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Background:  Hepatocellular  carcinoma  (HCC)  is  a commonly  occurring  malignancy  accompanied  by signif-
icant mortality  rates.  More  recently,  extensive  investigations  into  microRNA  (miRNA)  expression  profiles
have  been  conducted  to identify  their  ability  to inhibit  tumors.  Thus,  this  study  explored  the  role  of  miR-
194  in  epithelial-mesenchymal  transition  (EMT),  cell  invasion  and  migration  through  Wnt/�-catenin
signaling  pathway  by binding  to protein  regulator  of cytokinesis  1  (PRC1)  in HCC.
Methods: Initially,  HCC  related  microarray  data  were  retrieved  and  analyzed,  and  regulatory  miRNAs  of
PRC1 were  predicted  accordingly.  Next,  the  roles of miR-194,  PRC1,  and  Wnt/�-catenin  signaling  pathway
in  HCC  were  determined,  with  relationship  between  PRC1  and  miR-194  being  verified  subsequently.  The
role of  miR-194  in  cell  EMT, migration,  proliferation  and  invasion  was  evaluated  through  gain-  and  loss-
function  studies.  Finally,  tumor  xenograft  in nude  mice  was induced  to assess  tumor  growth  of HCC.
Results:  miR-194  affected  HCC  development  in  Wnt/�-catenin  signaling  pathway  with  putative  binding
sites  to  PRC1.  MiR-194  could  target  PRC1.  MiR-194  was  downregulated  while  PRC1  was upreg-

ulated  in  HCC  tissues.  Additionally,  miR-194  elevation  and  PRC1  silencing  could  suppress  EMT,
growth,  proliferation,  invasion,  and  migration  in  HCC  cells by inactivating  Wnt/�-catenin  signaling
pathway.
Conclusion:  Taken  together,  this  study  demonstrated  that  miR-194  inhibited  EMT,  cell  invasion  and
migration  through  inactivation  of PRC1-dependent  Wnt/�-catenin  signaling  pathway.

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

With over half a million new cases diagnosed worldwide every
ear, hepatocellular carcinoma (HCC) is regarded as the fifth most
ommonly occurring tumor in the male population and seventh
mong their female counterparts [1]. The pathogenesis of HCC
ncludes complex interactions of the abnormal activated signaling
athways, infection of hepatitis B virus, environmental and genetic

actors [2,3]. During its early stages, HCC can be treated effectively
y liver transplantation, locoregional treatments and surgical exci-
ion, and targeted molecular therapies have been speculated to be
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capable of providing improved outcome for HCC patients at more
advanced stages [4]. Accumulating reports have highlighted the
potential of microRNAs (miRNAs) for future cancer therapy [5].
Although improved treatment approaches have been achieved over
the past few years, patients suffering from HCC are still faced with
a high risk of mortality due to the poor prognosis, postoperative
recurrence and metastasis associated with HCC, in addition to pri-
mary tumor occurrence and progression [6,7] thus highlighting the
urgent need to identify novel targets for the diagnosis and treat-
ment of HCC.

MiRNAs are small (approximately 22 nt), endogenous, non-
coding RNA molecules that have been linked with the inhibition
of gene expression at post-transcriptional level in a suppressive,
degrading, or transferring fashion, and their abnormal expression

has been detected in a wide variety of cancers [8]. Besides, evidence
has indicated the key regulatory roles of miRNAs in the process of
gene expression, with ability to influence almost the whole field of
cell biology [9]. A recent study has demonstrated that tumor cell
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evelopment is inhibited by miR-361-5p by binding to CXCR6 in
CC [10]. The expression of miR-194 has long been explored in the

iver, with evidence presented highlighting its promise as a hep-
tic epithelial cell biomarker capable of inhibiting cell metastasis
n HCC mice [11]. In the present study, bioinformatics prediction
nd dual luciferase reporter assay were employed in order to verify
he putative binding sites between miR-194 and the 3’untranslated
egions (UTR) of protein regulator of cytokinesis 1 (PRC1). PRC1 is

 protein associated with microtubules and plays a distinct role
n microtubules tissue and cytokinesis [12]. Moreover, the knock-
own of PRC1 has been shown to inhibit bladder and breast cancer
ell growth and proliferation, which provides new insights for novel
nti-cancer therapies [13]. Additionally, PRC1 plays an oncogenic
ole in enhancing tumor formation, transfer, stemness and devel-
pment of early HCC through the Wnt/�-catenin signaling pathway
14]. The Wnt/�-catenin signaling pathway is an important regu-
ator in tumor formation and the size of organ, as well as tissue
omeostasis [15]. Meanwhile, this signaling pathway has been
trongly linked with liver zonation, regeneration, and progression
nd its abnormal activation has been manifested in cancers [16].

 recent study has demonstrated that the Wnt/�-catenin signal-
ng pathway may  function as a therapeutic target in the treatment
f HCC patients [17]. In addition, HCC cell progression is sup-
ressed by destruxin B through regulating epithelial-mesenchymal
ransition (EMT) and inactivation of the Wnt/�-catenin signaling
athway [18]. Therefore, the central objective of the present study
as to investigate the underlying molecular mechanisms of miR-

94, PRC1 and the Wnt/�-catenin signaling pathway in HCC with
he hope of providing a fresh perspective in the search for new
herapeutic strategies for HCC patients.

. Materials and methods

.1. Ethics statement

The study was approved by the Institutional Review Board of
he Third Affiliated Hospital of Sun Yat-Sen University and was per-
ormed in strict accordance with the Declaration of Helsinki. Written
nformed consent documentation was obtained from each partici-
ant.

