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Abstract. �������������������������������������������������Hepatocellular carcinoma (HCC) is a common malig�
nant tumor worldwide with high morbidity and high mortality 
rates. Previous studies have demonstrated that cytoskeleton regu�
lator RNA (CYTOR) plays critical roles in the tumorigenesis of 
various types of cancer. The present study aimed to investigate the 
clinical significance, biological function and molecular mecha�
nism of CYTOR in the progression of HCC. The expression level 
of CYTOR was determined by reverse transcription quantitative 
PCR in HCC tissues and cell lines. The biological function of 
CYTOR was investigated using CCK‑8 assay, EdU immuno�
fluorescence, western blotting and TUNEL assay in vitro. A 
xenograft tumor model and immunohistochemistry were used to 
validate the role of CYTOR in vivo. The downstream targets of 
CYTOR and micro‑RNA (miR)‑125b were confirmed by RNA 
immunoprecipitation assay and luciferase reporter assays. The 
results demonstrated that CYTOR was significantly increased in 
HCC tissues compared with non‑tumor tissues and that CYTOR 
expression was associated with the poor prognosis of patients 
with HCC. Furthermore, CYTOR silencing could inhibit the 
proliferation and promote the apoptosis of HCC cells. CYTOR 
overexpression had the opposite effects. The results from in vivo 
xenograft demonstrated that CYTOR knockdown suppressed 
tumor growth. In addition, CYTOR could directly interact 
with and negatively regulate miR‑125b. Furthermore, sema�
phorin 4C (SEMA4C) was the target of miR‑125b and CYTOR 
regulated SEMA4C expression by modulating miR‑125b. Taken 
together, the findings from the present study demonstrated that 
CYTOR could promote cell proliferation and tumor growth 
by sponging miR‑125b and upregulating SEMA4C, which 
suggested that CYTOR may act as a potential therapeutic target 
in HCC.

Introduction

Hepatocellular carcinoma (HCC) is one of the most common 
hepatic malignancies and remains the leading cause of 
cancer‑associated mortality worldwide (1,2). Surgical resection 
has been considered as the most effective therapeutic option 
for patients with HCC; however, it may produce new metas�
tases and promote the growth of existing micro‑metastasis (3). 
It is therefore crucial to determine the molecular mechanisms 
underlying HCC and develop novel efficient therapeutic strate�
gies for HCC.

A large part of human genomes cannot encode proteins 
and most of the transcripts are non‑coding RNAs. Long 
non‑coding RNAs (lncRNAs) are defined as highly conserved 
transcripts of >200 nucleotides in length that are not translated 
into proteins ( 4). lncRNAs, as novel epigenetic regulatory 
molecules, are implicated in various cellular and biological 
processes, and the abnormal expression of lncRNAs are 
closely associated with tumorigenesis, metastasis and apop�
tosis by competing for corresponding miRNAs (5). Research 
on the functional role and molecular mechanisms of lncRNAs 
have provided a new insight for cancer therapies. Recent 
studies reported that some lncRNAs are key regulators in 
HCC (6,7). For example, the expression of the lncRNA SOX9 
antisense RNA  1 ( SOX9‑AS1) is increased in HCC and 
might have a prognostic significance in patients with HCC. 
Furthermore, SOX9‑AS1 can facilitate HCC progression and 
metastasis through Wnt/β‑catenin pathway (8). In addition, 
the lncRNA DSCAM antisense RNA 1 is upregulated in 
HCC and can accelerate the progression of HCC via sponging 
micro‑RNA (miR)‑338‑3p (9). A previous study identified the 
functional lncRNA cytoskeleton regulator RNA (CYTOR), 
also known as Linc00152, which is situated on human chromo�
some 2p11.2 and which abnormal expression is related to the 
inflammatory response and apoptosis (10). Previous studies 
have reported that CYTOR plays a pivotal role in the devel�
opment of various cancers, including colorectal cancer (11), 
breast cancer (12) and lung cancer (13), in which it functions 
as an oncogenic lncRNA. However, the biological role and 
underlying mechanism of CYTOR in HCC cell proliferation 
and apoptosis remain unknown.

The present study determined CYTOR expression in HCC 
tissues and its correlation with the clinicopathological char�
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acteristics of patients with HCC. The effects and molecular 
mechanism of CYTOR on HCC cell proliferation, apoptosis 
and tumor growth were also investigated. The findings from 
the present study may accelerate the understanding of HCC 
pathogenesis and the development of effective therapies.

Materials and methods

Clinical samples. HCC tumor tissues (n=78) and adjacent 
non‑tumor tissues (n=78) were collected from patients with 
HCC who underwent hepatectomy at Tianjin First Central 
Hospital between February 2019 and February 2020. The 
histopathological diagnosis was performed according to the 
Tumor‑Node‑Metastasis Staging Guide ( 14) (based on the 
extent of the tumor, the extent of spreading to lymph nodes 
and the presence of metastasis). The samples were immedi�
ately frozen and stored at ‑80˚C. None of the patients enrolled 
in this study had received any preoperative chemotherapy or 
radiotherapy prior to surgery. The clinicopathological charac�
teristics of the patients are described in Table I. All patients 
have signed written informed consents for the use of their 
tissues in this research. The protocol was approved by the 
Clinical Research Ethics Committee of Tianjin First Central 
Hospital (approval no. 2019N013YY).

