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Background: Hepatocellular carcinoma (HCC) remains a life-threatening malignant tumor. 
Cancer stem cells (CSCs) harbor tumor-initiating capacity and can be used as a therapeutic 
target for human malignancies. Bone morphogenetic proteins (BMPs) play a regulatory role 
in CSCs. This study investigated the role and mechanism of BMP2 in CSCs in HCC.
Methods: BMP2 expression in HCC tissues and cells, and CSCs from HepG2 cells and 
SMMC7721 cells (HepG2-CSCs and SMMC7721-CSCs) was measured. The association 
between BMP2 expression and prognosis of HCC patients was analyzed. CSCs were inter-
fered with BMP2 to evaluate the abilities of colony and tumor sphere formation, levels of 
stemness-related markers, epithelial–mesenchymal transition (EMT), and invasion and 
migration. Levels of MAPK/ERK pathway-related proteins in HepG2-CSCs were detected 
after BMP2 knockdown. The effect of the activated MAPK/ERK pathway on HepG2-CSCs 
was assessed. Finally, the effect of BMP2 inhibition on CSCs in HCC was verified in vivo.
Results: BMP2 showed obvious upregulation in HCC tissues and cells and was further 
upregulated in CSCs in HCC, with its higher expression indicative of worse prognosis. 
Silencing BMP2 inhibited colony and tumor sphere formation, levels of stemness-related 
markers, as well as EMT, invasion and migration of HepG2-CSCs and SMMC7721-CSCs. 
The MAPK/ERK pathway was suppressed after BMP2 knockdown, and its activation 
reversed the inhibitory effect of shBMP2 on hepatic CSCs. BMP2 accelerated tumor growth 
and EMT of CSCs in HCC in vivo.
Conclusion: We concluded that BMP2 knockdown inhibited the EMT, proliferation and 
invasion of CSCs in HCC, thereby hindering the stemness maintenance via suppressing the 
MAPK/ERK pathway.
Keywords: hepatocellular carcinoma, cancer stem cells, bone morphogenetic protein 2, 
stemness, epithelial-mesenchymal transition, MAPK/ERK pathway

Introduction
Hepatocellular carcinoma (HCC), defined as a predominant type of liver cancer, 
remains the leading cause of tumor-related deaths with the ever-increasing inci-
dence and poor prognosis.1 The majority of patients with early-stage HCC are 
asymptomatic, and only 20–30% of HCC patients are diagnosed early when the 
initial treatment may be effective; most HCC patients diagnosed at an advanced 
stage are subjected to expensive surgical resection or transplantation, and what’s 
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worse, more than 70% of them are unresectable HCC.2,3 It 
has shown that epithelial–mesenchymal transition (EMT) 
takes a principal part in driving HCC progression, as 
evidenced by endowing HCC cells with anti-apoptotic 
and migratory traits.4 Therefore, it is urgent to open new 
avenues for better HCC therapies.

Recently, there has been a growing consensus that 
targeting cancer stem cells (CSCs) is the most promising 
therapy for multiple incurable cancers.5 CSCs, also known 
as tumor-initiating cells, occupy a small group of tumori-
genic cells in tumors, and harbor intrinsic stem cell-like 
characteristics, including the ability of self-renewal and 
differentiation.6 CSCs have been identified to make great 
contributions to tumor initiation, maintenance (malignant 
proliferation, invasion and metastasis) and recurrence even 
after apparently eradicating the primary tumor.7–9 

Biomarkers for hepatic CSCs contribute to the diagnosis 
and prognosis prediction of HCC, indicating the applica-
tion of hepatic CSCs in clinical management of HCC.10 

EMT plasticity of CSCs is identified to be a therapeutic 
target in HCC.11–13 In a prior work, CSC self-renewal and 
proliferation are implicated in HCC tumorigenesis.14 

However, the potential mechanism has not been fully 
elucidated.

Bone morphogenetic proteins (BMPs) have been pro-
ven to play a role in tissue morphogenesis, organogen-
esis and adult tissue homeostasis.15 BMPs regulate 
diverse cellular processes, such as proliferation, apopto-
sis and migration in many organs including liver, show-
ing the potential to be a target for liver disease 
treatments.16 BMPs serve as a gene delivery system for 
gene therapy and confer a potential treatment target for 
HCC.17 Numerous studies have demonstrated that BMPs 
are tightly linked to CSC sustenance in diverse cancers, 
such as glioblastoma and breast carcinoma.18,19 The 
BMP signaling has been verified to promote hepatic 
CSC self-renewal and then drive HCC oncogenesis.20 

As previously evidenced, BMP2 shows an abnormal 
upregulation in CSCs in prostate cancer.21 BMP2 posi-
tively regulates cancer cell malignant behavior and 
tumor growth in HCC.22 Nevertheless, the role of 
BMP2 in CSCs in HCC remains to be elucidated.