.2. Microarray-based analysis

HCC expression profiles were retrieved and downloaded from
he Gene Expression Omnibus (GEO) database (https://www.
cbi.nlm.nih.gov/geo/). The limma  package in the R Program-
ing Language was utilized for differential expression analysis
ith the p value < 0.05 and |LogFold Change| >2 as the screen-

ng threshold of differentially expressed genes (DEGs). The
eat map  package was employed in the construction of heat
aps for DEGs. A Venn diagrams online construction website

http://bioinformatics.psb.ugent.be/webtools/Venn/) was  applied
n order to obtain the intersections of the three expression
rofiles. Cancer database of the Kyoto Encyclopedia of Genes
nd Genomes (KEGG) (http://www.kegg.jp/kegg/disease/cancer.
tml) was applied to obtain the known genes related with
CC. Besides, the Search Tool for the Retrieval of Interacting
enes/Proteins (STRING) database (https://string-db.org/) was uti-

ized for correlation analysis between the DEGs and the known
enes. Moreover, a gene interaction network was  constructed using
ytoscape software. StarBase database (http://starbase.sysu.edu.

n/), miRSearch database (https://www.exiqon.com/miRSearch),
iRNApath database (http://lgmb.fmrp.usp.br/mirnapath/tools.

hp), mirDIP database (http://ophid.utoronto.ca/mirDIP/index.
sp#r) and TargetScan database (http://www.targetscan.org/vert
isease 51 (2019) 1314–1322 1315

71/) were all used to predict the regulatory miRNAs of PRC1 and
identify the intersection of the predicted results.

2.3. Study subjects

For 4 years, March 2012 to March 2016, 228 HCC tissues were
resected from patients diagnosed with primary HCC at the Third
Affiliated Hospital of Sun Yat-Sen University. None of those patients
received chemoradiotherapy prior to the operation. The adjacent
normal tissues from the same patients were regarded as the normal
control. The patients consisted of 157 males and 71 females (aged
35–69 years, with a mean age of 51.2 ± 17.6 years), among which
176 patients were confirmed with a history of hepatitis B infection,
12 patients with a history of hepatitis C infection and 8 patients with
a history of both hepatitis B and hepatitis C infection. According to
the Edmondson tumor pathological grading [19], 145 patients were
classified as grades I to II and 83 patients were classified as grades II
to IV. According to the Union for International Cancer Control (UICC)
on tumor-nodes-metastasis (TNM) classification [20], 158 patients
were confirmed to be at stages I to II, and 70 patients were noted to
be at stages III to IV. Patients were included in the study based on the
following criteria: (A) the patients who were pathologically diag-
nosed with primary HCC; (B) the patients who  had complete clinical
data; (C) the patients who  did not have a history of chemother-
apy or radiotherapy treatment. All patients were excluded from
the current study in the event that: (A) the patients who had not
received treatment at the Third Affiliated Hospital of Sun Yat-Sen
University after diagnosis; (B) the patients who received treatment
at any other hospitals; (C) the patients who had been pathologically
diagnosed with carcinoma in situ; (D) the patients who had other
malignancies. The tissue samples were collected from the afore-
mentioned 228 HCC patients and promptly washed with normal
saline. Next, the central parts of the HCC tissues and the adjacent
normal tissues (5 cm away from the HCC tissues) were collected,
placed in a respective manner into the frozen pipe and quickly cry-
opreserved in a liquid nitrogen container at −196 ◦C. This process
must be finished within 10 min. After being sent to the laboratory,
the samples were preserved at −80 ◦C.

2.4. Immunohistochemistry

All the tissue samples were fixed in 10% neutral formalin,
embedded in paraffin, and sliced into 4-�m slices. The slices were
then incubated in an incubator at 60 ◦C for 1 h, dewaxed into three
cylinders containing xylene for 30 min  (10 min  per cylinder), dehy-
drated using gradient alcohol (100%, 95%, 75%, 1 min  each) and
washed under running water for 1 min. The slices were then incu-
bated with 3% H2O2 (84885, Sigma-Aldrich, St Louis, Missouri,
USA) at 37 ◦C for 30 min  in order to block endogenous peroxidase.
After phosphate buffer saline (PBS) washing for 3 min, the slices
were subsequently added with 0.01 M citric acid buffer, boiled
at 95 ◦C for 20 min, cooled to room temperature and sealed with
normal goat serum working solution at 37 ◦C for 10 min. After
this, primary antibody rabbit anti-mouse polyclonal antibody PRC1
(1: 10000, ab51248, Abcam Inc., Cambridge, MA,  UK) was  used
to incubate the slices at 4 ◦C overnight. Subsequently, the slices
were incubated with horseradish peroxidase (HRP)-labeled goat-
anti-mouse immunoglobulin G (IgG) antibody (1: 10000, ab6789,
Abcam Inc., Cambridge, MA,  UK) at room temperature for 30 min.
Then, the slices were visualized with diaminobenzidine (DAB)
(ab64238, Abcam Inc., Cambridge, MA,  USA), counterstained with

hematoxylin and mounted. The PBS served as negative control (NC)
instead of the primary antibody. Five high-power fields (200×, 100
cells per field) were selected randomly from each slice. The scores
were determined based on the percentage of positive cells [21].
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Table 1
Primer sequences for RT-qPCR.