The Cancer Genome Atlas (TCGA) program. The gene expres�
sion profiles of 180 patients with HCC, including 180 pairs of 
tumor and adjacent non‑tumor tissues, were download from 
the TCGA dataset (http://www.oncolnc.org/). The survival 
analysis of CYTOR was visualized by GraphPad Prism 
version 6.0 software (GraphPad Software Inc.)

Cell lines and cell culture. The normal adult liver epithe�
lial THLE‑2 cell line and the human HCC cell lines Huh7, 
MHCC97‑L, MHCC97‑H and SK‑Hep‑1 were obtained from The 
Cell Bank of Type Culture Collection of The Chinese Academy 
of Sciences. The cells were cultured in Dulbecco's Modified 
Eagle's Medium (DMEM; Gibco, CA, USA) supplemented with 
10% FBS (Gibco; Thermo Fisher Scientific, Inc.), 100 mg/ml 
streptomycin and 100 U/ml penicillin (Invitrogen; Merck KGaA) 
and placed at 37˚C in a humidified incubator containing 5% CO2.

Transient transfection. To suppress CYTOR expression, the 
short hairpin (sh)RNAs targeting CYTOR (sh‑CYTOR) were 
inserted into pLKO.1 plasmid (GenePharma Co., Ltd.) and 4 µg 
sh‑CYTOR were transfected into Huh7 cells. Scramble shRNA 
was used as control (sh‑NC). The target sequences of CYTOR 
shRNAs were as follow: sh#1: CTGGAAACCTCTTGACTCT 
and sh#2: CAGGAAGCTCTATGACACA. To overexpress 
CYTOR expression, full‑length CYTOR cDNA was cloned into 
pcDNA3.1 plasmid (pcDNA‑CYTOR) (GenePharma Co., Ltd.) 
and then 4 µg pcDNA‑CYTOR were transfected into Huh7 cells, 
and the pcDNA3.1 empty vector was used as the control 
(pcDNA‑NC). To regulate miR‑125b expression in cells, 50 nM 
miR‑125b mimic (5'‑UCCCUGAGACCCUUUAACCUG 
UGA‑3'), 50 nM normal control (NC) mimic (5'‑UGACAACCU 
GGUAGAAAGAGACUUC‑3'), 50 n M miR‑125b inhibitor 
(5'‑UCCCUGAGACCCUUAACCUGUG‑3') and 50 nM NC 
inhibitor (5'‑UCGGCCUUUUGCUCACAGACCA‑3'), designed 
and synthesized by Shanghai R&S Biotechnology Co., Ltd., were 

also transfected into Huh7 cells. Cells were transiently trans�
fected with the above vectors using Lipofectamine®  2000 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturers' protocol at 37˚C. After 48 h transfection, cells 
were harvested for further experiments.

RNA extraction and reverse transcription quantitative (RT‑q)
PCR. Total RNA from HCC tissues or Huh7 cells was extracted 
using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.). For miRNA analysis, RNA reverse transcription into 
cDNA was performed using TaqMan MicroRNA Reverse 
Transcription Kit (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) and RT‑qPCR reactions were performed using 
TaqMan miRNA assay kit (Applied Biosystems; Thermo Fisher 
Scientific, Inc.). U6 was used as the internal control. For mRNA 
analysis, RNA reverse transcription into cDNA was performed 
using M‑MLV reverse transcriptase (Invitrogen; Thermo Fisher 
Scientific, Inc.) and RT‑qPCR reactions were performed with 
SYBR‑Green Real‑Time PCR Master Mixes (Thermo Fisher 
Scientific, Inc.). GAPDH was used as the internal control. The 
relative expression levels were normalized to endogenous 
controls and were expressed as 2‑ΔΔCq (15). The sequences of the 
primers used were as follows: PCNA, forward, 5'‑AACCGG 
TTACTGAGGGCGAG‑3', reverse, 5'‑AAAGTCTAGCTGG 
TTTCGGCT‑3'; CYTOR, forward, 5'‑AGAATGAAGGCTG 
AGGTGTG‑3', reverse, 5'‑CAGCGACCATCCAGTCATTTA‑3'; 
miR‑125b, forward, 5'‑TCCCTGAGACCCTAACTTGTGA‑3', 
reverse, 5'‑AGTCTCAGGGTCCGAGGTATTC‑3'; GAPDH, 
forward, 5'‑GAAGGTGAAGGTC GGAGTC‑3', reverse, 5'‑GAA 
GATGGTGATGGGATTTC‑3'; and U6, forward, 5'‑ATTGGA 
ACGATACAGAGAAGATT‑3' and reverse, 5'‑GGAACGCTT 
CACGAATTTG‑3'.

