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Abstract. Cancer stem cells serve key roles in liver cancer 
recurrence and metastasis. Therefore, the present study 
evaluated novel regulators of stem cell factor expression 
to identify novel therapeutic strategies that could target 
liver cancer stem cells. Deep sequencing was performed 
to identify novel microRNAs (miRNAs) that were specifi‑
cally altered in liver cancer tissues. The expression levels 
of stem cell markers were investigated by reverse tran‑
scription‑quantitative PCR and western blotting. Sphere 
formation assays and flow cytometry were used to assess 
tumor sphere‑forming ability and evaluate the population 
of cluster of differentiation 90+  cells. Tumor xenograft 
analyses were used to evaluate tumorigenicity, metastasis 
and stemness in vivo. Bioinformatics analyses and enhanced 
green f luorescent protein reporter assays or luciferase 
reporter assays were performed to identify the direct 
targets of miR‑HCC2 and its upstream transcription factors. 
MiR‑HCC2 strongly promoted the cancer stem cell‑like 
properties of liver cancer cells in vitro; it also contributed 
to tumorigenicity, metastasis and stemness in vivo. Bone 
morphogenic protein and activin membrane‑bound inhibitor 
homolog, a direct target of miR‑HCC2, activated the 
Wnt/β‑catenin signaling pathway to promote stemness in 
liver cancer cells. The transcription factor YY1 bound to the 
promoter of miR‑HCC2 and activated its transcription. The 
present study demonstrated the importance of miR‑HCC2 
in the induction of stemness in liver cancer, providing new 
insights into liver cancer metastasis and recurrence.

Introduction

Liver cancer is among the most common malignancies 
worldwide; its mortality rate (~8.3%) is high because of its 
chemotherapy resistance and frequent recurrence (1,2). There 
is increasing evidence that the onset and progression of liver 
cancer are driven by a small heterogeneous population of 
tumor‑derived cancer stem cells (CSCs) or tumor‑initiating 
cells  (3,4). CSCs in the original tumor have the capacity 
to self‑renew and generate certain differentiated cells; 
therefore, CSCs have key roles in tumorigenesis, recurrence 
and metastasis (5‑7). Liver CSCs are characterized by the 
expression of specific cell surface markers, such as cluster 
of differentiation (CD)13, CD24, CD90, CD133, epithelial 
cellular adhesion molecule (EpCAM), CD44 and aldehyde 
dehydrogenase, and stemness‑related transcription factors, 
such as nanog homeobox (Nanog), sex determining region 
Y‑box 2 (Sox2), c‑Myc and octamer‑binding transcription 
factor 4 (Oct4) (8‑14). However, the molecular mechanisms 
which underlie the formation of liver CSCs, including the 
regulation of key genes, have not been elucidated. There 
is a need for the evaluation of novel regulators of stem‑
ness‑related factors to identify novel therapeutic strategies 
that can target liver CSCs. MicroRNAs (miRNAs), a class 
of small noncoding RNAs, regulate gene expression patterns 
at the post‑transcriptional level; this regulation usually 
involves binding to the 3'‑untranslated region (UTR) of 
target mRNAs (15). miRNAs have previously been reported 
to serve important roles in liver cancer  (16), particularly 
in the regulation of stemness in liver cancer cells (17‑19). 
Therefore, liver CSC‑specific miRNAs may be useful targets 
in liver cancer therapy.

Bone morphogenic protein and activin membrane‑bound 
inhibitor (BAMBI) is a transmembrane protein that exhibits 
high similarity to the extracellular domains of transforming 
growth factor‑β family type I receptors (20,21). BAMBI is 
regarded as an essential regulator of cell proliferation and 
differentiation that enhances Wnt/β‑catenin signaling in 
certain cell types (22‑25). The activation of Wnt/β‑catenin 
signaling serves an important role in the initial growth and 
maintenance of CSCs; this process is followed by persistent 
growth in primary tumor regions, epithelial‑to‑mesenchymal 
transition, and CSC re‑activation, which leads to tumor growth 
and metastasis (11,26‑28).
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Materials and methods

Collection of human liver cancer tissue specimens. A total 
of 13 liver cancer specimens were obtained from the Cancer 
Center of Sun Yat‑Sen University. All cancers had been 
confirmed by prior pathological analysis. Written informed 
consent was obtained from each patient prior to specimen 
analysis, and ethics approval for the present study was granted 
by the Ethics Committee of Tianjin Medical University 
(approval no, TMUhMEC2014004). Information regarding 
the specimens was presented in Table SI.

Solexa‑based deep sequencing and data analysis. Small RNA 
(<200  bp) was extracted from six liver cancer specimens 
using the mirVana miRNA isolation kit (cat. no. AM1560; 
Ambion; Thermo Fisher Scientific, Inc.), according to the 
manufacturer's protocol. The samples were sent to BGI 
Genomics (Shenzhen, China) for deep sequencing, and quanti‑
fied and qualified using an Agilent 2100 Bioanaylzer (Agilent 
Technologies, Inc.) and a StepOnePlus Real‑Time PCR System 
(Applied Biosystems, Thermo Fisher Scientific, Inc.). A total 
of 1 µg RNA (≥30 ng/µl) was used to generate a small RNA 
sequencing library using the TruSeq Small RNA Sample 
Prep Kit version 2 (cat. no. RS‑122‑2001 and RS‑122‑2002; 
Illumina, Inc.) according to the manufacturer's protocol. The 
libraries were validated using an Agilent 2100 Bioanalyzer 
(Agilent Technologies, Inc.) to check the size and purity, and 
by quantitative PCR using EvaGreen® dye (Jena Bioscience 
GmbH) to verify the concentration. The loading concentra‑
tion of the final library was 2 pM. The sequencing to generate 
single‑end reads of 50 bp was performed using an Illumina 
HiSeq 2000 (Illumina, Inc.) with a TruSeq V3‑SBS‑HS kit 
(200 cycles; cat. no. FC‑401‑3001; Illumina Inc.). Bowtie2 
(version 2.2.9; http://bowtie‑bio.sourceforge.net/index.shtml), 
miRBase (version 22; http://mirbase.org/), and miRDeep2 
(version 2.0.0.8; https://github.com/rajewsky‑lab/mirdeep2) 
were used to analyze the data  (29). Detailed information 
regarding the specimens was provided in Table SI.