Gene Sequence

miR-194
F: 5′-GCCCGCTGTAACAGCAACTCCAT −3′

R: 5′-GTGCAGGGTCCGAGGT-3′

PRC1
F: 5′-CCTGTGCCTACTTTGCCTGA-3′

R: 5′-CGTGGCTAACACCAAGTCCA-3′ A

�-catenin
F: 5′-TGCCAAGTGGGTGGTATAGAGG-3′

R: 5′-CGCTGGGTATCCTGATGTGC-3

Tcf-4
F: 5′-CGAGGGTGATGAGAACCTGC-3′

R: 5′-CCCATGTGATTCGATGCGT-3′

Wnt3a
F: 5′-CAGGGTGAAGACATGCTGGTG-3′

R: 5′-CGAGGCGCTGTCGTACTTGT-3′

Wnt10b
F: 5′- CGGGTCTCCTGTTCCTGGCGTTG −3′

R: 5′- AGTCAGAGCGAAAGGCTGCAAAGGTC-3′

E-cadherin
F: 5′-TGCTGTTTCTGGTTTCTGTTGG-3′

R: 5′-CCTTCTCCGTATTCTCCTCCCT-3′

N-cadherin
F: 5′-CTCCTATGAGTGGAACAGGAACG-3′

R: 5′-TTGGATCAATGTCATAATCAAGTGCTGTA −3′

GSK3�
F: 5′-GTTGGTAGGAGCTTGGTGCT-3′

R: 5′-AGGTGAAAAGGCAAGGGGAC-3′

GAPDH
F: 5′-AGAAGGCTGGGGCTCATTTG-3′

R: 5′-AGGGGCCATACACAGTCTTC-3′

U6
F: 5′-GTGCTCCCTGCTTCGGCAGCACATATAC-3′

R: 5′-AAAAATATGGAACGCTTCACGAATTTG-3′

Notes: RT-qPCR, reverse transcription quantitative polymerase chain reaction; F: for-
ward, R: reverse; miR-194, microRNA-194; PRC1, protein regulator of cytokinesis
1; Tcf-4, T cell factor-4; Wnt3a, Wingless-type MMTV  integration site family mem-
ber  3 a; Wnt10b, Wingless-type MMTV  integration site family member 10b; GSK3�,
Glycogen synthase kinase 3�; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase.
316 H. Tang et al. / Digestive and 

.5. HCC cell line selection

Human normal hepatocyte L02 was purchased from Shang-
ai Xin Yu Biotech Co., Ltd (Shanghai, China). The HCC cells lines
HepG2, Hep 3B2.1-7, Huh-7 and Li-7) were purchased from the
ell Bank in Shanghai cell biology institute of Chinese Academy
f Sciences (Shanghai, China). The above cells were incubated in a
oswell Park Memorial Institute (RPMI) 1640 medium (Gibco Com-
any, Grand Island, NY, USA) containing 10% fetal bovine serum
FBS), penicillin and streptomycin (100 U/mL each). The cells were
outinely incubated at a constant controlled temperature incuba-
or (DHP-9162, Shanghai Jiecheng laboratory apparatus, Shanghai,
hina) at 37 ◦C with 5% CO2, with the solution replaced at regu-

ar 2 day intervals. Upon cell confluence had reached 80%–90%, the
ells were subcultured. Next, in order to select the most suitable cell
ine, the miR-194 expression was quantified in the third-generation
ells.

.6. Cell grouping and transfection

The cells were assigned into blank (without any transfec-
ion), NC (transfected with miR-194 NC sequence), miR-194

imic  (transfected with miR-194 mimic  sequence), miR-194
nhibitor (transfected with miR-194 inhibitor sequence), siRNA-
RC1 (transfected with siRNA-PRC1 sequence) and miR-194
nhibitor + siRNA-PRC1 (transfected with miR-194 inhibitor and
iRNA-PRC1 sequences) groups. Both Huh-7 and HepG2 cells
t the logarithmic growth were inoculated in a 6-well plate
3 × 105 cells/well) 24 h before transfection. Then, cells were
ransfected when cell confluence had reached 70%. Notably, the
ransfection was performed in accordance with the instructions
f the lipofectamineTM 2000 (11668-019, Invitrogen Inc., New
ork, California, USA). Specifically, 5 �L lipofectamineTM 2000 and

 �L corresponding above-mentioned plasmids (20 �mol) of each
roup were added into 250 �L Opti-MEM

®
I medium (31985070,

uangzhou Bafly Biotechnology Co., Ltd., Guangzhou, China) and
ncubated for 5 min. The solution was mixed in a uniform fashion
nd permitted to stand for a 20-min period until the transfection
eagent mixture had formed. The medium in the 6-well plate was
emoved using a pipette. The cells were then washed three times
sing an Opti-MEM

®
I medium in order to remove the serum. The

repared transfection reagent was added into the 6-well plates. The
ells were cultured for 4 to 6 h and further incubated in medium
ontaining serum. Following a 48 h period, the cells were collected
or further experiments.

.7. Dual luciferase reporter gene assay

The biological prediction website at microRNA.org was
mployed to ascertain whether PRC1 was the direct target gene
f miR-194. Based on the binding sequence between 3′UTR of
RC1 mRNA and miR-194, the target and mutant sequences were
esigned, with the target sequence subsequently chemically syn-
hesized. Both ends of the sequence were added with restriction site
ho I and Not I, with the synthesized fragment being cloned into

he pUC57 vector. Following identification of the positive clones,
ecombinant plasmids were verified via DNA sequencing, which
ere then sub-cloned into psiCHECK-2 vector and transferred into

scherichia coli DH5� cells to amplify plasmids. The plasmids were
xtracted based on the instructions of Omega plasmid mini kit. The
ells were then inoculated into a 6-well plate (2 × 105 cells/well).

fter the cells adhered to the well, the cells were transfected in
ccordance with the aforementioned procedures. The cells were
ollected following incubation for 48 h. Based on the instructions
f the dual luciferase detection kit (GeneCopoeia Inc., German-
town, MD), the effects of miR-194 on the luciferase activity of PRC1
3′-UTR was  examined. The fluorescence intensity was detected
using a Glomax20/20 luminometer (Promega Corporation, Madi-
son, WI,  USA). The experiment in each group was repeated three
times.

2.8. Reverse transcription quantitative polymerase chain reaction
(RT-qPCR)

Total RNA was  extracted from tissues and cells respectively
using the miRNeasy Mini Kit (217004, Qiagen company, Hilden,
Germany). The designed primers of miR-194, PRC1, �-catenin,
T-cell factor (Tcf)-4, Wnt3a, Wnt10b, E-cadherin, N-cadherin,
glycogen synthase kinase 3 (GSK-3�), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and U6 were all synthesized by the Takara
Inc. (Dalian, China) (Table 1). Next, RNA was  reversely transcribed
into complementary DNA (cDNA) in accordance with the instruc-
tions of the PrimeScript RT reagent kit (RR036A,Takara, Dalian,
China). The reverse transcription system (10 �L) was listed as fol-
lows: reverse transcription reaction at 37 ◦C 3 times (15 min  per
time) and reverse transcriptase inactivation reaction at 85 ◦C for
5 s. Reaction liquid was extracted to precede fluorescent quanti-
tative PCR based on the instructions of SYBR

®
Premix Ex TaqTM

II reagent kit (RR820A, Takara, Dalian, China). The 50 �L reaction
system consisted of 25 �L 2 × SYBR