Western blotting. Following various transfections, Huh7 
cells were lysed in RIPA buffer (Beyotime Institute of 
Biotechnology) for 10 min  on ice. The concentration of 
proteins was measured using the BCA method (Beyotime 
Institute of Biotechnology). Proteins (50 µg) were separated 
by 10% SDS‑PAGE and transferred onto PVDF membranes. 
Membranes were blocked with 5% skimmed milk for 2 h at 
room temperature and incubated with primary antibodies 
against Bax (Abcam; cat. no. a b182733; 1:2,000), Bcl‑2 
(Abcam; cat. no. a b182858; 1:2,000), cleaved‑caspase‑3 
(Abcam; cat. no. ab214430; 1:2,000), pro‑caspase‑3 (Abcam; 
cat. no. ab32150; 1:1,000), cleaved‑caspase‑9 (Abcam; cat. 
no. ab2324; 1:1,000), pro‑caspase‑9 (Abcam; cat. no. ab138412; 
1:1,000), poly ADP ribose polymerase (PARP) (Cell Signaling 
Technology, Inc.; cat. no. 9532, 1:1,000), SEMA4C (Abcam; cat. 
no. ab135856; 1:500) and GAPDH (Cell Signaling Technology, 
Inc. cat. no. 97166; 1:1,000) overnight at 4˚C. Membranes were 
then incubated with horseradish peroxidase‑labeled secondary 
antibodies (Abcam; cat. nos. ab205718 and ab205719; 1:2,000) 
for 2 h at temperature. Enhanced chemiluminescence reagent 
(Thermo Fisher Scientific, Inc.) was used to detect the signal on 
the membrane. The data were analyzed via densitometry using 
ImageJ software (version 1.8.0; National Institutes of Health) 
and normalized to expression of the internal control (GAPDH).

Cell Counting Kit‑8 (CCK‑8) assay. CCK‑8 kit assay 
(Beyotime Institute of Biotechnology) was used to detect cell 
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viability. Briefly, 2x103 Huh7 cells were seeded into a 96‑well 
plate. Then, 10 µl CCK‑8 solution was added in each well 
at four time points (24, 48, 72 and 96 h) and incubated for 
another 2 h at 37°C. The absorbance was read at 450 nm on a 
microplate reader.

EdU immunoflurescence assay. EdU immunoflurescence assay 
was carried out for detection of cell proliferation. Briefly, Huh7 
cells were cultured with EdU solution and incubated for 2 h at 
37˚C. Then, the medium was removed and cells were fixed 
with PBS containing 4% paraformaldehyde for 10 min at room 
temperature. Subsequently, cells were incubated with 70% 
ethanol and stained using the Cell‑Light™ EdU Apollo® 488 
In Vitro Imaging Kit (RiboBio Co., Ltd.). Cells were visual�
ized using fluorescence microscopy (magnification, x100). 
EdU analysis was performed using ImageJ software v.1.50 
(National Institutes of Health).

Bioinformatics analysis. Putative CYTOR or miR‑125b targets 
were predicted using StarBase version 3.0 (http://starbase.sysu.
edu.cn/) or TargetScan (http://www.targetscan.org/vert_60/)

RNA immunoprecipitation (RIP) assay. Following transfection 
with miR‑125b mimic or inhibitor for 48 h, Huh7 cells were lysed 
with RIPA lysis buffer (Beyotime Institute of Biotechnology) 

for 10 min on ice following the manufacturers' instructions and 
incubated with RIP immunoprecipitation buffer mixed with 
magnetic beads conjugating human anti‑Argonaute2 (Ago2) 
antibody or negative control mouse IgG (EMD Millipore) at 
4˚C overnight. A protein‑RNA complex was captured and 
digested with 0.5 mg/ml proteinase K containing 0.1% SDS 
to extract RNA. The magnetic beads were repeatedly washed 
with RIP washing buffer to remove non‑specific adsorption as 
much as possible. RT‑qPCR analysis was conducted to esti�
mate the enrichment of CYTOR and miR‑125b. Input and IgG 
served as controls in RIP assay.

Luciferase reporter assay. The wild and mutant type of CYTOR 
or SEMA4C containing the binding site for miR‑125b were 
cloned into pGL3‑reporter vectors, designed as pGL3‑ 
CYTOR‑WT and pGL3‑CYTOR‑MuT or pGL3‑SEMA4C‑WT 
and pGL3‑SEMA4C‑MuT. Huh7 cells were co‑transfected with 
luciferase reporter vectors and miR‑125b mimic, miR‑125b 
inhibitor or negative controls using Lipofectamine 2000. The 
miR quantities and sequences were as follows: 50 nM, miR‑125b 
mimic, 5'‑UCCCUGAGACCCUUUAACCUGUGA‑3'; 50 nM, 
miR‑125b inhibitor, 5'‑UCCCUGAGACCCUUAACCUGUG‑3'; 
50 nM, NC mimic, 5'‑UGACAACCUGGUAGAAAGAGAC 
UUC‑3'; and 50 nM, NC inhibitor 5'‑UCGGCCUUUUGCUCAC 
AGACCA‑3'. After transfection for 48 h, the luciferase activity 

Table I. Association between CYTOR expression and the clinicopathological characteristic of patients with hepatocellular car�
cinoma.