Hence, this study innovatively speculated that BMP2 
may be intimately implicated in HCC via the underlying 
interactions of hepatic CSCs. Consequently, we performed 
a series of histological and molecular experiments to iden-
tify the regulatory mechanism of BMP2 in CSCs in HCC, 

with the purpose to provide new theoretical basis for HCC 
treatment.

Materials and Methods
Ethics Approval and Consent to 
Participate
This study got approval from the Ethics Committee of 
Hainan Provincial People’s Hospital (Hainan General 
Hospital) (Approve number: 2020 (No. 139)). Significant 
efforts were made to minimize both the number of animals 
and their suffering. All procedures were strictly conducted 
in conformity to the International Code of Ethics in 
Laboratory Animals and national regulations.

Cell Culturing
HCC cell lines (HCC-LM3, SMMC77721, Huh7, Hep3B 
and HepG2) and normal hepatic cell THLE3 supplied by 
Cell Bank of Chinese Academy of Sciences (Shanghai, 
China) were cultured in the Dulbecco’s modified Eagle’s 
medium (DMEM) (Gibco Company, Grand Island, NY, 
USA) containing 10% fetal bovine serum (FBS; Gibco) 
at 37°C with 5% CO2.

Sorting, Identification and Treatment of 
CSCs in HCC
The HCC cells in exponential phase were detached with 
trypsin and washed 1–2 times with phosphate-buffered 
saline (PBS). Next, cell precipitation was collected, re- 
suspended with 2% FBS and mixed. The cell concentra-
tion was adjusted to 1 × 108 cells/mL, and then 100 μL cell 
resuspension was added into the centrifuge tube (15 mL), 
followed by the addition of 10 μL phycoerythrin-labeled 
cluster of differentiation (CD) 133 antibody (ab216323, 
Abcam Inc., Cambridge, MA, USA) or corresponding 
homologous control. The cells were fully mixed and 
underwent a 30-min incubation away from light at 4°C. 
After twice washes with PBS containing 2% FBS, the cells 
were re-suspended with 500 μL PBS containing 2% FBS. 
Finally, the CD133+ and CD133− cell clusters were 
detected and sorted using a flow cytometer.

The lentiviral interference vector of BMP2 [BMP2- 
short hairpin RNA (shRNA)] and its negative control 
(NC) (scramble) were constructed by Cyagen 
Biosciences Inc. (Guangzhou, China), and the titer deter-
mination was performed. The titer of lentiviral interference 
vector BMP2-shRNA and its NC was 4 × 108 CFU/mL. 
Next, the constructed vectors were transfected into hepatic 
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CSCs. DIPQUO (HY-128591, MedChemExpress Co., 
Ltd., Monmouth Junction, NJ, USA) served as the 
MAPK/ERK pathway activator and KO-947 (HY-112181, 
MedChemExpress) served as the MAPK/ERK pathway 
inhibitor.

Quantitative Real-Time Polymerase Chain 
Reaction (qRT-PCR)
Total RNA was extracted using TRIzol reagent (Takara Bio 
Inc., Kyoto, Japan). RNA concentration and purity were 
measured using an ultra-micro-spectrophotometer 
(Shanghai Puyuan Instrument Co., Ltd., Shanghai, China), 
and cDNA was synthetized from 1 μg RNA using the 
reverse transcription kit (Thermo Fisher Scientific Inc., 
Waltham, MA, USA). The qPCR detection was performed 
using SYBR® Premix Ex TaqTM II (Takara) on ABI 
7900HT fast PCR real-time system (Applied Biosystems, 
Foster City, CA, USA), with the reaction conditions being 
10 min at 95°C (pre-denaturation), and 40 cycles of 10 s at 
95°C (denaturation), 20 s at 60°C (annealing) and 34 s at 
72°C (stretching). Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) served as an internal reference. The 
2−ΔΔCt method was used for data analysis. The design and 
synthesis of all primers were finished by Sangon Biotech 
Co., Ltd. (Shanghai, China) (Table 1).