®
Premix Ex TaqTM II, 2 �L PCR

forward primers, 2 �L PCR reverse primers, l �L 50 × ROX Reference
Dye, 4 �L DNA template and 16 �L ddH2O. RT-qPCR detection was
performed using the ABI7500 quantitative PCR instrument (7500,
ABI Company, Oyster Bay, NY, USA) using the following reaction
conditions: pre-denaturation at 95 ◦C for 30 s, 40 cycles of denat-
uration at 95 ◦C for 5 s, annealing and extension at 60 ◦C for 34 s.
U6 was  regarded as the internal control of the relative expression
of miR-194. GAPDH was  considered as the internal control for the

relative expression of PRC1, �-catenin, Tcf-4, Wnt10b, Wnt3a, E-
cadherin, N-cadherin and GSK3�. The experiment was repeated 3
times. The relative expression of target genes was calculated using
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he 2−��Ct method: ��Ct = �Ct HCCgroup − �Ct normalgroup; �Ct = Ct
targetgene) − Ct (internalcontrol).

.9. Western blot analysis

Following 48 h of transfection, total protein from fresh HCC
issues was extracted using the Radio-Immunoprecipitation assay
RIPA) kit (R0010, Beijing Solarbio Technology Co., Ltd., Beijing,
hina). The protein concentration was measured using the bicin-
honinic acid (BCA) method. The protein was then transferred onto
he nitrocellulose membrane by means of electrotransfer follow-
ng electrophoretic separation using 10% sodium dodecyl sulfate
olyacrylamide gel electrophoresis (SDS-PAGE). After blocking
ith 5% skimmed milk powder (dissolved by Tris-buffered saline

TBS]) at room temperature for 1 h, the membrane was  incubated
vernight at 4 ◦C with the addition of diluted primary antibodies
abbit-anti PRC1 (1: 1000, ab140033), �-catenin (1: 4000, ab6302),
cf-4 (1: 1000, ab185736), Wnt3a (1: 1000, ab28472), Wnt10b (1:
000, ab70816), E-cadherin (1: 500000, ab76319), N-cadherin (1:
000, ab18203), GSK3� (1: 5000, ab32391) and p-GSK3� (1: 1000,
b75745). All these antibodies were purchased from the Abcam
nc. (Cambridge, MA,  USA). Afterwards, the membrane was rinsed
hree times using a TBS + Tween 20 (TBST) (10 min  per time),
ollowed by incubation with HRP-labeled goat-anti-mouse IgG
ntibody (1: 3000, ab6721, Abcam Inc., Cambridge, MA,  USA). Next,
he proteins were visualized by enhanced chemiluminescence
ECL) reagent (WBKLS0500, Pierce, Rockford, IL, USA). After being
eveloped in a dark place, the membrane was photographed and
he results were observed.

.10. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
romide (MTT) assay

Following a 48 h period of transfection, the cells were re-
uspended and collected for cell counting purposes. The cells were
hen inoculated into a 96-well plate (4 × 103 cells/well, 200 �L per
ell) and cultured in an incubator. Each group was  repeated in

 wells. Three time points (24 h, 48 h and 72 h) were set for the
ollowing experiment. After 20 �L MTT  solution was added into
ach well, the cells were further cultured at 37 ◦C for 4 h, and the
ulture was then terminated. After cautiously removing the cul-
ure supernatant in each well, cells in each well were added with
50 �L dimethyl sulfoxide (DMSO) and gently shaken on a horizon-
al table for 10 min  to fully dissolve crystal. The optical density (OD)
t 570 nm of each well was measured using a microplate reader
NYW-96 M,  Peking Nuoya Wei  Instrument Co., Ltd., Beijing, China).
he experiment was repeated 3 times. The cell growth curve was
lotted with the time points as the abscissa and the OD values as
he ordinate.

.11. Scratch test

Following 48 h of transfection, the cells were seeded into a 6-
ell plate. After cells adhered to the well, the cells were cultured

nto a serum-free Dulbecco’s Modified Eagle’s Medium (DMEM).
hen cell confluence reached 90%–100%, a 10 �L micropipette

ead was utilized to carefully create vertical scratches on the bot-
om of the 6 well-plate (5 to 6 scratches per well with the same
idth). The cells were then washed three times with PBS to remove

he scratched cells. The 6-well plate was subsequently cultured in
n incubator. At 0 and 24 h after scratching, several fields were ran-

omly selected. An inverted microscope was applied to observe
he migration distance in cell scratch area and then photographed.
ach group was set with 3 duplicate wells and the experiment was
epeated 3 times.
isease 51 (2019) 1314–1322 1317

2.12. Transwell assay

The initial step for the Transwell assay was to transfer Matrigel,
which was stored at −20 ◦C, to a separate location at 4 ◦C in order
to thaw. The Matrigel was then diluted using serum-free DMEM
at a ratio of 1: 2 on ice and uniformly mixed. About 20 �L of
Matrigel was  added dropwise on the membrane and incubated at
37 ◦C for 45 min  and exposed to ultraviolet light for 45 min. Fol-
lowing 48 h of transfection, the cells were starved in a serum-free
medium for 24 h, detached with trypsin, and re-suspended with
serum-free DMEM following routine detachment. Following the
detachment period, the apical chamber of the Transwell was added
with 1.0 to 1.5 × 105 cells (cell volume <200 �L) and the basolat-
eral chamber was  added with 500 �L DMEM containing 10% FBS.
The apical chamber of the Transwell was subsequently placed into
the basolateral chamber. Due to the possibility of bubbles influenc-
ing the experiment results, extensive efforts were made in order
to avoid the formation of bubbles between the medium and mem-
brane. After a 24 h period, the apical chamber of the Transwell was
removed and the cells on the membrane were removed using cot-
ton swabs. After slight drying, the membrane was stained with 0.1%
crystal violet for 15 min, washed gradually under running water,
and photographed under a microscope. If the experiment permit-
ted, the membrane was faded with 500 �L 33% acetic acid solution.
Finally, the OD value was measured and statistically analyzed.