Cell cultures and transfections. Liver cancer HepG2, Hep3B 
and Huh7 cell lines were purchased from The Cell Bank of 
Type Culture Collection of the Chinese Academy of Sciences 
and authenticated by short tandem repeat profiling. Huh7 
cells were maintained in Dulbecco's modified Eagle medium 
(DMEM) (Gibco; Thermo Fisher Scientific, Inc.), and HepG2 
and Hep3B cells were maintained in minimum essential 
medium‑α (Gibco; Thermo Fisher Scientific, Inc.) with 10% 
fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.), 
20 mM 4‑(2‑hydroxyethyl)‑1‑piperazineethanesulfonic acid, 
100 units/ml penicillin and 100 g/ml streptomycin. The cells 
were incubated at 37˚C in a humidified atmosphere with 5% 
CO2. Lipofectamine™ 2000 reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.) was used for all transfections in this 
study, according to the manufacturer's protocol.

Vector construction. Plasmids containing miR‑HCC2 or 
scramble miRNA, which included the precursor sequence of 
miR‑HCC2 or a scramble sequence, were amplified by PCR 
using Taq DNA polymerase (Invitrogen; Thermo Fisher 
Scientific, Inc.), and inserted into the pcDNA3 vector (Ambion; 

Thermo Fisher Scientific, Inc.) between the BamHI and EcoRI 
sites. Hereafter, the miR‑HCC2‑overexpressing plasmid and 
negative scramble miRNA control plasmid are referred to 
as miR‑HCC2 and scramble miRNA. The thermocycling 
conditions used were as follows: pre‑denaturation at 95˚C for 
3 min, followed by 32 cycles of denaturation at 94˚C for 30 sec, 
annealing at 58˚C for 45 sec, elongation at 72˚C for 60 sec, 
and 72˚C for 5 min at the end to allow complete elongation 
of all product DNA. The primer sequences were as follows: 
primary transcript (pri)‑miR‑HCC2 sense: 5'‑CGG​GAT​CCG​
GGT​TTG​GAT​GAG​AAT​AG‑3' and antisense: 5'‑GGA​ATT​
CGC​CCC​TCT​ACA​GAC​TCC​ACC‑3; scrambled miRNA 
sense: TGA​TTC​TAA​GTA​TAG​CAG​ACG​TAG​GCA​GAT​
GGA​GCT​T and antisense: AAG​CTC​CAT​CTG​CCT​ACG​
TCT​GCT​ATA​CTT​AGA​ATC​A. To knock down miR‑HCC2, 
2'‑O‑methyl‑modified antisense oligonucleotides specific for 
miR‑HCC2 [antisense oligonucleotide (ASO)‑miR‑HCC2] 
were synthesized, as well as scramble control oligonucle‑
otides (ASO‑NC), which were purchased from Shanghai 
GenePharma Co., Ltd.

The wild‑type 3'UTR of BAMBI containing the target sites 
of miR‑HCC2 or its mutant were constructed by annealing the 
oligos for 5 min at 95˚C and 1 h at room temperature, and 
cloning them into the pcDNA3‑EGFP vector (Tianjin Saier 
Biotechnology Co., Ltd.) between the BamHI and EcoRI sites.

Total RNA was extracted from Huh7 cells using TRIzol 
reagent (Invitrogen, Thermo Fisher Scientific, Inc.), according 
to the manufacturer's protocols. RNA (2 µg) was reverse tran‑
scribed into complementary DNA (cDNA) using RevertAid 
RT Reverse Transcription Kit (cat. no. K1691; Thermo Fisher 
Scientific, Inc.), according to the manufacturer's protocols. To 
construct the overexpression vectors for BAMBI and YY1, 
their respective coding sequences were amplified by PCR 
from cDNA of Huh7 cells, and inserted into the pcDNA3 
vector between the BamHI and XhoI sites. For silencing (shR) 
vector construction, the synthesized oligonucleotides were 
annealed and ligated them into the pSilencer2.1/neo vector 
(Ambion; Thermo Fisher Scientific, Inc.) between the BamHI 
and HindIII sites.

To generate miR‑HCC2 promoter reporter constructs, the 
respective miR‑HCC2‑promoter1, miR‑HCC2‑promoter2 and 
miR‑HCC2‑promoter3 sequences from the genomic DNA 
of Huh7 cells were amplified, and the products were then 
inserted between the KpnI and BglⅡ sites of the pGL3‑Basic 
vector (Promega Corporation). Fragments with mutated 
YY1 binding sites in the miR‑HCC2 promoter (miR‑HCC2 
promoter2‑mut1 and miR‑HCC2 promotor2‑mut2) were 
cloned into the pGL3‑Basic vector. All constructs were 
confirmed using Sanger sequencing by Genewiz, Inc. The 
primers and oligonucleotides were synthesized by the General 
Biology Anhui, Co., Ltd. and their sequences were presented 
in Tables SII and SIII.

Establishment of stably transfected cell lines. 1x106 Huh7 and 
Hep3B cells were transfected with 4 µg of control vector or 
plasmid expressing miR‑HCC2 and incubated for 48 h at 37˚C, 
then selected using 800 µg/ml G418 and 2 mM/l glutamine for 
4 weeks. Subsequently, they were maintained using 200 µg/ml 
G418 and 2 mM/l glutamine. All cultures were incubated 
at 37˚C in a humidified atmosphere with 5% CO2.
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RNA extraction and reverse transcription‑quantitative PCR 
(RT‑qPCR). Total RNA was extracted from tissue samples 
and cells using TRIzol reagent (Invitrogen, Thermo Fisher 
Scientific, Inc.), according to the manufacturer's protocols. 
RNA (2 µg) was reverse transcribed into complementary DNA 
using Moloney Murine Leukemia Virus (M‑MLV) reverse 
transcriptase (Promega Corporation) for 60 min at 42˚C, 15 min 
at 70˚C and then on ice. The subsequent qPCR amplification 
was performed using a SYBR Premix Ex Taq™ Kit (Promega 
Corporation) as follows: 95˚C for 3 min, followed by 40 cycles 
of denaturation at 95˚C for 10 sec, annealing at 60˚C for 30 sec 
and extension at 72˚C for 30 sec. U6 small nuclear RNA and 
β‑actin were used as internal controls. Relative mRNA expres‑
sion was calculated using the 2‑ΔΔCq method (30). Detailed 
sequences of all primers were presented in Table SIII.