Western Blot Analysis (WB)
The tissue homogenate and cells were lysed using enhanced 
RIPA lysis (Boster Biological Technology Co., Ltd., Wuhan, 
Hubei, China) containing protease inhibitors. Protein con-
centration was determined utilizing the bicinchoninic acid 
protein quantitative kit (Boster). The proteins were subjected 
to 10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis for separation, transferred to polyvinylidene fluoride 
membranes using electro-transfer method, and then blocked 
with 5% bovine serum albumin for 2 h at room temperature 
for blocking the nonspecific binding. After incubated with 
the primary antibodies overnight at 4°C, the membranes were 
rinsed and underwent a 1-h incubation with horseradish 
peroxidase-labeled secondary antibody immunoglobulin 
G (IgG) at room temperature. Enhanced chemiluminescence 
working solution (EMD Millipore, Billerica, MA, USA) was 
used for membrane development. Image Pro Plus 6.0 (Media 
Cybernetics, Bethesda, Maryland, USA) was utilized to 
quantify the gray value of each band in the WB image. 
GAPDH served as the internal reference. Three independent 

experiments were done. The antibody information is shown 
in Table 2. All antibodies were obtained from Abcam Inc.

Sphere Formation Assay
The cells were detached with trypsin and then put in 
a serum-containing medium for trypsin neutralization, fol-
lowed by a 5-min centrifugation at 800 rpm. Afterwards, 
cells were re-suspended in the stem cell culture medium 
and counted, and the cell concentration was adjusted. 

Table 1 Primer Sequences for qRT-PCR

Gene Primer

BMP2 F: 5ʹ-ATCACCTGAACTCCACGAA-3’
R: 5ʹ-TACCACCTTCTCATTCTCATC-3’

Bmil F: 5ʹ-TCGTTCTTGTTATTACGCTGTTTT-3’
R: 5ʹ-CGGTAGTACCCGCTTTTAGGC-3’

Nanog F: 5ʹ-CTGTGTTCTCTTCCACCCAG-3’
R: 5ʹ-AGAGTAAAGGCTGGGGTAGG-3’

SOX2 F: 5ʹ-GAGAACCCCAAGATGCACAA-3’
R: 5ʹ-GGCAGCGTGTACTTATCCTT-3’

OCT4 F: 5ʹ-TCTGCAGAAAGAACTCGAGC-3’
R: 5ʹ-TTGTTGTCAGCTTCCTCCAC-3’

CD13 F: 5ʹ-TGTCCAACATGCTTCCCAAA-3’
R: 5ʹ-TCACGTTCAGGGCATAATCG-3’

CD44 F: 5ʹ-CCTCTCATTACCCACACACG-3’
R: 5ʹ-CCCATGTGAGTGTCCATCTG-3’

ALDH1 F: 5ʹ-GCACGCCAGACTTACCTGTC-3’
R: 5ʹ-CCTCCTCAGTTGCAGGATTAAAG-3’

EpCAM F: 5ʹ-CTACAAGCTGGCCGTAAACT-3’
R: 5ʹ-TCTCATCGCAGTCAGGATCA-3’

GAPDH F: 5ʹ-TGGGTGTGAACCATGAGAAG-3’
R: 5ʹ-CTCGCTTCGGCAGCACA-3’

Table 2 Antibodies Used in WB

Antibody Article Number Dilution Rate

BMP2 ab14933 1:500

E-cadherin ab15148 1:500

Vimentin ab137321 1:500
N-cadherin ab76011 1:5000

Snail ab216347 1:1000

ERK1/2 ab17942 1:1000
p-ERK1/2 ab223500 1:400

MEK1/2 ab178876 1: 20,000

P-MEK1/2 ab194754 1:500
GAPDH ab9485 1:2500

IgG ab205718 1:2000
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Subsequently, cells were seeded into 6-well ultra-low 
attachment plates (1 × 104 cells/well) and underwent 
a 2-week incubation at 37°C with 5% CO2. Cell sphere 
formation was observed and counted. The sphere-forming 
rate = cell sphere numbers per well/total cells × 100%.

Colony Formation Assay
CSCs from HepG2 cells (HepG2-CSCs) and SMMC7721 
cells (SMMC7721-CSCs) were detached, re-suspended 
and counted. After being diluted to an appropriate concen-
tration, the cell suspension (2 mL/well) was added into the 
6-well plates. When cell colonies grew to an appropriate 
size, drugs of an appropriate volume were added and 
gently mixed. After 72-h further culture, the medium was 
removed. Following 3 washes (3 min/time) with 4°C pre- 
cooled PBS solution, cells were added with methanol 
(2 mL/well) and cross-linked for 15 min for fixing. After 
the methanol was removed, the cells were rinsed 3 times 
(3 min/time) in PBS and added with 10% Giemsa staining 
solution (2 mL/well) pre-diluted by PBS solution at room 
temperature. After 30 min, the staining solution was dis-
carded. Cells were then subjected to 3 washes (3 min/time) 
in PBS, followed by natural drying. The colony numbers 
were counted under a microscope.