	 CYTOR expression
	----
Variable	 Number	 Low (n=37)	Hig h (n=41)	 P-value

Age, years				    0.802
  <55	 41	 20	 21
  ≥55	 37	 17	 20
Sex				    0.934
  Female	 32	 15	 17
  Male	 46	 22	 24
Liver cirrhosis				    0.431
  No	 60	 27	 33
  Yes	 18	 10	  8
Tumor size, cm				    0.017a

  <5 cm	 46	 28	 18
  ≥5 cm	 32	   9	 23
Lymphovascular invasion				    0.026a

  No	 34	 21	 13
  Yes	 44	 16	 28
AFP, ng/ml				    0.838
  <200	 41	 19	 22
  ≥200	 37	 18	 19
TNM stage				    0.006b

  I-II	 56	 32	 24
  III-IV	 22	   5	 17

aP<0.05 and bP<0.01. AFP, α fetoprotein; TNM, Tumor-Node-Metastasis; CYTOR, cytoskeleton regulator RNA.
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was measured by a Dual‑Luciferase Reporter Assay System 
(Promega Corporation) and normalized to Renilla luciferase 
activity.

Mice xenograft assay. A total of 36 BALB/c male nude mice 
(6‑8 weeks old) were purchased from the Animal Center of the 
Chinese Academy of Science. All animal experiments were 
performed in the animal laboratory of Tianjin First Central 
Hospital and the protocol was approved by the Animal Care 
and Use Committee (approval no. 2019N046YY). Mice were 
randomly divided into 3 groups of 6 mice as follows: Control 
group, sh‑NC group and sh‑CYTOR#1 group. Huh7 cells stably 
transfected with sh‑CYTOR#1 or negative control were ampli�
fied and a total of 200 µl (2.5x107 cells/ml) was subcutaneously 
injected into the dorsal sides of the nude mice. The xenograft 
tumor size was measured every 7 days for 28 days according 
to the following formula: Volume = (length x width2)/2. Four 
weeks later, mice were euthanized with 2% pentobarbital 
sodium (120 mg/kg bodyweight) and the tumors were collected 
for immunohistochemistry imaging.

Immunohistochemistry. Tumors were fixed in 10% formalin 
(48 h, room temperature), embedded in paraffin and cut into 
4 µm‑thick slides. The slides of paraffin‑embedded xenograft 
tissues were probed with specific rabbit anti‑SEMA4C anti�
body (Abcam; cat. no. ab121334; 1:200) and mouse anti‑Ki67 
(Cell Signaling Technology, Inc.; cat. no. 9449; 1:200) for 48 h 
at 4˚C, followed by incubation with the goat anti‑rabbit or goat 
anti‑mouse secondary antibodies (Abcam; cat. nos. ab6721 
and ab6728; 1:1,000) for 1 h at 37˚C. Then, the complexes 
were detected using HRP‑streptavidin conjugates, visualized 
using 3,3'‑diaminobenzidine (DAB; Wuhan Boster Biological 
Technology, Ltd.) and quantified with Image ProPlus (IPP) 
v7.0 software (Media Cybernetics, Inc.).

Statistical analysis. The data were presented as the 
means ± standard deviation of three independent experiments. 
The differences between two or more groups were analyzed 
using two‑tailed Student's t‑tests or one ‑way ANOVA followed 
by Turkey's post‑hoc test, respectively. Statistical analysis was 
performed using SPSS Statistics 20.0 software (IBM Corp.) 
and GraphPad Prism version 6.0 software (GraphPad Software 
Inc.). The association between CYTOR expression and the 
clinicopathological characteristics of patients with HCC was 
analyzed by χ2 test. The correlation between CYTOR expres�
sion and miR‑125b or SEMA4C expression was evaluated 
using Pearson's correlation coefficient. Survival analysis was 
analyzed by the Kaplan‑Meier method, followed by difference 
analysis between the survival curves using log‑rank test. P<0.05 
was considered to indicate a statistically significant difference.

Results

CYTOR is upregulated in HCC tissues and associated with 
the poor survival rate of patients with HCC. To investigate the 
role of CYTOR in HCC, CYTOR expression was evaluated in 
78 matched pairs of HCC and adjacent non‑tumor tissues by 
RT‑qPCR. The results demonstrated that CYTOR expression 
was significantly increased in HCC tumor tissues compared 
with adjacent non‑tumor tissues ( Fig.  1A). Furthermore, 

CYTOR expression was significantly higher in HCC tissues 
with tumor size ≥5  cm compared with tumor tissues of 
<5 cm (  Fig.  1B). In addition, the expression of CYTOR 
was significantly higher in stage I‑II tumors compared with 
III‑IV stage tumors (Fig. 1C). To further confirm the associa�
tion between CYTOR expression and the clinicopathological 
characteristics of patients with HCC, the 78 patients were 
divided into two groups based on the median level of CYTOR 
in HCC tissues. The results demonstrated that CYTOR 
exhibited a significant association with tumor size, lympho�
vascular invasion and Tumor‑Node‑Metastasis stage (Table I). 
Kaplan‑Meier survival analysis from the TCGA database 
demonstrated that patients with HCC and low CYTOR expres�
sion exhibited a higher overall survival rate compared with 
patients with high CYTOR expression (Fig. 1D). Consistent 
with CYTOR expression in HCC tissues, CYTOR expression 
was significantly increased in HCC cell lines compared with 
the normal adult liver epithelial THLE‑2 cells (Fig. 1E). These 
findings indicated that CYTOR upregulation was closely asso�
ciated with the poor prognosis of patients with HCC and that it 
may be involved in HCC progression.