Enhanced green fluorescent protein (EGFP) reporter assay. To 
validate the targeting of the 3' UTR of BAMBI by miR‑HCC2, 
pcDNA3 (400  ng), pri‑miR‑HCC2 (400  ng), ASO‑NC 
(10 pmol) or ASO‑miR‑HCC2 (10 pmol) was co‑transfected 
with BAMBI‑3'UTR (200 ng) or BAMBI‑3'UTR‑mut (200 ng) 
in 48‑well plates using Lipofectamine™ 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.), according to the manufacturer's 
protocol. The transfected cells were then incubated at 37˚C for 
48 h in a humidified atmosphere with 5% CO2. The red fluo‑
rescent protein (RFP) expression vector pDsRed2‑N1 (20ng; 
Takara Bio USA, Inc.) was co‑transfected for normalization. 
At 48 h after transfection, the fluorescence intensities of EGFP 
and RFP were measured with an F‑4500 fluorescence spectro‑
photometer (Hitachi, Ltd.).

Luciferase reporter assays. Bioinformatics analyses were 
used to predict the miR‑HCC2 promoter using Promoter 2.0 
(version 2.0; Department of Health Technology, Technical 
University of Denmark) and the potential transcription 
factor binding sites using hTFtarget (http://bioinfo.life.hust.
edu.cn/hTFtarget#!/). Cells were then seeded into 48‑well 
plates and transfected with miR‑HCC2 promoter reporter 
vectors with/without mutated YY1 binding sites using 
Lipofectamine 2000 Reagent (Invitrogen, Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. 
Luciferase activities were measured at 48 h post‑transfection 
using the Dual‑Luciferase Assay Kit (cat. no. E1910, Promega 
Corporation), according to the manufacturer's protocols. 
Firefly luciferase activity was normalized to Renilla luciferase 
activity in each well. The pGL3‑Basic vector was used as a 
negative control. The pGL3‑control vector (positive control) 
contained SV40 promoter and enhancer sequences which have 
been reported to result in strong expression of luc+ in many 
types of mammalian cells, and served as a positive control in 
the dual‑luciferase assay (Promega Corporation) (31).

Western blotting. Cellular proteins were extracted using 
radioimmunoprecipitation assay lysis buffer (Beijing 
Solarbio Science & Technology Co., Ltd.), and protein 
concentrations were quantified using a BCA protein assay 
kit (cat. no. P0010S; Beyotime Institute of Biotechnology) 
according to the manufacturer's protocols. Equal amounts 
(10  µg/lane) of protein samples were separated using 8% 
or 10% SDS‑PAGE and transferred onto polyvinylidene 

fluoride membranes. Membranes were blocked with 5% 
non‑fat milk for 1  h at room temperature and incubated 
at 4˚C with primary antibodies overnight as follows: BAMBI 
(1:500; cat.  no.  SRP07313; Tianjin Saier Biotechnology 
Co., Ltd.), CD90 (1:500; cat. no. SRP06267; Tianjin Saier 
Biotechnology Co., Ltd.), Oct4 (1:500; cat. no. SRP05560; 
Tianjin Saier Biotechnology Co., Ltd.), β‑catenin (1:500; 
cat. no. SRP00118; Tianjin Saier Biotechnology Co., Ltd.), 
YY1 (1:200; cat. no. SRP01281; Tianjin Saier Biotechnology 
Co., Ltd.), GAPDH (1:2,000; cat.  no.  SRP00849; Saier 
Biotech Co.), Nanog (1:1,000; cat. no. WL03273; Wanleibio 
Co., Ltd.), Sox2 (1:1,000; cat. no. WL03767; Wanleibio Co., 
Ltd.), EpCAM (1:1,000; cat. no. R24219; Chengdu Zhengneng 
Biotechnology Co., Ltd.) and centromere protein A (CENP‑A) 
(1:1,000; cat. no. R22598 Chengdu Zhengneng Biotechnology 
Co., Ltd.). The membranes were washed three times using 
TBST (0.05% Tween‑20), and incubated with horseradish 
peroxidase (HRP)‑conjugated secondary antibodies (1:2,000; 
cat. no. SE134; Beijing Solarbio Science & Technology Co., 
Ltd.) for 1 h at room temperature and visualized using a Pierce 
ECL Western Blotting kit (Pierce; Thermo Fisher Scientific, 
Inc.). The protein band images were quantified with ImageJ 
(version 1.48; National Institutes of Health). GAPDH was used 
as an endogenous control for normalization of the expression 
levels of target proteins.

Cell fractionation assay. The cell fractionation assay was 
conducted using an NE‑PERTM Nuclear and Cytoplasmic 
Extraction kit (cat. no. 78833; Thermo Fisher Scientific, Inc.) 
according to the manufacturer's protocol. Briefly, Huh7 and 
HepG2 cells were harvested and washed with phosphate‑buff‑
ered saline, then incubated with ice‑cold CER I reagent for 
15 min at 4˚C. Subsequently, CER II extraction reagent was 
added to the reaction mixture for another 1 min; lysates were 
then centrifuged at 16,000 x g for 5 min at 4˚C. Each superna‑
tant (cytoplasmic extract) was carefully transferred to a fresh 
microcentrifuge tube and stored on ice. Each pellet was resus‑
pended in NER extraction reagent and incubated for 40 min 
on ice; the resulting suspension was centrifuged at 16,000 x g 
for 10 min at 4˚C, and the supernatant (nuclear extract) was 
transferred to a fresh microcentrifuge tube and stored on ice. 
All extracts were analyzed using western blotting.

Sphere formation assay. Single cells (5,000 cells/well) were 
seeded in triplicate onto ultra‑low attachment six‑well plates 
(Corning, Inc.) in DMEM/F12 serum‑free medium (Invitrogen; 
Thermo Fisher Scientific, Inc.) containing 1% penicillin/strep‑
tomycin, 20 ng/ml epithelial growth factor (Invitrogen; Thermo 
Fisher Scientific, Inc.) and 10 ng/ml fibroblast growth factor‑2 
(Invitrogen; Thermo Fisher Scientific, Inc.). After 10 days 
incubation at 37˚C, the spheres were imaged and the numbers 
of spheres formed (diameter >100 µm) was counted manually 
using an inverted light microscope (Olympus Corporation).