Cell Counting Kit-8 (CCK-8) Assay
HepG2-CSCs and SMMC7721-CSCs were seeded into the 
96-well plates (1 × 106 cells/well), with 12 duplicated 
wells in each group. The cells were cultured for 1–7 
days, with 3 duplicated wells at each time point. CCK-8 
solution (Sigma-Aldrich, Merck KGaA, Darmstadt, 
Germany) was added into the medium free of cells as the 
blank control. The plates were cultured at 37°C with 5% 
CO2, and 10 μL CCK-8 solution was added into the 
corresponding wells at each time point. After 
4-h incubation, the optical density (OD) at 450 nm was 
measured using a microplate reader.

Transwell Assay
After 48-h infection, the Transwell assay was conducted 
utilizing Matrigel (YB356234; Yubo Biotechnology Co., 
Ltd., Shanghai, China) that were unfrozen at 4°C overnight 
before treatment for balance maintenance. Matrigel (200 μL) 
was diluted at 4°C using 200 μL serum-free medium. Next, 
the diluted Matrigel (50 μL) was added to the apical chamber 
of the plate for a 2–3 h incubation at 4°C. After cell detach-
ment and counting, cell suspension (200 μL) was added into 
each apical chamber and the medium (800 μL) containing 

20% FBS was added into each basolateral chamber. After 
that, the cells underwent a 20–24 h incubation at 37°C, 
followed by washes with PBS twice, 10-min immersion in 
formaldehyde, and washes with tap water 3 times. Next, the 
cells were stained with 0.1% violet for 30 min staining at 
room temperature and washed with PBS twice. Finally, the 
cells on the plate surface were wiped off using cotton cloth.

Tumor Xenograft Formation in Nude 
Mice
Ten nude mice [Shanghai Branch of Beijing Vital River 
Laboratory Animal Technology Co., Ltd., Beijing, China; 
SYXK (Shanghai) 2017–0014] were randomly allocated 
into the shBMP2 group (injected with HepG2-CSCs trans-
fected with shBMP2) and the scramble group (injected with 
HepG2-CSCs transfected with scramble), with 5 mice in each 
group. Briefly, HepG2-CSCs in logarithmic growth phase 
stably transfected with shBMP2 or scramble were collected, 
detached with 0.25% trypsin and dispersed into single-cell 
suspension in PBS. Next, the suspension (2 × 106 cells) was 
injected subcutaneously into the right armpit of mice. The 
health status of nude mice was monitored every day after 
injection. The tumor size was measured every 4 days, and 
calculated by the following formula: V = W2 × L × 0.52.23 

The nude mice were euthanized by intraperitoneal injection 
of pentobarbital sodium (≥100 mg/kg) on the 28th day after 
injection, and the tumors were removed under sterile condi-
tions. After PBS washing, the tumor weights were recorded.

Statistical Analysis
SPSS 21.0 (IBM Corp. Armonk, NY, USA) was utilized for 
data analysis. Kolmogorov–Smirnov test verified that the 
data were in normal distribution. Data were represented as 
mean ± standard deviation. Independent sample t-test was 
utilized for comparison analysis between two groups, and 
one-way or two-way analysis of variance (ANOVA) for 
comparison analysis among multiple groups followed by 
Tukey’s multiple comparisons test. The p value was 
obtained from a two-tailed test. The p < 0.05 indicated the 
statistically significant difference and p < 0.01 represented 
the highly statistically significant difference.

Results
BMP2 Was Highly Expressed in HCC 
Tissues and Cells
To explore the relationship between BMP2 and HCC, we 
first predicted that BMP2 expression in HCC tissues was 
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upregulated relative to that in normal hepatic tissues 
(Figure 1A) through TCGA online visualization website 
(http://starbase.sysu.edu.cn/panCancer.php),24 and higher 
BMP2 expression in HCC tissues was indicative of 
worse prognosis of HCC patients (Figure 1B). 
Subsequently, BMP2 expression in HCC cells and normal 
hepatic cells was further verified using WB and qRT-PCR, 
as confirmed by a remarkably elevated BMP2 expression 
in HCC cells (HepG2, Hep3B, SMMC7721, HCC-LM3 
and Huh7) compared to that in normal hepatic cells 
(Figure 1C and D) (all p < 0.05).