CYTOR enhances the proliferation and inhibits the apoptosis 
of HCC cells. The functional significance of CYTOR in HCC 
cells was explored. Huh7 cells were selected for subsequent 
experiments as they displayed the highest CYTOR among 
all HCC cells. CYTOR was upregulated or downregulated 
by transfection with pcDNA‑CYTOR or shRNA‑CYTOR, 
respectively. The results from RT‑qPCR confirmed that 
CYTOR was effectively overexpressed in Huh7 cells after 
transfection with pcDNA‑CYTOR, while CYTOR was 
effectively downregulated in Huh7 cells following transfec�
tion with shRNA‑CYTOR. The sh‑CYTOR#1 was selected 
for further experiments due to its stronger inhibitory effects 
compared with sh‑CYTOR#2 ( Fig.  2A). The results from 
CCK‑8 assay demonstrated that HCC cell viability was 
significantly increased in pcDNA‑CYTOR transfected cells, 
whereas it was inhibited in sh‑CYTOR#1 transfected cells 
compared with control cells (Fig. 2B). Furthermore, CYTOR 
overexpression could significantly increase the expression of 
proliferating cell nuclear antigen (PCNA), which is a good 
indicator of cell proliferation. Conversely, decreasing CYTOR 
attenuated the proliferation of Huh7 cells compared with 
control groups (Fig. 2C). Similarly, results from EdU assay 
indicated that the number of positive cells in pcDNA‑CYTOR 
group was significantly enhanced, whereas it was signifi�
cantly decreased in the sh‑CYTOR#1 group compared 
with control groups (Fig. 2D). In addition, transfection with 
pcDNA‑CYTOR significantly increased Bcl‑2 expression and 
decreased the expression of the apoptotic‑related proteins, 
including Bax, cleaved‑caspase‑3, cleaved‑caspase‑9 and 
PARP in Huh7 cells. Transfection with sh‑CYTOR#1 had 
the opposite effects (Fig. 2E). Taken together, these findings 
suggested that CYTOR could stimulate the proliferation and 
attenuate the apoptosis of Huh7 cells.

CYTOR directly interacts with miR‑125b. The underlying molec�
ular mechanism of CYTOR on HCC cells was further studied. 
Starbase prediction algorithm confirmed that miR‑125b was 
a potential binding target of CYTOR (Fig. 3A). Subsequently, 
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miR‑125b expression was overexpressed or knocked‑down 
following transfection with miR‑125b mimic or inhibitor in 
Huh7 cells, respectively, and the successful transfection efficien�
cies were confirmed by RT‑qPCR (Fig. 3B). Luciferase reporter 
assay and RIP assay were subsequently carried out to verify the 
interaction between CYTOR and miR‑125b. The results from 
luciferase reporter assay demonstrated that miR‑125b mimic 
significantly decreased, while miR‑125b inhibitor significantly 
increased the luciferase activity of CYTOR‑WT. However, 
neither miR‑125b overexpression nor suppression had any 
impact on the luciferase activity of CYTOR‑MuT (Fig. 3C). 
RIP assay revealed that CYTOR and miR‑125b expression 
was elevated in anti‑Ago2 group compared with that in control 
group (Fig. 3D). In addition, the enrichment of CYTOR in 
anti‑Ago2 group was facilitated by miR‑125b mimic and inhib�
ited by miR‑125b inhibitor (Fig. 3E). Subsequently, RT‑qPCR 

was used to investigate the relationship between CYTOR and 
miR‑125b expression. The results demonstrated that CYTOR 
overexpression significantly decreased miR‑125b expression, 
whereas miR‑125b was markedly increased in sh‑CYTOR#1 
group (Fig. 3F), suggesting a negative association between 
CYTOR and miR‑125b expression. Furthermore, miR‑125b 
expression was detected in HCC tissues and the results demon�
strated that miR‑125b was significantly downregulated in HCC 
tissues compared with non‑tumor tissues (Fig. 3G). Pearson's 
correlation analysis revealed that CYTOR expression was 
negatively correlated with miR‑125b in HCC tissues (Fig. 3H). 
These findings suggested that CYTOR may directly interact 
with miR‑125b in HCC.