Flow cytometry analysis. Cells were incubated in phos‑
phate‑buffered saline (PBS) containing 2% fetal bovine serum 
(Gibco; Thermo Fisher Scientific, Inc.) at 37˚C for 30 min, 
then incubated with fluorescein isothiocyanate‑conjugated 
CD90 antibody (1 µg/test; cat. no. FC01818; Boster Biological 
Technology) at room temperature in the dark for 30 min. 
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Mouse IgG1 kappa Isotype Control (P3.6.2.8.1) (1 µg/test; 
cat. no. 11‑4714‑42; Thermo Fisher Scientific, Inc.) served 
as the control. Samples were analyzed using a BD FACS 
Calibur flow cytometer (BD Biosciences), and the results were 
analyzed using FlowJo 7.6 (FlowJo LLC).

In vivo tumor xenograft analysis. A total of 1x106 Huh7 or 
Hep3B cells that had been stably transfected with miR‑HCC2, 
control vector or scramble miRNA were suspended in 100 µl 
serum‑free DMEM culture medium and subcutaneously 
injected into the flanks of six 6‑week‑old female BALB/c nude 
mice (Beijing Vital River Laboratory Animal Technology Co., 
Ltd.; Charles River Laboratories, Inc.) with an average weight 
of 18 g. Mice were kept under standard laboratory condi‑
tions (temperature 22±2˚C; relative humidity 50±10%; 12‑h 
light/dark cycle) with access to food and water ad libitum. The 
health and behavior of mice were monitored every day. The 
volume of each tumor was assessed on once in the first week 
and then twice a week as follows: Length x width2 x 1/2. At, 
49 days after implantation, mice were sacrificed by cervical 
dislocation and the tumors were collected. The weight of 
each tumor was recorded after the tumor had been collected. 
Furthermore, 1 x 105 Huh7 cells that had been stably transfected 
with miR‑HCC2 or control vector were suspended in 100 µl 
phosphate‑buffered saline and injected into the tail veins of six 
5‑week‑old female BALB/c nude mice with an average weight 
of 16 g (Beijing Vital River Laboratory Animal Technology 
Co., Ltd.; Charles River Laboratories, Inc.). The mice were kept 
under standard laboratory conditions (temperature 22±2˚C; 
relative humidity 50±10%; 12‑h light/dark cycle) with access 
to food and water ad libitum. The health and behavior of mice 
were monitored every day. At, 11 weeks after injection, mice 
were sacrificed by cervical dislocation and their lungs and 
livers were collected. The tumors and tissues were fixed with 
10% formalin at room temperature for 72 h and embedded in 
paraffin. Sections (4 µm) were stained with hematoxylin for 
5 min and eosin for 2 min at room temperature for histological 
examinations and morphometric analysis. Tumor anatomy and 
pathology were assessed to determine primary tumor growth 
and metastatic lesion formation. Microscopic tumor nodules 
were counted in histological sections of mouse lungs and 
livers under a light microscope (10x magnification; Olympus 
Corporation). The protein expression levels of Sox2, a stem cell 
marker, were evaluated using immunohistochemical staining. 
The paraffin embedded sections were first deparaffinized and 
heated in citrate buffer for antigen retrieval in boiling bath for 
15 min and cooled to room temperature for 30 min, then incu‑
bated with 3% hydrogen peroxide in PBS at 37˚C for 5 min 
and blocked with 3% bovine serum albumin in PBS at 37˚C 
for 1 h. Slides were incubated overnight at 4˚C with primary 
antibodies against Sox2 (1:200; cat. no. WL03767; Wanleibio 
Co., Ltd.), followed by incubation with biotinylated secondary 
antibodies (1:500; cat. no. ab207995; Abcam) for 1 h at room 
temperature. Images of the sections were captured under a 
light microscope (40x magnification; Olympus Corporation) 
and analyzed using Caseviewer 2.4 (3DHISTECH, Ltd.). 
Symptoms, including loss of appetite, ≥20% body weight 
loss, weakness, pain, breathing difficulties or tumor volume 
reaching 2,000 mm3 were set as humane endpoints for the 
present study. However, no mice were sacrificed before the end 

of tumor xenograft experiments due to display of any of these 
symptoms. All studies were performed with approval from 
the Animal Ethics Committee of Tianjin Medical University 
(approval no. TMULA‑201954).

Statistical analysis. GraphPad Prism 5 (GraphPad Software; 
Dotmatics) was used for statistical analysis. Each experi‑
ment was repeated in triplicate. All values were presented as 
mean ± standard deviation. Differences between two groups 
were evaluated using two‑tailed Student's t‑test. Statistical 
significance among three or more groups was assessed 
using one way ANOVA followed by Tukey's post hoc test. 
Gene expression relationships were assessed using Pearson 
correlation coefficients. P<0.05 was considered to indicate a 
statistically significant difference.

Results

The identification of miR‑HCC2 in liver cancer tissues. For 
the identification of miRNAs associated with liver cancer, 
deep sequencing was used to profile miRNAs isolated from six 
liver cancer tissue samples (Table SI). In total, 949 miRNAs 
were isolated, including five novel miRNAs (Fig. 1A). In the 
present study, miR‑HCC2 was focused on, which demon‑
strated the second high abundance among the novel miRNAs 
in liver cancer tissues with the sequence ‘UCU​GUU​UGU​
CGU​AGG​CAG​AUG​G’ and was located in Homo sapiens 
chromosome 5, GRCh38.p12 Primary Assembly (National 
Center for Biotechnology Information Reference Sequence, 
NC_000005) (32). The other miRNA candidates were assessed 
in ongoing research by other group members. To confirm the 
results of deep sequencing, RT‑qPCR was used to quantify the 
RNA expression levels of miR‑HCC2 in liver cancer tissues 
and adjacent non‑tumor tissues, and the RNA expression 
levels of miR‑HCC2 were significantly higher in liver cancer 
tissues than in adjacent non‑tumor tissues (Fig. 1B). These 
results were consistent with the deep‑sequencing data and 
indicated that the expression of miR‑HCC2 was upregulated 
in liver cancer tissues.