2.13. Tumor xenograft in nude mice

A total of 36 BALB/c nude mice (4 weeks old, weighing 14 to 16 g,
half male and half female) were purchased from the Experimental
Animal Center of Chinese Academy of Sciences (Shanghai, China).
The selected HCC cells were then inoculated into a 24-well plate.
When cell confluence reached 20%, lentivirus containing luciferase
was added into the serum-free medium according to multiplicity of
infection (MOI = 10). Following 12 h of transfection, the cells were
further cultured in a serum medium for 48 h. The cells were har-
vested after screening with puromycin for 96 h in order to amplify
and establish HCC cell lines stably expressing luciferase. A total
of 1 × 104 HCC cells that stably expressing luciferase were plated
into a 24-well plate, with fluorescein (final concentration at 150
ug/mL) added into each well. Cell luciferase intensity was  detected
using the Whole-Body Imaging System. A total of 36 mice were
assigned into 12 groups (two cell lines, each cell line for the blank,
NC, miR-194 mimic, miR-194 inhibitor, siRNA-PRC1 and miR-194
inhibitor + siRNA-PRC1 groups) with 3 mice per group. The nude
mice were acclimatized for one week. The transfected cells were
made into 4 × 107 cells/mL cell suspension for further use. The nude
mice were intraperitoneally injected with pentobarbital sodium,
and fixed on the operation table under a super clean sterile bench.
Then mice were sterilized by iodine and covered with aseptic tow-
els. The abdominal wall of the mice was cut open to expose the liver,
and 25 �L of cell suspension (1 × 106) was  injected under the liver
capsule using a micro injector. The abdominal wall was then grad-
ually sutured using 2 �L medical adhesive to seal the pinhole. The
nude mice were continually observed until they had recovered from
the effects of anesthesia. Following transplantation, the nude mice
underwent bioluminescent living imaging once a week and were
permitted with free access to food for 4 weeks. Before imaging, the
nude mice were intraperitoneally injected with 0.1 mL  15 mg/mL
fluorescein and granted freedom to move for 10 min. With anes-
thesia maintained with constant isoflurane, in vivo fluorescence
imaging was  performed under the Lumina II imaging system to

observe the tumor growth of nude mice. After a 4 week period,
the nude mice were euthanized. Liver tissues in addition to any
potentially metastatic lymph node tissues were resected and fixed
into 4% neutral formaldehyde overnight. The tissues were embed-
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Fig. 1. Microarray-based analysis indicates that miR-194 regulates HCC through the Wnt/�-catenin signaling pathway by binding to PRC1. A and B, heat maps of DEGs in HCC
expression profiles. X-axis represents sample number and Y-axis represents gene names, dendrogram in the left represents gene expression cluster, each cube represents
the  expression of a gene in a sample, upper right histogram is color gradation, C, the expression of PRC1 on HCC expression profile GSE89377. X-axis represents the sample
type  and Y-axis represents the expression of PRC1, box plot in the left represents PRC1 expression in the normal sample and box plot in the right represents PRC1 expression
in  the HCC samples, p value was on the top left corner. D, Venn analysis of the first 100 genes in 3 HCC expression profiles, 3 circles with different colors represent DEGs in 3
HCC  expression profiles, cross region represents their interaction and the middle part is their intersection. E, protein interactive network, each ellipse represents a gene and
lines  connecting these ellipses represents interaction exists in two  genes, periphery green ellipse represents HCC DEGs obtained from microarray analysis and periphery red
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RC1, protein regulator of cytokinesis 1; HCC, hepatocellular Carcinoma; KEGG, Kyo

ed with paraffin at an interval of 50 �m,  cut into 10 sheets of
 �m serial sections, which were then stained with hematoxylin
nd eosin (HE). The total number of metastasized tumors on each
ection was observed under a microscope with tumor volume mea-
ured accordingly.

.14. Statistical analysis

All data analysis was performed using SPSS 21.0 software (IBM
orp. Armonk, NY, USA). Measurement data were presented as the
ean ± standard deviation. The enumeration data were examined

sing chi–square test. Comparisons between HCC tissues and adja-
ent normal tissues were performed using a paired t-test. Besides,
omparison between two groups was analyzed by independent
ample t-test, while comparison among multiple groups was  ana-
yzed using one-way analysis of variance (ANOVA). p < 0.05 was
onsidered to be statistically significant.

. Results

.1. MiR-194 plays a regulatory role in HCC through

RC1-mediated Wnt/ˇ-catenin signaling pathway

HCC-related expression profiles GSE45267, GSE62232 and
SE89377 were retrieved from the GEO database. A total of 286, 230
 yellow represents interactive genes with PRC1. F, predicted results on regulatory
tabases and the middle part represents their intersection. miR-194, microRNA-194;
cyclopedia of Genes and Genomes; DEGs, differentially expressed genes.

and 425 DEGs were obtained respectively by differential expres-
sion analysis in the three expression profiles of the HCC samples
and normal samples. The expression heat maps of 50 DEGs in
GSE45267 and GSE62232 are depicted in Fig. 1 A–B. The expression
of the candidate gene PRC1 in GSE89377 is illustrated in Fig. 1C.
In order to further select HCC-related genes, the intersection of
the top 100 DEGs from these three expression profiles was deter-
mined to construct a Venn histogram (Fig. 1 D), with 20 genes
found to be located in the intersecting region. The “hepatocellu-
lar carcinoma” was  also retrieved in the KEGG database and known
HCC-related genes (H00048) were obtained. Association analysis
of the DEGs in the intersection with known HCC-related genes in
the KEGG database was  performed after which the protein interac-
tive network was constructed (Fig. 1 E). The results revealed that
the majority of known genes in the KEGG database were located
at the center of the protein interactive network. Among the 20
DEGs, TOP2A and PRC1 were located at a relatively central area and
were observed to interact with most of the other known genes.
Further information retrieval regarding these two genes impli-
cated TOP2A in the development of HCC [22–24]. The effect of

PRC1 on HCC at present has been insufficiently investigated. The
analysis of the three HCC expression profiles revealed that the
expression of PRC1 was  noticeably up-regulated among the HCC
samples (Fig. 1 A-C). Hence, PRC1 was selected as the subject of fol-
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F PRC1 expression. * p < 0.05 compared with adjacent normal tissues. miR-194, microRNA-
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Table 2
The expression of miR-194and PRC1 is associated with the progression of HCC.

