 for each group). (f) Number
of metastasis nodules (n = 10 for each group). * p < 0.05 and *** p < 0.05 vs. scramble shRNA (sh-NC). The experiments were performed in
triplicate and repeated three times. The data were expressed by mean + SD and were analyzed by one-way or two-way ANOVA.

lentivirus particles (p < 0.05). Next, to study the
effect of circ_0015756 on intrahepatic metastasis of
HCC, orthotopic implantation was performed in 30
BALB/c nude mice. As depicted in Figure 6d-f,
circ_0015756 knockdown suppressed intrahepatic
metastasis of HCC.

Discussion

CircRNAs represent a large class of endogenous, non-
coding RNAs, which function in cellular physiology
with such distinct properties as high stability, and
availability in body fluids, holding promises as mole-
cular diagnostic biomarkers, non-invasive monitors,
prognostic factors, and therapeutic targets [24]. The
growing studies have expanded the number of
circRNAs with aberrant expression in HCC [25-27].
For example, the highly expressed circRNA_100338 in
HCC has been validated to predict an unfavorable

survival rate and facilitated metastatic potential [28].
Importantly, the obtained results of this current study
suggested that the expression of circ_0015756 was
significantly higher in HCC cells than in normal
WRL-68 cells. It is important to note that a previous
expression  profiling study identified that
circ_0015756, upregulated in HCC cells, was proposed
as a miR-1250-3p sponge to mediate hepatoblastoma
progression [9]. In this study, we further investigated
the involvement of circ_0015756 in HCC progression,
and delineated that knockdown of circ_0015756
inhibited HCC cell viability, migration, and invasion
but induced apoptosis in vitro. Additionally,
circ_0015756 knockdown suppressed the tumor for-
mation abilities of HCC cells in vivo.

It has been established that circRNAs are involved
in the modulation of liver homeostasis and disease,
due to their roles in controlling the growth of tissues,
inflammatory responses and cell cycle and apoptosis



[29]. Several circRNAs act as miRNA sponges to reg-
ulate the expression of target genes, thus playing a key
role in the HCC progression [30]. Besides, miRNAs
functions in gene-regulation events via pairing to the
mRNAs of protein-coding genes to repress their
expression [31]. In this study, up-regulation of
circ_0015756 expression might be responsible for the
dysregulation of miR-7 that negatively regulated FAK.
Dual-luciferase reporter assay confirmed that
circ_0015756 could bind to miR-7, and FAK gene
was indeed a target gene of miR-7. A recent study
also reported a circRNA-miRNA-gene axis that hsa_-
circ_0005075 mediated miRNAs including miR-23b-
5p, miR-93-3p, miR-581, miR-23a-5p and their tar-
geted mRNAs, involving in cell adhesion during HCC
development [32]. In addition, a network of circRNA-
miRNA-mRNA has been explored in HCC, the find-
ings of which indicated that circRNA-101,368 directly
bound to miR-200a to attenuate the migration of HCC
cells by regulating high mobility group box 1
(HMGB1) [33]. Moreover, another upregulated
circRNA in HCC tissues, ciRS-7, was found to sponge
miR-7, thus augmenting the HCC development [16].
Based on our findings and those studies, we could
assume a circ_0015756/miR-7/FAK axis may partici-
pate in the regulation of HCC progression.

This study revealed that the expression of
miR-7 was significantly downregulated in HCC
cells. Consistently, a previously conducted study
also provided evidence suggesting that miR-7
was downregulated in HCC tissues versus the
adjacent normal tissues [34]. The gain-of-
function experiments in this study subsequently
showed that the upregulation of miR-7 inhibited
HCC cell viability, migration, and invasion but
induced apoptosis in vitro. Mounting evidence
verified miR-7 as an anti-tumor miRNA in
human HCC through targeting and inhibiting
the expression of oncogenes [13,35]. As a new
functional target of miR-7, FAK was found to be
an oncogene in HCC. Our study proved that
knockdown of FAK repressed HCC cell viability,
migration, and invasion but induced apoptosis
in vitro. A study has suggested that FAK is
a target gene of miR-7, and importantly, rescue
of FAK expression could reverse the inhibitory
role of miR-7 in cell migration and invasion of
breast cancer [18]. On the basis of the study of
Luedde T, FAK could enhance HCC cell motility
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and spreading by interacting synergistically with
miR-151 [36]. Additionally, a newly identified
cirRNA circFNDC3B, which is related to inva-
sion, achieved the tumor suppressive role
through inactivating the SRC/FAK signaling
pathway by sponging miR-1178-3p in bladder
cancer [37]. Furthermore, the present study
demonstrated that FAK-mediated Akt-pathway
was a potential mechanism of miR-7 inhibiting
the progression of HCC. In a study conducted by
Fang et al., miR-7 efficiently blocked the PI3K/
Akt pathway, thus suppressing the tumorigenesis
[38]. FAK was revealed to activate the Akt sig-
naling pathway during the lung metastases in
hepatocellular carcinoma [39]. Besides, in
response to the activation of the FAK/Akt path-
way stimulated by miR-6875-3p, the tumorigen-
esis of HCC in vitro and in vivo was robustly
enhanced [40]. It has been well recognized that
Snail, Slug and MMPs have significant roles to
play in the cancer progression by facilitating
EMT and invasion, including HCC [41,42]. The
activation of the PI3K/Akt/Snaill/E-cadherin
axis was shown to cause significant increase in
breast cancer cell viability and migration [43].
The anti-cancer effects could be realized by inhi-
biting the PI3K/Akt pathway in HCC, as
reflected by reduced MMP-9 expression [44].
Consistently, promoted expression of Slug
through the Akt pathway was shown to acceler-
ate the EMT of hepatoma cells and ultimately
the malignancy of HCC [45]. As a result, a net-
work of miR-7/FAK/Akt may underlie the reg-
ulatory role of circ_0015756 in HCC.

Taken together, the study demonstrates that the
konckdown of circ_0015756 leads to impeding the
HCC development both in vitro and in vivo. Our
study presents a comprehensive understanding of
molecular mechanism in which circ_0015756 sponge
miR-7 to upregulate the expression of FAK, promot-
ing the Akt pathway. This finding reveals novel
insights into mechanisms of circ_0015756-induced
carcinogenicity in HCC, and mRNA, miRNA,
circRNA and pathway are studied. However, due to
the effectiveness of multiple forms of intervention
has not been clearly determined, in this study, only
shRNAs, mimics or inhibitors were applied to per-
turb the expression of involved mRNA, miRNA and
circRNA. Therefore, more effective and specific
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methods perturbing those targets warrant to be
exploited.
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