MiR‑HCC2 participates in the regulation of stem cell‑like 
properties of human liver cancer cells. To evaluate whether 
miR‑HCC2 was associated with stem cell‑like properties 
in human liver cancer cells, HepG2 and Huh7 cells were 
transfected with miR‑HCC2 or ASO‑miR‑HCC2 and their 
respective control vectors. After the efficiencies of miR‑HCC2 
vectors and ASO‑miR‑HCC2 oligomers had been assessed 
(Fig. 1C), the protein expression levels of a cell surface marker 
(CD90) and four stem cell markers (Oct4, Nanog, Sox2, and 
EpCAM) were evaluated. As shown in Fig. 1C and D, the over‑
expression of miR‑HCC2 significantly increased the mRNA 
and protein expression levels of the surface marker CD90 and 
the stem cell markers in transiently transfected HepG2 and 
Huh7 cells; furthermore, the inhibition of miR‑HCC2 signifi‑
cantly decreased the mRNA and protein expression levels 
of these markers. Stable miR‑HCC2‑overexpressing Huh7 
cells demonstrated significantly higher protein and mRNA 
expression levels of the stem cell markers, compared with 
the control cells (Fig. 1E). Sphere formation assays demon‑
strated significantly higher numbers of spheres (≥100 µm) 
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Figure 1. MiR‑HCC2 is upregulated in liver cancer tissues and promotes stem cell‑like properties in human liver cancer cells. (A) Sequencing reads and 
statistics of five representative miRNAs identified by deep sequencing. (B) Relative levels of miR‑HCC2 in liver cancer tissues and adjacent non‑tumor tissues 
(n=13). U6 RNA was used for normalization. Relative (C) mRNA and (D) protein expression levels of stemness markers in transiently transfected HepG2 and 
Huh7 cells were assessed by RT‑qPCR and western blotting assays, respectively. The arrows indicated nonspecific bands. (E) The mRNA and protein expres‑
sion levels of miR‑HCC2 and stemness markers in stable miR‑HCC2‑overexpressing Huh7 cells. The samples were derived from the same experiment and the 
blots were processed in parallel. (F) Tumor sphere‑formation assays indicated an enhanced sphere formation ability in stable miR‑HCC2‑overexpressing Huh7 
cells. Scale bar=100 µm. (G) Evaluation of the proportion of CD90+ cells among transfected Huh7 cells. All experiments were performed at least in triplicate. 
Data are presented as mean ± standard deviation. *P<0.05, **P<0.01 and ***P<0.001 compared with the corresponding control group (miR‑HCC2 vs. pcDNA3, 
ASO‑miR‑HCC2 vs. ASO‑NC and stable miR‑HCC2 vs. pcDNA3). miR, microRNA; Nanog, nanog homeobox; Sox2, sex determining region Y‑box 2; Oct4, 
octamer‑binding transcription factor 4; CD90, cluster of differentiation 90; EpCAM, epithelial cellular adhesion molecule; ASO, antisense oligonucleotide; 
NC, negative control.
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in stable miR‑HCC2‑overexpressing Huh7 cells compared 
with the control cells (57 vs. 22, Fig. 1F), which suggested 
that miR‑HCC2 dramatically enhanced the sphere formation 
capacities of Huh7 cells. Moreover, flow cytometry analysis 
was performed to assess the proportion of CD90+ cells in 
stable miR‑HCC2‑overexpressing cell lines. The propor‑
tion of CD90+ cells was significantly greater among stable 
miR‑HCC2‑overexpressing Huh7 cells (mean, 44.3 vs. 15.5%), 
compared with the control cells (Fig. 1G).

Collectively, these results demonstrated that miR‑HCC2 
promoted stem cell‑like properties in human liver cancer cells 
by increasing sphere formation, enhancing the proportion of 
CD90+ cells, and increasing mRNA and protein expression 
levels of stemness‑related genes.

MiR‑HCC2 enhances the tumorigenicity, metastasis and 
stemness of liver cancer cells in nude mice. To evaluate the 
effects of miR‑HCC2 on tumorigenicity and tumor metastasis 
in vivo, subcutaneous and intravenous injections of stable 
miR‑HCC2‑overexpressing Huh7 or Hep3B cells into nude 
mice were performed. A nude mouse xenograft‑formation 
assay was used to evaluate the effects of miR‑HCC2 over‑
expression on the tumorigenicity of liver cancer cells. The 
mean tumor weight and mean tumor volume (Fig.  2A‑C) 
were significantly greater in the miR‑HCC2 group than in 
the control group. The RNA expression levels of miR‑HCC2 
and stemness‑related markers in mouse tumors derived 
from stable miR‑HCC2‑overexpressing Huh7 or Hep3B 
cells were significantly greater than those in mouse tumors 
derived from the corresponding control cells (Fig.  2D). 
MiR‑HCC2‑overexpressing tumors exhibited poorly differ‑
entiated carcinoma morphology and increased cell mitosis, 
whereas control tumors exhibited highly differentiated carci‑
noma morphology with low malignancy (upper panel in Fig. 2E 
and upper panel in Fig. S1). Considering that α‑fetoprotein 
(AFP), a marker for liver cell injury, has important roles in 
tumor growth and carcinogenesis (33), the expression of AFP 
was evaluated in mouse tumors. AFP mRNA expression 
levels were significantly higher in miR‑HCC2‑overexpressing 
tumors than in the control tumors (Fig. 2D). Furthermore, 
immunohistochemical analysis of Sox2 protein expression 
patterns demonstrated that miR‑HCC2‑overexpressing cells 
exhibited markedly higher Sox2 protein expression levels in 
xenografts, compared with control cells (lower panel in Fig. 2E 
and Fig. S1), which indicated that miR‑HCC2 overexpression 
promoted cell growth and stemness.