CYTOR sponges miR‑125b to modulate HCC cell prolifera‑
tion and apoptosis. Whether miR‑125b could be involved 

Figure 1. CYTOR is upregulated in HCC and is closely associated with the prognosis of patients with HCC. (A) RT‑qPCR detection of CYTOR expression 
in HCC tumor tissues and matched adjacent non‑tumor tissues (n=78). (B) RT‑qPCR detection of CYTOR expression in HCC tissues with tumor size <5 cm 
(n=46) and ≥5 cm (n=32). (C) RT‑qPCR detection of CYTOR expression in stage I‑II HCC tissues (n=56) and stage III‑IV HCC tissues (n=22). (D) Kaplan‑Meier 
analysis of overall survival of patients with HCC and high (n=41) or low (n=37) CYTOR expression from The Cancer Genome Atlas database. (E) RT‑qPCR 
detection of CYTOR expression in HCC cell lines and normal adult liver epithelial THLE‑2 cell line. *P<0.05 and **P<0.01. CYTOR, cytoskeleton regulator 
RNA; RT‑qPCR, reverse transcription quantitative PCR; HCC, hepatocellular carcinoma; lncRNA, long non‑coding RNA.
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in the effect of CYTOR on Huh7 cell proliferation and 
apoptosis was further investigated. Huh7 cells were 
transfected with sh‑CYTOR#1 alone or with miR‑125b 
inhibitor. The CCK‑8 results demonstrated that Huh7 cell 
viability decrease by sh‑CYTOR#1 could be partly rescued 

by co‑transfection with miR‑125b inhibitor ( Fig.  4A). 
The results from RT‑qPCR demonstrated that miR‑125b 
inhibitor elevated the inhibitory effect of sh‑CYTOR#1 
on HCC cell proliferation ( Fig.  4B). Furthermore, the 
results from Edu assay revealed that the number of posi�

Figure 2. CYTOR promotes the proliferation and inhibit the apoptosis of HCC cells. (A) CYTOR overexpression or knockdown was achieved by pcDNA‑CYTOR 
or CYTOR shRNAs and the transfection efficiency was verified by RT‑qPCR. (B) Cell viability was measured by CCK‑8 assay. (C) PCNA expression was 
detected by RT‑qPCR and (D) cell proliferative cells measured by EdU assay (scale bar, 20 µm) in Huh7 cells following transfection with pcDNA‑CYTOR 
or sh‑CYTOR#1. (E) Expression of the apoptosis‑related proteins Bcl‑2, Bax, cleaved/pro‑caspase‑3, cleaved/pro‑caspase‑9 and PARP was determined using 
western blotting. *P<0.05, **P<0.01 and ***P<0.001. CYTOR, cytoskeleton regulator RNA; RT‑qPCR, reverse transcription quantitative PCR; NC, negative 
control; sh, short hairpin; PARP, poly ADP ribose polymerase; OD optical density.
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tive cells in sh‑CYTOR#1 + miR‑125b inhibitor group was 
significantly enhanced compared with that in sh‑CYTOR#1 
group (Fig. 4C). In addition, western blotting results showed 
that the effect of sh‑CYTOR#1 on the expression of the 
anti‑apoptotic protein Bcl‑2, and the apoptotic‑related 
proteins, Bax, cleaved‑caspase‑3, cleaved‑caspase‑9 and 
PARP were partly reversed following co‑transfection with 
miR‑125b inhibitor (Fig. 4D). These findings indicated that 
CYTOR may modulate HCC cell proliferation and apoptosis 
by sponging miR‑125b.

SEMA4C is the target of miR‑125b and CYTOR regu‑
lates SEMA4C through miR‑125b in HCC. The potential 
target genes of miR‑125b were predicted by Targetscan, 
and SEMA4C was shown to share a binding site with 
miR‑125b (Fig. 5A). The luciferase assay was performed to 
confirm this prediction and the results demonstrated that 
the luciferase activity of SEMA4C‑WT was significantly 
decreased in miR‑125b mimic‑transfected Huh7 cells, which 
was not the case in SEMA4C‑MuT (Fig. 5B), indicating that 
SEMA4C may be a downstream target gene of miR‑125b. 

Figure 3. CYTOR directly interacts with miR‑125b. (A) Bioinformatics analysis showed a predicted binding site between CYTOR and miR‑125b. 
(B) Transfection efficiency with miR‑125b mimic and inhibitor was confirmed by reverse transcription quantitative PCR. (C) Luciferase reporter assay demon�
strated that miR‑125b overexpression or knockdown could decrease or increase, respectively, the luciferase activity of the CYTOR‑WT. (D) RIP assay showed 
that CYTOR and miR‑125b expression were enriched in anti‑Ago2 group. (E) RIP assay demonstrated that the enrichment of CYTOR in anti‑Ago2 group can 
be enhanced by miR‑125b mimic and inhibited by miR‑125b inhibitor. (F) CYTOR negatively regulated miR‑125b expression. (G) miR‑125b was significantly 
downregulated in HCC tumor tissues compared with adjacent non‑tumor tissues (n=78). (H) Correlation analysis revealed negative correlation between 
CYTOR expression and miR‑125b expression in HCC tissues (n=78). **P<0.01 and ***P<0.001. CYTOR, cytoskeleton regulator RNA; RT‑qPCR, reverse 
transcription quantitative PCR; NC, negative control; sh, short hairpin; miR, micro‑RNA; WT, wild‑type; MUT, mutant; RIP, RNA immunoprecipitation.
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Furthermore, the results from RT‑qPCR and western blot�
ting demonstrated that miR‑125b mimic could inhibit 
SEMA4C expression, whereas miR‑125b inhibitor enhanced 
SEMA4C expression ( Fig.  5C an d  D). Subsequently, the 
relationship between CYTOR, miR‑125b and SEMA4C was 
investigated, and the results demonstrated that SEMA4C 
expression decrease by miR‑125b mimic was rescued by 
transfection with pcDNA‑CYTOR (Fig. 5E and F), suggesting 
that CYTOR could regulate SEMA4C expression through 
targeting miR‑125b. SEMA4C expression level in HCC tumor 
tissues was significantly increased compared with non‑tumor 