Clinicopathological features Case miR-194 p PRC1 p

Age (Years) 0.428 0.355
<51  115 0.42 ± 0.09 6.68 ± 1.12
≥51 113 0.43 ± 0.10 6.54 ± 1.16

Gender 0.428 0.742
Male 124 0.42 ± 0.09 6.59 ± 1.08
Female 104 0.43 ± 0.10 6.64 ± 1.21

HBsAg <0.001 <0.001
Yes  135 0.38 ± 0.06 7.28 ± 0.86
No 93 0.49 ± 0.09 5.64 ± 0.73

Tumor differentiation <0.001 <0.001
Low and middle differentiation 145 0.38 ± 0.04 7.24 ± 0.82
High differentiation 83 0.51 ± 0.11 5.51 ± 0.68

TNM stage 0.001 <0.001
I–II  stage 158 0.46 ± 0.10 6.20 ± 0.99
III–IV stage 70 0.42 ± 0.04 7.53 ± 0.89
ig. 2. HCC exhibits down-regulated miR-194 expression along with up-regulated 

94;  PRC1, protein regulator of cytokinesis 1; HCC, hepatocellular carcinoma.

owing experiments. Recent investigations of HCC have indicated
hat the Wnt/�-catenin signaling pathway plays an important reg-
latory role in its development [25–27]. PRC1 has been revealed
o affect tumor progression through the Wnt/�-catenin signaling
athway [28,29]. Collectively, the results obtained and the reports
eviewed implied the effect of PRC1 on HCC, which was achieved
hrough the Wnt/�-catenin signaling pathway. In order further elu-
idate the upstream regulatory mechanism of PCR1, StarBase and
ther databases were employed to predict the regulatory miRNAs
f PRC1, and the intersection of the predicted results was obtained
Fig. 1 F). A large number of miRNAs were predicted in the mirDIP
nd TargetScan databases, while relatively few were identified from
he remaining three databases. Therefore, the top 100 miRNAs
rom the predicted results in the mirDIP and TargetScan databases
ere selected for analysis. The results demonstrated that only one
iRNA found in the intersection of the five databases, namely miR-

94. These findings provided evidence that miR-194 might regulate
CC through the Wnt/�-catenin signaling pathway by targeting
RC1.

.2. MiR-194 is decreased while PRC1 is increased in HCC

Statistical results from 228 HCC tissues and adjacent normal
issues demonstrated that the expression of miR-194 in HCC tis-
ues was lower than that of the adjacent normal tissues while
he expression of PRC1 was observed to be higher than those of
he adjacent normal tissues in HCC (both p < 0.05) (Fig. 2). The
xpression of miR-194 and PRC1 was both noted to be associ-
ted with HBsAg, differentiation degree of tumors and TNM stage
all p < 0.05), while no significant difference was found in age
nd gender of the patients (both p > 0.05) (Table 2). The findings
emonstrated that miR-194 was down-regulated while PRC1 was
p-regulated in HCC.

.3. HCC has a higher PRC1 positive expression

Immunohistochemistry was applied to detect the positive rate
f PRC1 protein, the results of which (Fig. 3) demonstrated that
RC1 could be detected in both the cytoplasm (brown yellow)
nd nucleus (brown) of HCC cells. The positive rate of the PRC1
rotein in adjacent normal tissues was 28.46 ± 3.02%, which was
arkedly lower than the 65.35 ± 6.36% detected in the HCC tissues

p < 0.05). Taken together, the aforementioned results revealed that
CC exhibited an elevated positive rate of PRC1 protein.

.4. MiR-194 targets PRC1
The bioinformatics online software and a dual luciferase
eporter gene assay were conducted to predict and verify the target-
ng relationship between miR-194 and PRC1. The results of online
Notes: miR-194, microRNA-194; PRC1, protein regulator of cytokinesis 1; HCC, hep-
atocellular carcinoma; TNM, tumor-nodes-metastasis.

analysis software revealed that the PRC1 gene sequence and miR-
194 sequence had specific binding sites, and PRC1 was shown to
be a target gene of miR-194 (Fig. 4 A). The dual luciferase reporter
gene assay indicated (Fig. 4 B) that when compared to that of the NC
group, the wild type (Wt)-miR-194/PRC1 co-transfected group dis-
played diminished luciferase activity (p < 0.05), while no significant
difference was  observed in the mutant type (Mut)-miR-194/PRC1
co-transfected group (p > 0.05). These findings showed that miR-
194 could specifically bind to PRC1.

3.5. HCC cell lines HepG2 and Huh-7 show upregulated PRC1
expression

After determining that miR-194 targets PRC1, the next step was
to analyze the PRC1 expression in the HCC cell lines. HCC cell lines
with higher PRC1 expression were selected from HepG2, Hep 3B2.1-
7, Huh-7 and Li-7 through RT-qPCR. The results revealed that PRC1
expression was  largely varied among the HCC cell lines relative to
human normal hepatocyte L02 (Supplementary Fig. 1). HepG2 and
Huh-7 cell lines showed higher expression of PRC1 than Hep 3B2.1-
7 and Li-7 cell lines (all p < 0.05). Therefore, HCC cell lines HepG2
and Huh-7 were selected for subsequent experiments.