Stable miR‑HCC2‑overexpressing Huh7 cells were intra‑
venously injected into nude mice via the tail vein to assess 
the effects of miR‑HCC2 on tumor metastasis. The injection 
of Huh7 cells overexpressing miR‑HCC2 led to significantly 
increased tumor incidence in vivo, compared with the injection 
of Huh7 cells containing the control vector. Two of six (2/6) 
mice injected with stable miR‑HCC2‑overexpressing Huh7 
cells developed lung and liver metastases, whereas no mice in 
the control group developed lung or liver metastases (Fig. 2F). 
Multiple tumor nodules were evident in the lungs and livers of 
the stable miR‑HCC2‑overexpressing group, whereas no tumor 
nodules were visible in the control group. Similarly, hema‑
toxylin and eosin staining demonstrated poorly differentiated 
carcinoma morphology and increased cell mitosis in lung and 

liver metastases caused by miR‑HCC2‑overexpressing Huh7 
cells. Immunohistochemistry demonstrated that Sox2 protein 
expression was markedly increased in both types of metastases 
with miR‑HCC2 overexpression, compared with the control 
groups (Fig. 2G). The RNA expression levels of miR‑HCC2 
and the stem cell markers were significantly increased by the 
injection of stable miR‑HCC2‑overexpressing Huh7 cells, 
compared with the control group (Fig. 2H).

These results suggested that miR‑HCC2 enhanced the 
tumorigenicity, metastasis and stemness of liver cancer cells 
in vivo.

BAMBI contributes to stem cell‑like properties in human liver 
cancer cells. miRNAs reportedly target multiple host genes 
to exert their functions (34). Previous studies have reported 
that BAMBI was a direct target of miR‑HCC2 and a marker 
of liver CSCs  (32,35). BAMBI contributes to enhanced 
Wnt/β‑catenin signaling, which is involved in the regulation 
of the initial growth and maintenance of CSCs (24,26‑28). In 
the present study, the direct interaction between miR‑HCC2 
and BAMBI was assessed using an enhanced green fluores‑
cent protein (EGFP) reporter system; the results demonstrated 
that miR‑HCC2 could directly target and upregulate BAMBI 
expression (Fig. S2). To further assess the role of BAMBI in 
the regulation of the stemness of human liver cancer cells, 
overexpression and shR vectors were constructed and then 
transfected into HepG2 and Huh7 cells. The overexpression or 
inhibition of BAMBI, respectively, significantly enhanced or 
reduced the stemness‑related gene mRNA and protein expres‑
sion levels, sphere formation and the proportion of CD90+ cells 
(Fig. 3A‑F). These results indicated that BAMBI contributed 
to the stem cell‑like properties of human liver cancer cells.

Knockdown of BAMBI abolishes miR‑HCC2‑related effects on 
stem cell‑like properties in human liver cancer cells. BAMBI 
and miR‑HCC2 demonstrated similar effects on stem cell‑like 
properties in liver cancer cells and the expression of BAMBI was 
positively regulated by miR‑HCC2; therefore, whether the effects 
of miR‑HCC2 on stemness in liver cancer cells were mediated 
by the upregulation of BAMBI expression was evaluated. When 
the plasmids miR‑HCC2 and shR‑BAMBI were co‑transfected 
into liver cancer cells, the miR‑HCC2‑mediated increases in 
the stemness‑related gene mRNA and protein expression levels, 
sphere formation and the proportion of CD90+ cells were mark‑
edly abrogated by BAMBI inhibition (Fig. 4A‑F). Overall, the 
knockdown of BAMBI abolished the stem cell‑like properties 
elicited by miR‑HCC2, which demonstrated that BAMBI was a 
direct functional target of miR‑HCC2 in terms of the induction 
of stemness in liver cancer cells.

BAMBI activates Wnt/β‑catenin signaling, which promotes 
stemness in liver cancer cells. It has been previously reported 
that BAMBI exerts its functions through the Wnt/β‑catenin 
signaling pathway  (22,23). The Wnt/β‑catenin signaling 
pathway is important in cancer, stem cell control and CSC 
biology (35‑37). To elucidate the mechanism by which BAMBI 
contributes to stemness in liver cancer cells, the present study 
assessed whether the expression levels of β‑catenin and the 
transcription of Axin2 were affected by BAMBI in liver cancer 
cells. RT‑qPCR and western blotting analyses demonstrated 
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Figure 2. MiR‑HCC2 enhanced the proliferation, metastasis and stemness of liver cancer cells in vivo. A nude mouse tumor xenograft model was used to 
evaluate the effects of miR‑HCC2 on tumor growth and tumor metastasis in vivo. (A) Tumors were isolated from subcutaneously injected mice. The pcDNA3 
vector and scrambled miRNA were used as control vector and control miRNA. (B) Tumor weights were quantified after tumors had been isolated from mice. 
(C) Tumor volumes were assessed after injection. (D) The RNA expression levels of miR‑HCC2, BAMBI and stemness markers in mouse tumor nodules. 
(E) H&E staining and immunohistochemical staining of Sox2 in xenograft tumors from mice that had been injected with Huh7 cells. Scale bar=50 µm. 
(F) Gross anatomical assessments of lung and liver tissues isolated from intravenously injected mice. Tumor nodules in histological sections of lung and 
liver tissues were counted. (G) H&E staining and immunohistochemical staining of Sox2 in lungs and livers. Scale bar=50 µm. (H) RNA expression levels 
of miR‑HCC2, BAMBI and stemness markers in lungs and livers. Scale bars=50 µm. All results were compared with corresponding control groups. Data 
are presented as mean ± standard deviation. *P<0.05, **P<0.01 and ***P<0.001. miR, miRNA; miRNA, micro RNA; Nanog, nanog homeobox; Sox2, sex 
determining region Y‑box 2; Oct4, octamer‑binding transcription factor 4; CD90, cluster of differentiation 90; EpCAM, epithelial cellular adhesion molecule; 
AFP, α‑fetoprotein; BAMBI, bone morphogenic protein and activin membrane‑bound inhibitor homolog; H&E, hematoxylin and eosin.
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that the overexpression of BAMBI significantly increased the 
β‑catenin mRNA and protein expression level and signifi‑
cantly decreased the Axin2 mRNA expression levels, whereas 
the inhibition of BAMBI significantly decreased the β‑catenin 
mRNA and protein expression level and significantly increased 

the Axin2 mRNA expression level (Fig. 5A‑C). Furthermore, 
the nuclear expression levels of β‑catenin were significantly 
increased or decreased after BAMBI overexpression or 
inhibition, respectively, in liver cancer cells; these results 
suggested that BAMBI promoted nuclear translocation of 