BMP2 Expression Was Further Increased 
in CSCs in HCC
CSCs are critical in tumor survival, proliferation, metastasis 
and recurrence, which maintain tumor cell vitality through 

their self-renewal and unlimited proliferation.25 We proved 
that BMP2 was closely related to the prognosis of HCC 
patients. Therefore, we speculated there may be a certain 
correlation between BMP2 and CSCs in HCC. HepG2 and 
SMMC7721 cells are widely researched in hepatocellular 
carcinoma experiment.26,27 Hence, HepG2 and SMMC7721 
cells with the highest BMP2 expression were selected, and 
then sorted for identifying CSCs in HCC (HepG2-CSCs and 
SMMC7721-CSCs) using a flow cytometer. We found that 
CD133 was positively expressed in HepG2-CSCs and 
SMMC7721-CSCs was dramatically increased compared 
with that in HepG2 cells and SMMC7721 cells (Figure 
2A) (p < 0.01). The self-renewal ability of HepG2 cells, 
HepG2-CSCs, SMMC7721 cells and SMMC7721-CSCs 
was assessed using sphere formation assay and colony for-
mation assay. Compared with HepG2 and SMMC7721 cells, 

Figure 1 BMP2 is highly expressed in HCC tissues and cells. (A) The expression of BMP2 in HCC and normal liver tissues was analyzed using online visualization data from 
Starbase (http://starbase.sysu.edu.cn/panCancer.php) in TCGA; (B) The relationship between the expression of BMP2 in Starbase and the prognosis of HCC patients; (C) 
qRT-PCR was used to detect the mRNA expression of BMP2 in HCC cells and normal liver cells; (D) WB was used to detect the protein level of BMP2 in five HCC cells and 
normal liver cells. The cell experiment was repeated three times, and the data were expressed as mean ± standard deviation. Data in panels (C and D) were analyzed using 
one-way ANOVA and Tukey’s multiple comparisons test. *p < 0.05.
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HepG2-CSCs and SMMC7721-CSCs showed dramatically 
increased sphere formation rate and colony numbers (Figure 
2B and C) (both p < 0.05). The mRNA expressions of CSC 
markers [CD44 and aldehyde dehydrogenase 1 (ALDH1)] 
and pluripotent transcription factors (Bmil, sex-determining 
region Y-box protein 2 (SOX2) and octamer binding 

transcription factor 4 (OCT4)] were elevated markedly in 
HepG2-CSCs and SMMC7721-CSCs relative to those in 
HepG2 and SMMC7721 cells (Figure 2D) (all p < 0.05). 
WB also confirmed that the protein level of CSC marker 
CD44 was noticeably increased in HepG2-CSCs and 
SMMC7721-CSCs (Figure 2E) (p < 0.05), demonstrating 

Figure 2 BMP2 expression is further increased in CSCs in HCC. (A) HepG2-CSCs and SMMC7721-CSCs were isolated and identified using flow cytometry; (B) The 
sphere-forming rate of HepG2 cells, SMMC7721 cells, HepG2-CSCs and SMMC7721-CSCs was detected using sphere formation assay; (C) The colony-forming ability of 
HepG2 cells, SMMC7721 cells, HepG2-CSCs and SMMC7721-CSCs was detected using colony formation assay; (D) The mRNA expression of CSC markers (CD44 and 
ALDH1) and pluripotent transcription factors (Bmil, SOX2 and OCT4) was detected using qRT-PCR; (E) CD44 protein level was detected using WB; (F) The mRNA 
expression of BMP2 in HepG2 cells, SMMC7721 cells, HepG2-CSCs and SMMC7721-CSCs was detected using qRT-PCR; (G) The protein level of BMP2 in HepG2 cells, 
SMMC7721 cells, HepG2-CSCs and SMMC7721-CSCswas detected using WB. The experiment was repeated three times, and the data were expressed as mean ± standard 
deviation. Data in panels (A and C) were analyzed using one-way ANOVA, and data in panels (E-G) were analyzed using two-way ANOVA, followed by Tukey’s multiple 
comparisons test. * p < 0.05; ** p < 0.01.
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the stemness of HepG2-CSCs and SMMC7721-CSCs. 
BMP2 expression in HepG2-CSCs and SMMC7721-CSCs 
was found to be upregulated (Figure 2F and G) (both p < 
0.05), indicating that BMP2 expression may be linked to 
CSCs in HCC.