3.6. Overexpressed miR-194 downregulates PRC1, inhibits EMT
and inactivates the Wnt/ˇ-Catenin signaling pathway

RT-qPCR was  applied to measure the expression of miR-194

along with the mRNA expression of PRC1, �-catenin, Tcf-4, Wnt3a,
Wnt10b, E-cadherin, N-cadherin and GSK3� in HCC cells. The
results highlighted a similar trend regarding the Huh-7 and HepG2
cell lines (Supplementary Fig. 2 A-B). No significant difference
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Fig. 3. HCC exhibits increased PRC1 positive expression rate. A, PRC1 expression in HCC tissues and adjacent normal tissues, which was  detected through immunohisto-
chemistry (×200). B, positive rate of PRC1 protein in HCC tissues and adjacent normal tissues. *, p < 0.05 compared with adjacent normal tissues; PRC1, protein regulator of
cytokinesis 1; HCC, hepatocellular carcinoma.
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ig. 4. PRC1 is a target gene of miR-194. A, predicted binding site of miR-194 on PRC1
ene  assay. * p < 0.05 compared with the NC group. miR-194, microRNA-194; PRC1
egions; NC, negative control; wt, wild type; mut, mutant type.

as detected in the blank and NC groups in the expression of
bove-mentioned factors (all p > 0.05). When compared to that of
he blank and NC groups, the miR-194 mimic  and siRNA-PRC1
roups exhibited significantly downregulated mRNA expression of
RC1, �-catenin, Tcf-4, Wnt3a, Wnt10b, N-cadherin and GSK3�,
ccompanied by increased mRNA expression of E-cadherin (all

 < 0.05). Furthermore, the miR-194 mimic  group exhibited an
ncrease in miR-194 expression, (p < 0.05) while no obvious differ-
nce in regard to miR-194 was observed in the siRNA-PRC1 group
p > 0.05) when compared to that of the blank and NC groups. Rel-
tive to that of the blank and NC groups, the miR-194 inhibitor
roup showed elevated mRNA expression of PRC1, �-catenin, Tcf-
, Wnt3a, Wnt10b, N-cadherin and GSK3�, while mRNA expression
f E-cadherin was shown to be significantly decreased (all p < 0.05).
esides, the miR-194 inhibitor + siRNA-PRC1 group demonstrated

 drop in miR-194 expression (p < 0.05), and no notable change in
he mRNA expression of PRC1, �-catenin, Tcf-4, Wnt3a, Wnt10b,
-cadherin, N-cadherin and GSK3� was detected (all p > 0.05).

Western blot analysis was subsequently performed in order
o measure protein expression of PRC1, �-catenin, Tcf-4, Wnt3a,

nt10b, E-cadherin, N-cadherin, GSK3� as well as the extent
f GSK3� phosphorylation. The results obtained indicated there

ere similar trends in the protein expression of above-mentioned

actors in the Huh-7 and HepG2 cell lines (Supplementary Fig.
A–D). No statistical difference in regard to the protein expres-
ion of the above-mentioned factors was noted in the blank and
R. B, luciferase activity of PRC1 wt and PRC1-mut detected by dual luciferase reporter
ein regulator of cytokinesis 1; HCC, Hepatocellular Carcinoma; UTR, untranslated

NC groups (all p > 0.05). When compared to that of the blank and
NC groups, the miR-194 mimic  and siRNA-PRC1 groups exhibited a
decrease in the protein expression of PRC1, �-catenin, Tcf-4, Wnt3a,
Wnt10b, N-cadherin, and GSK3� as well as the extent of GSK3�
phosphorylation, accompanied by elevated protein expression of
E-cadherin (all p < 0.05). Furthermore, versus the blank and NC
groups, the protein expression of PRC1, �-catenin, Tcf-4, Wnt3a,
Wnt10b, N-cadherin, and GSK3� as well as the extent of GSK3�
phosphorylation was  all increased while that of E-cadherin was
decreased in the miR-194 inhibitor group (p < 0.05). No signifi-
cant difference was found in regard to the protein expression of
PRC1, �-catenin, Tcf-4, Wnt3a, Wnt10b, E-cadherin, N-cadherin,
and GSK3� as well as the extent of GSK3� phosphorylation in
the miR-194 inhibitor + siRNA-PRC1 group (all p > 0.05). Taken
together, a conclusion was  reached suggesting that when miR-194
was upregulated, PRC1 was decreased, EMT  was suppressed and
the Wnt/�-catenin signaling pathway was inhibited.

3.7. Up-regulation of miR-194 or down-regulation of PRC1
inhibits cell proliferation in HCC

MTT  assay was  conducted in order to detect the viability of HCC

cells. The results (Supplementary Fig. 4) revealed that Huh-7 and
HepG2 cells had the same tendency. There was no obvious dif-
ference among the miR-194 inhibitor + siRNA-PRC1, blank group
and NC group concerning cell viability (all p > 0.05). When com-
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ared with the blank and NC groups, HCC cell viability was shown
o decrease in the miR-194 mimic  and siRNA-PRC1 groups but
ncrease in the miR-194 inhibitor group (all p < 0.05). These results
ndicated that the up-regulation of miR-194 or down-regulation of
RC1 plays a significant role in decreasing cell proliferation in HCC.

.8. Up-regulation of miR-194 or down-regulation of PRC1
educes cell migration in HCC

A scratch test was applied in order to measure cell migration
n HCC. Results indicated that Huh-7 and HepG2 cells had the
ame trend (Supplementary Fig. 5A-D). Cell migration did not dif-
er greatly between the blank and NC groups (p > 0.05). Compared
ith the blank and NC groups, the miR-194 mimic  and siRNA-PRC1

roups demonstrated reduced cell migration ability while the miR-
94 inhibitor group exhibited a marked increase in cell migration
bility (all p < 0.05). No significant difference was  detected in regard
o the cell migration ability in the miR-194 inhibitor + siRNA-PRC1
p > 0.05). These findings demonstrated that overexpressed miR-
94 or silenced PRC1 decreased cell migration in HCC.

.9. Up-regulated miR-194 or down-regulated PRC1 represses cell
nvasion in HCC

Transwell assay was performed in order to determine cell inva-
ion in HCC. The results obtained highlighted a similar trend
etween the Huh-7 and HepG2 cells (Supplementary Fig. 6 A–D).
o significant difference was observed in the cell invasion ability
etween the blank and NC groups (p > 0.05). When compared to that
f the blank and NC groups, the miR-194 mimic  and siRNA-PRC1
roups displayed reduced cell invasion ability, while the miR-194
nhibitor group exhibited notably elevated cell invasion ability (all

 < 0.05). No significant difference was detected in the cell invasion
bility in the miR-194 inhibitor + siRNA-PRC1 group in comparison
ith the blank and NC groups (both p > 0.05). The results indicated

hat miR-194 up-regulation or PRC1 down-regulation contributed
o decreased cell invasion ability in HCC.