Figure 3. BAMBI promotes stem cell‑like properties in human liver cancer cells. The (A and B) mRNA and (C and D) protein expression levels of BAMBI 
and stemness markers in transfected liver cancer cells were assessed using reverse transcription‑quantitative PCR and western blotting assays, respectively. 
The samples were derived from the same experiment and the blots were processed in parallel. The arrows indicated nonspecific bands. (E) Spheroid formation 
assays were used to evaluate the impact of BAMBI on tumor sphere‑formation ability. Scale bar=100 µm. (F) The proportion of CD90+ cells in liver cancer cells 
was assessed using flow cytometry analysis. All experiments were performed at least in triplicate. Data are presented as mean ± standard deviation. *P<0.05, 
**P<0.01 and ***P<0.001 compared with the corresponding control group (BAMBI vs. pcDNA3 and shR‑BAMBI vs. pSilencer‑NC). Nanog, nanog homeobox; 
Sox2, sex determining region Y‑box 2; Oct4, octamer‑binding transcription factor 4; CD90, cluster of differentiation 90; EpCAM, epithelial cellular adhesion 
molecule; shR, short hairpin RNA; BAMBI, bone morphogenic protein and activin membrane‑bound inhibitor homolog; NC, negative control.
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β‑catenin (Fig. 5D). Moreover, there was a significant corre‑
lation between β‑catenin expression and BAMBI expression 

in mouse tumors (Fig. 5E and F). The aforementioned results 
indicated that BAMBI could promote the nuclear translocation 

Figure 4. Suppression of BAMBI expression abrogates the effects of miR‑HCC2 on stem cell‑like properties in human liver cancer cells. The (A and B) mRNA 
and (C and D) protein expression levels of stemness markers in HepG2 and Huh7 cells were determined after shR‑BAMBI transfection in the presence of 
miR‑HCC2. The samples were derived from the same experiment and the blots were processed in parallel. The arrows indicated nonspecific bands. (E) The 
miR‑HCC2‑mediated increase in the tumor sphere‑forming ability was abrogated by suppression of BAMBI. Scale bar=100 µm. (F) The miR‑HCC2‑mediated 
increase in the proportion of CD90+ cells was reduced by suppression of BAMBI. All experiments were performed at least in triplicate. Data are presented 
as mean ± standard deviation. *P<0.05, **P<0.01 and ***P<0.001 compared with the corresponding control group (miR‑HCC2 + pSilencer‑NC vs. pcDNA3 
+ pSilencer‑NC and miR‑HCC2 + shR‑BAMBI vs. pcDNA3 + pSilencer‑NC). Nanog, nanog homeobox; Sox2, sex determining region Y‑box 2; Oct4, 
octamer‑binding transcription factor 4; CD90, cluster of differentiation 90; EpCAM, epithelial cellular adhesion molecule; shR short hairpin RNA; BAMBI, 
bone morphogenic protein and activin membrane‑bound inhibitor homolog; NC, negative control; miR, microRNA; ns, not significant.

https://www.spandidos-publications.com/10.3892/ijo.2023.5507
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of β‑catenin, which resulted in activation of the Wnt/β‑catenin 
signaling pathway.

The transcription factor YY1 binds the miR‑HCC2 promoter 
and activates the expression of miR‑HCC2. To elucidate the 
regulatory mechanism underlying the dysregulated expres‑
sion of miR‑HCC2 in liver cancer tissues, bioinformatics 
analyses were used (Promoter 2.0 and hTFtarget) to predict 
the miR‑HCC2 promoter, along with potential transcrip‑
tion factor binding sites. Several fragments containing 
putative transcription start sites were separately cloned 
into pGL3‑Basic vectors, including miR‑HCC2‑promoter1, 
miR‑HCC2‑promoter2 and miR‑HCC2‑promoter3 (Fig. 6A). 
Luciferase reporter assays demonstrated a significant 
increase in the luciferase activity of cell transfected with the 
miR‑HCC2‑promoter2, which suggested that it contained a 

functional promoter region (Fig. 6B). Bioinformatic analyses 
demonstrated that miR‑HCC2‑promoter2 contained two YY1 
binding sites, which were located at 2273‑2288 bp and 2883‑2
898 bp upstream from pre‑miR‑HCC2. The ectopic expression 
or knockdown of YY1 significantly enhanced or decreased 
the promoter activity of miR‑HCC2 in Huh7 cells compared 
with the controls, which suggested that YY1 could regulate 
miR‑HCC2 expression by enhancing its promoter activity 
(Figs. 6C and S3). When predicted binding site 1 was mutated, 
the promoter activity was not affected by the overexpression 
or inhibition of YY1; however, mutations of predicted binding 
site 2 demonstrated no effects on YY1 binding. These findings 
suggested that predicted binding site 1 was responsible for YY1 
binding and the subsequent regulation of miR‑HCC2 expres‑
sion (Fig. 6D). Furthermore, miR‑HCC2 levels significantly 
increased or decreased, compared with the control, when 

Figure 5. BAMBI promotes nuclear translocation of β‑catenin and activates Wnt/β‑catenin signaling. Overexpression or knockdown of BAMBI in HepG2 and Huh7 
cells significantly increased or decreased the (A and B) mRNA and (C) protein expression levels of β‑catenin and decreased or increased the mRNA and expression 
levels of Axin2. (D) The nuclear translocation of β‑catenin was evaluated after overexpression or knockdown of BAMBI. The samples were derived from the same 
experiment and the blots were processed in parallel. The arrows indicated nonspecific bands. (E and F) Correlation analysis of β‑catenin and BAMBI expression 
levels in mouse tumors. *P<0.05, **P<0.01 and ***P<0.001 compared with the corresponding control group (BAMBI vs. pcDNA3 and shR‑BAMBI vs. pSilencer‑NC). 
BAMBI, bone morphogenic protein and activin membrane‑bound inhibitor homolog; NC, negative control; shR, short hairpin RNA; Axin2, axis inhibition protein 
2; ns, not significant.