BMP2 Knockdown Inhibited the Stemness 
of CSCs in HCC
The lentiviral interference vector shBMP2 was constructed 
and transfected into the HepG2-CSCs and SMMC7721- 
CSCs to study the specific role of BMP2 in CSCs in HCC. 
The stemness changes of CSCs were detected using sphere 
formation assay and colony formation assay to explore the 

effect of shBMP2 on the stemness of CSCs in HCC. We first 
identified that BMP2 mRNA expression and protein level 
were obviously reduced after silencing BMP2 (Figure 3A 
and B) (all p < 0.05). Next, colony formation assay showed 
that inhibition of BMP2 markedly reduced colony numbers 
(Figure 3C) (p < 0.05). Meanwhile, silencing BMP2 also 
remarkably decreased the volume and number of tumor 
spheres, and then reduced the sphere-forming rate of 
HepG2-CSCs (Figure 3D) (all p < 0.01). CCK-8 assay 
revealed that silencing BMP2 inhibited the proliferation 
ability of HepG2-CsCs and SMMC7721-CSCs (Figure 3E) 
(all p < 0.01). As indicated by qRT-PCR, the mRNA expres-
sions of stemness-related markers [Nanog, SOX2, OCT4, 

Figure 3 BMP2 knockdown inhibits the stemness of CSCs in HCC. (A) The relative mRNA expression of BMP2 was detected using qRT-PCR; (B) The relative protein level 
of BMP2 was detected using WB; (C) The influence of inhibition of BMP2 on the colony-forming ability of HepG2-CSCs and SMMC7721-CSCs was detected using colony 
formation assay; (D) The effect of inhibition of BMP2 on the sphere-forming ability of HepG2-CSCs and SMMC7721-CSCs was detected using sphere formation assay; (E) 
The proliferation ability of transfected cells was measured using CCK-8 assay; (F) qRT-PCR was used to detect the expression of Nanog, SOX2, OCT4, CD13, CD44 and 
EpCAM in HepG2-CSCs and SMMC7721-CSCs after BMP2 knockdown. The cell experiment was repeated three times, and the data were expressed as mean ± standard 
deviation. Data in panels (A-D) were analyzed using independent t-test, and data in panel (E and F) were analyzed using two-way ANOVA, followed by Tukey’s multiple 
comparisons test. * p < 0.05; ** p < 0.01.
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CD13, CD44 and epithelial Cell Adhesion Molecule 
(EpCAM)] in CSCs in HCC were obviously decreased 
(Figure 3F) (all p < 0.01). From all the above, we concluded 
that inhibition of BMP2 suppressed CSC stemness in HCC.

BMP2 Knockdown Inhibited the EMT and 
the Invasion and Migration of CSCs in 
HCC
As evidenced previously, CSCs show a close relation-
ship with EMT of tumor cells.28 Therefore, we specu-
lated that BMP2 promoted CSC invasion and migration 
in HCC via regulating the EMT of CSCs in HCC. As 
shown by WB results, after inhibition of BMP2, the 
level of epithelial marker E-cadherin in CSCs in HCC 
was upregulated, while levels of mesenchymal markers 
(Vimentin and N-cadherin) and Snail were downregu-
lated (Figure 4A) (all p < 0.05). Briefly, BMP2 played 
an important role in EMT of CSCs in HCC. In addition, 
EMT of tumor cells often leads to the enhancement of 
cell invasion and migration.29 Hence, CSC invasion and 
migration in HCC in each group were detected. As 
shown by Transwell assay, inhibition of BMP2 in vitro 
effectively suppressed CSC invasion and migration in 
HCC (Figure 4B) (both p < 0.05). In conclusion, BMP2 
knockdown inhibited the EMT and the invasion and 
migration of CSCs in HCC.

BMP2 Knockdown Inhibited the Stemness 
Maintenance of CSCs in HCC via 
Inhibiting the MAPK/ERK Pathway
The MAPK/ERK pathway has been suggested to be 
involved in the proliferation and invasion of CSCs.30 

Based on our previous experiments, BMP2 induced EMT 
changes and promoted CSC proliferation, migration and 
invasion in HCC. Therefore, we further speculated that 
BMP2 affected CSC proliferation, migration and invasion 
in HCC via regulating the MAPK/ERK pathway. The acti-
vation of the MAPK/ERK pathway was detected, and we 
observed that p-ERK1/2 and p-MEK1/2 levels were 
obviously decreased after BMP2 inhibition (Figure 5A) (all 
p < 0.05). MEK/ERK pathway inhibitor KO-947 notably 
decreased the sphere and colony formation of CSCs (Figure 
5B and C) (all p < 0.05). Furthermore, DIPQUO was used to 
activate the MAPK/ERK pathway to observe the stemness 
of CSCs in HCC. We observed that the colony numbers 
were remarkably increased after DIPQUO treatment 
(Figure 5D) (p < 0.05). Similar results were also found in 
tumor sphere formation (Figure 5E) (p < 0.05). Overall, the 
MAPK/ERK pathway activation by DIPQUO reversed the 
inhibitory effects of BMP2 inhibition on colony and sphere 
formation of CSCs in HCC. Collectively, BMP2 knockdown 
inhibited the stemness maintenance of CSCs in HCC via 
suppressing the MAPK/ERK pathway.