tissues (Fig. 5G). The results from Pearson correlation analysis 
demonstrated that SEMA4C expression was negatively 
correlated with miR‑125b expression; however, SEMA4C 
expression was positively correlated with CYTOR expression 
in HCC tissues (Fig. 5H and I). These findings demonstrated 
that SEMA4C may be a target of miR‑125b, and that CYTOR 
may regulate SEMA4C expression by sponging miR‑125b.

CYTOR knockdown inhibits tumor growth in  vivo. Huh7 
cells transfected with sh‑CYTOR#1 were injected into nude 
mice to determine the effect of CYTOR on the HCC tumor 

Figure 4. CYTOR sponges miR‑125b to modulate HCC cell proliferation and apoptosis. (A) Decreased cell viability induced following sh‑CYTOR#1 trans�
fection was restored by miR‑125b inhibitor. (B) Reverse transcription quantitative PCR analysis demonstrated that PCNA expression was decreased by 
sh‑CYTOR#1 and rescued by miR‑125b inhibitor. (C) Suppression of the proliferative effect of sh‑CYTOR#1 was enhanced by miR‑125 inhibitor (scale 
bar, 20 µm). (D) Expression of the apoptosis‑related proteins Bcl‑2, Bax, cleaved/pro‑caspase‑3, cleaved/pro‑caspase‑9 and PARP was determined using 
western blotting. *P<0.05 and **P<0.01. CYTOR, cytoskeleton regulator RNA; RT‑qPCR, reverse transcription quantitative PCR; NC, negative control; 
sh, short hairpin; miR, micro‑RNA; OD, optical density; PCNA, proliferating cell nuclear antigen
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growth. As presented in Fig. 6A and B, the tumor volume in the 
sh‑CYTOR#1 group grew more slowly during the 28 days obser�
vation in comparison with that in the sh‑NC group. Furthermore, 
the tumor weight in the sh‑CYTOR#1 group was significantly 
decreased compared with control group (Fig. 6C). The result 
from immunohistochemistry demonstrated that the tumor cell 
proliferation marker Ki67 and the expression of SEMA4C were 
decreased in the sh‑CYTOR#1 group compared with the control 
group (Fig. 6D and E). Furthermore, results from RT‑qPCR showed 
that CYTOR and SEMA4C expression levels were significantly 

decreased, while miR‑125b expression level was significantly 
increased in tumor tissues of the sh‑CYTOR#1 group compared 
with tumor tissues of the sh‑NC group (Fig. 6F‑H). These find�
ings indicated that CYTOR knockdown could inhibit HCC tumor 
growth in vivo and downregulate SEMA4C expression.

Discussion

HCC is the most common type of liver cancer and is charac�
terized by high morbidity and mortality rates worldwide (16). 

Figure 5. CYTOR regulates SEMA4C expression through miR‑125b. (A) Bioinformatic analysis discovered a putative SEMA4C binding site with miR‑125b. 
(B) Luciferase activity was detected after co‑transfection with miR‑125b mimic and luciferase reporters containing WT or Mut SEMA4C transcript. 
(C) SEMA4C mRNA expression and (D) protein expression were decreased following transfection with miR‑125b mimic, and increased following transfection 
with miR‑125b inhibitor in Huh7 cells. (E and F) SEMA4C downregulation caused by miR‑125b mimic was reversed by CYTOR overexpression. (G) SEMA4C 
expression was examined by reverse transcription quantitative PCR in HCC tumor and adjacent non‑tumor tissues (n=78). (H) Negative correlation was found 
between SEMA4C expression and miR‑125b expression in HCC tissues (n=78). (I) Positive correlation was found between CYTOR expression and SEMA4C 
expression in HCC tissues (n=78). **P<0.01. CYTOR, cytoskeleton regulator RNA; NC, negative control; sh, short hairpin; miR, micro‑RNA; WT, wild‑type; 
MUT, mutant; SEMA4C, semaphorin 4C.
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Significant progress in understanding the molecular mecha�
nisms of HCC has been made, especially when the competing 
endogenous RNA hypothesis was presented (17). Currently, 
research has focused on lncRNAs, which function primarily 
through interactions with cellular macromolecules, such as 
proteins and RNAs ( 18‑20). Understanding the molecular 
mechanism of some lncRNAs in HCC progression is therefore 
crucial.