INTERNATIONAL JOURNAL OF ONCOLOGY  62:  59,  2023 11

Figure 6. YY1 binds the promoter region and enhances the transcription of miR‑HCC2. (A) Promoter 2.0 indicated that predicted transcription start sites 
were located in the region 1 to 4 kb upstream of pre‑miR‑HCC2. The predicted YY1 binding sites at nucleotides ‑2273 to ‑2288 bp and ‑2883 to ‑2898 bp of 
the miR‑HCC2 promoter were identified by hTFtarget. (B) Dual‑luciferase assays demonstrated the activities of miR‑HCC2 promoter fragment reporters in 
Huh7 cells. Basic was used as a negative control. ***P<0.001 vs. Basic. (C) Dual‑luciferase assays demonstrated the activities of miR‑HCC2 promoter fragment 
reporters upon co‑transfection with YY1 or shR‑YY1. Basic and pGL3‑control were used as negative and positive controls, respectively. *P<0.05 and ***P<0.001 
(YY1 vs. pcDNA3 and shR‑YY1 vs. pSilencer‑NC). (D) Dual‑luciferase assays were performed to assess the activities of miR‑HCC2 promoter2‑mut1 and 
miR‑HCC2 promoter2‑mut2 upon transfection with YY1 or shR‑YY1. ***P<0.001 (YY1 vs. pcDNA3 and shR‑YY1 vs. pSilencer‑NC). (E) miR‑HCC2 primary 
transcripts were assessed using RT‑qPCR after transfection with YY1 or shR‑YY1. *P<0.05 and ***P<0.001 (YY1 vs. pcDNA3 and shR‑YY1 vs. pSilencer‑NC). 
(F) YY1 expression levels were assessed using RT‑qPCR in 13 pairs of liver cancer tissues. (G) Correlation analysis of YY1 and miR‑HCC2 expression levels 
in liver cancer tissues. All results were compared with corresponding control groups. Data are presented as mean ± standard deviation. (H) Model for role of 
YY1/miR‑HCC2/BAMBI axis in the regulation of stemness in liver cancer cells. miR, microRNA; Basic, pGL3‑Basic; ns, not significant; RT‑qPCR, reverse 
transcription‑quantitative PCR; BAMBI, bone morphogenic protein and activin membrane‑bound inhibitor homolog; Pre, precursor.
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YY1 was overexpressed or knocked down in liver cancer cells 
and correlation analysis demonstrated that YY1 was signifi‑
cantly positively regulated miR‑HCC2 in liver cancer tissues 
(Fig. 6E‑G). These results demonstrated that YY1 activated 
miR‑HCC2 transcription by binding to its promoter.

Discussion

Previous studies have reported that CSCs are important 
for tumor progression in liver cancer because of their high 
self‑renewal capacity, tumorigenicity and chemoresis‑
tance (6,7). CSCs have been characterized in solid tumors 
using stemness markers, including CD90 and certain 
stemness‑related transcriptional factors, such as Nanog, Sox2, 
EpCAM and Oct4 (8,9,14,38). However, the mechanisms which 
underlie the regulation of gene expression for those stem cell 
factors in liver CSCs are unclear. To assess the potential effects 
of miRNAs on stemness in liver cancer, deep sequencing 
was used to profile miRNAs isolated from liver cancer 
tissue samples; which identified certain aberrantly expressed 
miRNAs. The present study, focused on miR‑HCC2, which 
demonstrated increased expression in liver cancer tissues and 
has been previously reported to facilitate the growth, migra‑
tion and invasion of liver cancer cells in vitro (32). However, 
the role of miR‑HCC2 in the stemness of liver cancer cells was 
unclear.

The present study demonstrated that miR‑HCC2 was 
significantly upregulated in liver cancer tissues compared 
with adjacent non‑tumor tissues and that it promoted the 
stem cell‑like properties of liver cancer cells in  vivo and 
in vitro by targeting BAMBI. Previous studies reported that 
BAMBI was involved in the regulation of cell proliferation 
and differentiation in numerous cancers and CSCs through its 
enhancement of Wnt/β‑catenin signaling activity (24,39). For 
example, BAMBI facilitates an interaction between Frizzled5 
and Dishevelled2 that promotes Wnt/β‑catenin activity (23). 
Reduced expression of BAMBI significantly inhibited the 
nuclear translocation of β‑catenin and the transcription of 
Axin2, two indicators of Wnt/β‑catenin activity (40‑42). It has 
been previously reported that activation of the Wnt/β‑catenin 
signaling pathway significantly increased the expression levels 
of the liver CSC‑related molecular markers CD90 and EpCAM, 
which caused hematopoietic progenitor cells to transform into 
liver CSCs (43). Therefore, the present study evaluated the 
effects of BAMBI on the expression and nuclear translocation 
of β‑catenin in liver cancer cells. The results demonstrated that 
miR‑HCC2 influenced the stem cell‑like properties of liver 
cancer cells by targeting BAMBI to promote Wnt/β‑catenin 
signaling. Previous reports indicated that YY1 overexpression 
contributed to the downregulation of certain tumor suppressor 
miRNAs, which enhanced NF‑κB activation and pro‑tumor 
phenotypes  (44,45). However, another study reported that 
YY1 was a potent inhibitor of c‑Myc transforming activity 
and may have tumor suppressor properties (46). The present 
study demonstrated that YY1 functioned as an upstream tran‑
scription factor that promoted miR‑HCC2 expression through 
direct binding to its promoter region.

The present study also had certain limitations. For 
instance, the mechanism by which BAMBI promoted nuclear 
translocation of β‑catenin to activate the Wnt/β‑catenin 

signaling pathway in liver cancer cells was not elucidated. 
YY1 was identified as the upstream transcription factor of 
miR‑HCC2; however, the molecular mechanisms for its high 
expression and function in liver cancer cells requires further 
elucidation.

Overall, the present study focused on miR‑HCC2, a novel 
liver cancer‑associated miRNA with the second most abundant 
expression level in liver cancer tissues. Functional analyses 
demonstrated that miR‑HCC2 strongly promoted stemness 
in liver cancer cells by enhancing the tumor sphere‑forming 
ability, the proportion of CD90+ cells, the expression of stem 
cell markers, and metastasis in vitro and in vivo by targeting 
BAMBI via activation of the Wnt/β‑catenin signaling pathway 
(Fig.  6H). Furthermore, YY1 activated the transcription 
of pri‑miR‑HCC2 by binding to the promoter region of 
miR‑HCC2. The results of the present study indicated that 
YY1‑upregulated miR‑HCC2 functions as a cancer stemness 
inducer through the upregulation of BAMBI, which linked the 
YY1/miR‑HCC2/BAMBI axis to the stemness of liver cancer 
cells. The present study demonstrated the importance of 
miR‑HCC2 as a cancer stemness inducer, thus providing new 
insights into liver cancer metastasis and recurrence.
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