Figure 4 BMP2 knockdown inhibits the EMT and the invasion and migration of CSCs in HCC. (A) WB was used to detect the levels of E-cadherin, Vimentin, N-cadherin and 
Snail in CSCs in HCC; (B) Transwell assay was used to detect the effect of BMP2 silencing on the migration and invasion ability of CSCs in HCC. The cell experiment was 
repeated three times, and the data were expressed as mean ± standard deviation. Data in the panel (B) were analyzed using independent t-test, and data in the panel (A) 
were analyzed using two-way ANOVA, followed by Tukey’s multiple comparisons test. * p < 0.05.
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BMP2 Knockdown Inhibited Tumor 
Growth and EMT of CSCs in HCC in 
Nude Mice
We have proven that BMP2 knockdown suppressed the 
MAPK/ERK pathway and inhibited CSC proliferation, migra-
tion and invasion in HCC in vitro. The effect of shBMP2 on 

CSCs in HCC in nude mice was further studied. According to 
tumor xenograft formation assay, mice treated with BMP2 
knockdown showed remarkably reduced tumor volume and 
weight (Figure 6A and B) (both p < 0.05). Meanwhile, as 
shown by qRT-PCR results, the mRNA expressions of CSC 
markers (CD44 and ALDH1) were obviously decreased after 
BMP2 knockdown (Figure 6C) (both p < 0.05). Furthermore, 

Figure 5 BMP2 knockdown inhibits the proliferation, migration and invasion of CSCs in HCC via inhibiting the MAPK/ERK pathway. (A) WB was used to detect the levels of 
p-ERK1/2, ERK1/2, MEK1/2 and p-MEK1/2; (B) The effect of MAPK/ERK pathway inhibitor on the colony-forming ability of liver CSCs was detected using colony formation 
assay; (C) The effect of MAPK/ERK pathway inhibitor on the sphere-forming rate of liver CSCs was detected using sphere formation assay; (D) The effect of the MAPK/ERK 
pathway on the colony-forming ability of liver CSCs was detected using the colony formation assay; (C) The effect of the MAPK/ERK pathway on the sphere-forming ability 
of hepatic CSCs was detected using sphere formation assay. The cell experiment was repeated three times, and the data were expressed as mean ± standard deviation. Data 
in panels (D and E) were analyzed using independent t-test, data in panels (B and C) were analyzed using one-way ANOVA and data in the panel (A) were analyzed using 
two-way ANOVA, followed by Tukey’s multiple comparisons test. * p < 0.05; ** p < 0.01.
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WB verified the dramatically elevated E-cadherin level, and 
the reduced levels of Vimentin, N-cadherin and Snail in 
hepatic CSCs (Figure 6D) (all p < 0.05). From all the above, 
we concluded that suppression of BMP2 inhibited CSC EMT 
and stemness in HCC in vitro (Figure 6E).

Discussion
Currently, a few drugs have been approved for unresect-
able HCC; nevertheless, the response rate of these drugs is 
low and the guaranteed survival benefit (2–3 months) is 
limited.31 CSCs are essential driving force in diverse 
cancers,32 and BMP is identified to regulate CSCs.33 

This study demonstrated that BMP2 depletion suppressed 
the EMT, proliferation, migration and invasion, thereby 

hindering stemness maintenance of CSCs in HCC via 
blocking the MAPK/ERK pathway.

BMP2 has been found to show a deregulated expres-
sion in multiple cancers, such as nasopharyngeal carci-
noma, gastric cancer and pancreatic cancer, and its high 
expression is often closely linked to poor prognosis of 
patients.34–36 As shown by our results, BMP2 expression 
in HCC tissues and cells was remarkably upregulated, and 
its high expression indicated worse prognosis of HCC 
patients. In agreement with this, a previous study has 
also demonstrated the abnormal upregulation of BMP2 in 
HCC.22 CSCs, showing presence in primary cancers, are 
identified to drive cancer growth with the potent self- 
renewing ability, and consequently targeting CSCs has 