The lncRNA CYTOR has been reported to modulate 
the pathological process of various types of cancer. For 
example, CYTOR serves an oncogene role in the develop�
ment of colorectal cancer by interacting with nucleolin and 

KH RNA binding domain containing, signal transduction 
associated 1 (21). CYTOR knockdown was demonstrated to 
attenuate the migration and invasion of colon cancer cells, 
while CYTOR overexpression can enhance the metastatic 
properties of colon cancer cells (22). Liang et al (23) revealed 
that CYTOR is upregulated in gastric cancer and HCC, and 
that elevated CYTOR expression is closely associated with 
the poor prognosis of patients with gastric cancer and HCC. 
The present study demonstrated that CYTOR was upregulated 
in HCC tissues and that CYTOR expression was associated 
with the poor prognosis of patients with HCC. Furthermore, 
HCC cell proliferation was significantly decreased following 

Figure 6. Effect of CYTOR knockdown on tumor growth in vivo. (A) Tumor volume growth curve was detected during the 28 days observation. (B) Images of 
the tumors isolated from mice. (C) Tumor weight was detected using an electronic scale at 28 days. (D) Expression of Ki67 and (E) SEMA4C in tumor tissues 
was evaluated by immunohistochemistry (scale bar, 25 µm). (F) CYTOR, (G) miR‑125b and (H) SEMA4C expression levels in tumor tissues were measured by 
reverse transcription quantitative PCR. **P<0.01 and ***P<0.001. CYTOR, cytoskeleton regulator RNA; NC, negative control; sh, short hairpin; miR, micro‑RNA.
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CYTOR knockdown whereas it was significantly increased 
by CYTOR overexpression. The levels of apoptotic‑related 
proteins were significantly elevated after CYTOR knockdown, 
while they were significantly decreased following CYTOR 
overexpression. Taken together, these findings indicated that 
CYTOR may serve an oncogenic role in HCC.

Numerous studies have confirmed that lncRNAs play key 
roles in various types of cancer by sponging miRNAs and 
consequently regulating gene expression (24,25). In HCC, 
SOX9‑AS1 was reported to stimulate tumor growth and 
metastasis in HCC through SOX9 and the Wnt/β‑catenin 
pathway (8). Furthermore, upregulation of cancer suscep�
tibility 15 ( CASC15) can enhance the tumorigenicity and 
epithelial to mesenchymal transition of HCC by increasing 
the expression of twist family BHLH transcription factor 1 
via sponging to miR‑33a‑5p (26). Zhang et al (27) reported 
that the lncRNA X‑inactive specific transcript sponges 
miR‑497‑5p to promote cell proliferation and migration in 
HCC. To identify the underlying mechanism of CYTOR 
in HCC, previous bioinformatics analysis revealed that 
miR‑125b, which was previously discovered as a tumor 
suppressor in the modulation of HCC progression (28), might 
be considered as a potential target of CYTOR. The present 
study reported a negative correlation between CYTOR expres�
sion and miR‑125b expression, and the results from luciferase 
reporter assay confirmed that miR‑125b may be a direct target 
of CYTOR. Importantly, miR‑125b inhibitor could rescue the 
inhibitory effect of sh‑CYTOR#1 on HCC cell proliferation 
and attenuated the promoting effect of sh‑CYTOR#1 on cell 
apoptosis.

SEMA4C, a member of the semaphorin family, has been 
reported to be highly expressed in several human cancers 
and to stimulate the proliferation, migration and invasion of 
cancer cells (29,30). SEMA4C was previously reported as a 
functional target of miR‑125b in lung cancer (31). The present 
study demonstrated that miR‑125b was bound to the 3'‑UTR of 
SEMA4C and could negatively modulate SEMA4C expression 
according to the starBase bioinformatics database analysis 
and the luciferase assay. Previous studies have reported that 
abnormal expression of SEMA4C exists in various tumors. 
For instance, SEMA4C expression is significantly elevated 
in breast cancer and cervical cancer (32,33). Liu et al (34) 
demonstrated that SEMA4C is upregulated in HCC tissues 
and promotes tumor growth and cell metastasis in HCC, which 
is consistent with the results from the present study showing 
that SEMA4C expression was significantly increased in HCC 
tissues. The present study also revealed that CYTOR promoted 
the expression of SEMA4C in HCC cells by decreasing the 
expression of miR‑125b.

This study presented some limitations. Firstly, the rela�
tively small sample size may lead to errors in the analysis 
of clinicopathological characteristics and overall survival of 
patients. Secondly, the small number of animals and human 
observation errors may also lead to statistical errors. Thirdly, 
the impact of the CYTOR/miR‑125b/SEMA4C axis on cell 
invasion, cell migration and cell cycle, in vitro and in vivo, 
should be further investigate din the future

In summary, the findings form the present study demon�
strated that CYTOR was highly expressed in HCC tissues 
and cells and could stimulate HCC cell proliferation and 

tumor growth via modulating the miR‑125b/SEMA4C axis. 
The CYTOR/miR‑125b/SEMA4C axis may therefore provide 
a new perspective for the development of novel therapeutic 
strategy for HCC.
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