.10. Up-regulated miR-194 or silenced PRC1 suppresses tumor
rowth of HCC in vivo

The tumor xenograft was induced in nude mice in order to
ssess tumor growth of HCC, the results of which highlighted a
imilar trend regarding the Huh-7 cells and HepG2 cells (Supple-
entary Fig. 7A–D). Compared with the blank and NC groups, the
iR-194 mimic  and siRNA-PRC1 groups exhibited reduced tumor

olume as well as a decline in the number of metastatic lymph
odes which was accompanied by a slow growth rate (all p < 0.05),
hile the miR-194 inhibitor group exhibited an increase in tumor

olume along with an elevated number of metastatic lymph nodes,
ccompanied with a rapid growth rare (all p < 0.05). No significant
ifference was  found in the miR-194 inhibitor + siRNA-PRC1 group

n comparison with the blank and NC groups (p > 0.05). The results
llustrated that tumor growth was reduced in HCC in response to

iR-194 elevation or PRC1 reduction.

. Discussion

HCC remains one of the foremost leading causes of cancer
elated deaths worldwide, accompanied with a poor prognosis in
oth developed and developing countries, with its etiology and
ccurrence often linked with the rising incidence of hepatitis B

nd C infection [4]. Although widely viewed as an auxiliary treat-
ent approach, liver surgical excision and diagnosis at an early

tage has achieved some progress, however HCC patients still suf-
er from a worse prognosis and run the high risk of postoperative
isease 51 (2019) 1314–1322 1321

recurrence due to high cell invasion and migration [30]. Accumu-
lating evidence has highlighted the abnormal expression of certain
miRNAs, which play a regulatory role in a variety of processes of
cancer development, such as tumor formation, cell migration and
proliferation, by regulating the expression of oncogenes or cancer
suppressors [31]. Thus, the current study set out to investigate the
role of miR-194 in HCC. The data obtained from the present study
revealed that up-regulation of miR-194 was shown to inhibit EMT,
cell invasion and migration ability through downregulating PRC1
and inactivating the Wnt/�-catenin signaling pathway in HCC.

The key observations of the study revealed that miR-194 was
poorly expressed, while PRC1 was  highly expressed in HCC. Exist-
ing studies have established the aberrant expression of miRNAs in
HCC, for instance, miR-127 has been reported to exhibit decreased
levels of expression in HCC cell lines and tissues [32]. Furthermore,
a recent study has also suggested the diminished miR-448 expres-
sion in HCC, the loss of which leads to enhanced cell invasion and
EMT through modulating ROCK2 in HCC [33]. Consistent with our
findings, the down-regulation of miR-194 has been found in gas-
tric cancer tissues and its knockdown has been directly linked with
tumor node metastasis, tumor invasion [34]. At the same time, a
recent study has revealed that PRC1 is elevated in gastric cancer
and its up-regulation promotes tumor growth, cell invasion, migra-
tion and proliferation [13]. The overexpression of PRC1 has been
demonstrated to inhibit 5-FU-induced G2/M phase arrest, decrease
5-FU-induced apoptosis and elevate chemical resistance in HCC
cells, which ultimately leads to a poor survival rate of patients with
HCC [12]. These results were consistent with the findings of the
current study, whereby miR-194 was  noted to be down-regulated
while PRC1 was  up-regulated in HCC.

Furthermore, the obtained data suggested the overexpression of
miR-194 and the silencing of PRC1 resulted in the reduced expres-
sion of PRC1, �-catenin, Tcf-4, Wnt3a, Wnt10b, N-cadherin and
GSK3�, accompanied by increased E-cadherin expression, indicat-
ing that miR-194 elevation and PRC1 silencing could inhibit EMT
and inactivate the Wnt/�-catenin signaling pathway. EMT, a sig-
nificant part in tumor development, has been reported to undergo
alterations during the interaction between cell and matrix, cell and
cell, cell activity as well as anchorage that permits invasion and
migration of cells [6]. It has been indicated that miR-194 acts to
restrain EMT  in endometrial cancer cells via binding to carcino-
gene BMI-1 [35]. A recent study has indicated similar situation
that miR-26a restrains EMT  by suppressing the enhancer of zeste
homolog 2 in HCC cells [36]. In addition, the overexpression of miR-
200a contributes to reduced tumor progression and EMT  through
inactivating the Wnt/�-catenin signaling pathway and elevating
E-cadherin via binding to ZEB1 and ZEB2 in gastric adenocarci-
noma [37]. These findings were in consistence with the results of
the current study, whereby miR-194 restrained EMT, cell prolifer-
ation, invasion and migration by inhibiting PRC1 expression and
suppressing the Wnt/�-catenin signaling pathway in HCC.

Furthermore, up-regulated miR-194 or silenced PRC1 sup-
presses tumor growth and lymph node metastasis of HCC in vivo.
PRC1 knockdown has been proven to inhibit invasion and prolifer-
ation in lung cancer cells and suppress tumor formation by cutting
off cytokinesis [38]. Abnormally activated Wnt/�-catenin signal-
ing pathway has been found in various cancers and its inactivation
inhibits stem cell formation, tumor cell development and viability
in osteosarcoma [39]. Furthermore, cell invasion and migration are
restrained by miR-214-5p through binding to Wiskott-Aldrich Syn-
drome Like in HCC cells [40]. All these findings were in line with
our data which demonstrated that miR-194 inhibited tumor pro-

gression through downregulating of PRC1 and inactivation of the
Wnt/�-catenin signaling pathway in HCC.

In conclusion, the key findings of this study revealed that
miR-194 repressed EMT, cell proliferation, invasion and migration
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hrough PRC1 downregulation and inactivation of the Wnt/�-
atenin signaling pathway in HCC (Supplementary Fig. 8). These
ndings may  shed new lights for developing possible strategies in
he HCC treatment. It is expected that further studies concerning
he mechanism of miR-194, PRC1 and the Wnt/�-catenin signal-
ng pathway in other cancer types will be conducted in the future.

hether the mechanism involved with miR-194 affecting EMT  of
CC via the Wnt/�-Catenin signaling pathway is only associated
ith PRC1 or associated with both PRC1 and PRC1-mediated BMI-1
ould be further explored.
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