Figure 6 BMP2 knockdown inhibits tumor growth and the EMT of CSCs in HCC in nude mice. (A) Tumor volume of nude mice; (B) Tumor xenograft image and tumor 
weight; (C) qRT-PCR was used to detect the mRNA expression of CSC markers CD44 and ALDH1; (D) WB was used to detect the levels of E-cadherin, Vimentin, 
N-cadherin and Snail. The data were expressed as mean ± standard deviation. Data in the panel (B) were analyzed using independent t-test, and data in panels (A, C, D) 
were analyzed using two-way ANOVA, followed by Tukey’s multiple comparisons test. *p < 0.05.
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been recognized as a promising therapy for cancer 
treatment.25 Compared with HepG2 and SMMC7721 
cells, HepG2-CSCs and SMMC7721-CSCs showed dra-
matically increased sphere formation rate and colony num-
bers, and markedly elevated levels of CSC markers (CD44 
and ALDH1) and pluripotent transcription factors (Bmil, 
SOX2 and OCT4), demonstrating the stemness of HepG2- 
CSCs and SMMC7721-CSCs. In addition, BMP2 expres-
sion in HepG2-CSCs and SMMC7721-CSCs was remark-
ably upregulated, which suggested that BMP2 expression 
may be related to CSCs in HCC. Consistently, a previous 
study has demonstrated the aberrantly elevated expression 
of BMP2 in CSCs in prostate cancer.21

Growing studies have pointed out that hepatic CSCs 
make great contributions to the initiation, progression, and 
recurrence of HCC.37,38 Furthermore, the BMP signaling 
is implicated in CSC self-renewal and HCC progression.20 

It is well accepted that Nanog, SOX2, OCT4, CD133, 
CD44, EpCAM and CD13, as well as high ALDH activity 
are functional markers for stemness of hepatic CSCs.39,40 

We observed that inhibition of BMP2 dramatically reduced 
the colony and sphere of hepatic CSCs, accompanied by 
remarkably decreased levels of stemness-related markers 
(Nanog, SOX2, OCT4, CD13, CD44 and EpCAM) in 
CSCs in HCC. Consistently, numerous studies have pro-
vided evidence for the inhibitory effect of BMP2 depletion 
on CSCs in multiple cancers. For instance, BMP2 knock-
down decreases CSC numbers and tumor initiation rate in 
ovarian cancer.20 Silencing BMP2 contributes to reducing 
sphere formation and downregulating stemness markers 
(CD133+ and EpCAM+) of colon CSCs.41 Nevertheless, 
the interplay of BMP2 with CSCs in HCC remained to be 
elucidated.

EMT is tightly bound up with the stemness mainte-
nance of CSCs and can even confer CSC-like properties to 
normal tumor cells, including in HCC.42,43 EMT contri-
butes to tumor cell migration and invasion.44 Additionally, 
EMT can be evaluated by the loss of E-cadherin and the 
presence of Vimentin, N-cadherin and Snail.45,46 As 
shown by our observations, BMP2 knockdown elevated 
E-cadherin level and reduced levels of Vimentin, 
N-cadherin and Snail; in addition, inhibition of BMP2 
effectively suppressed the invasion and migration of 
CSCs in HCC. In agreement with these, BMP2 facilitates 
EMT and stemness of breast CSCs, thereby promoting 
tumor metastasis.47 Depletion of BMP2 suppressed EMT 
and stemness maintenance of colon CSCs, so as to inhibit 
colon cancer migration and invasion.41 The role of 

inhibited BMP2 was further verified in vivo in nude 
mice, as demonstrated by the reduced tumor volume and 
weight, and inhibited stemness and EMT of CSCs. 
Silencing BMP2 helps to prevent HCC cell migration 
and invasion.22 In conclusion, BMP2 knockdown inhibited 
the EMT and then the invasion and migration of CSCs 
in HCC.

As has been pointed out previously, the activated 
MAPK/ERK pathway is strongly linked to HCC 
progression.48 MAPK/ERK signal transduction is the 
most abundant process in tumors, and MAPK/ERK is 
closely related to the maintenance of CSCs.49 Reduction 
of MAPK/ERK signal transduction contributes to inhibit-
ing CSC proliferation and migration.30 Blockade of the 
MAPK/ERK pathway helps to hinder the stemness, pro-
liferation and in vivo tumor formation capacity of renal 
CSCs.50 Moreover, it is suggested that BMP2 shows 
a close relation with the MAPK/ERK pathway in osteo-
blastic differentiation.51 As indicated by our results, BMP2 
knockdown markedly inhibited the MAPK/ERK pathway, 
while the activated MAPK/ERK pathway reversed the 
inhibitory effects of BMP2 knockdown on the stemness 
of CSCs in HCC. Consistently, the p38/MAPK signaling 
modulates hepatic CSCs stemness acquisition under 
tobacco smoke exposure.52 Inhibition of ERK prevents 
the migration and invasion, as well as CSC-like cell main-
tenance in HCC.53 Moreover, BMP2 mediates the MAPK 
signaling to promote HCC progression, tumor growth, and 
angiogenesis.22 Overall, we proved that inhibition of 
BMP2 suppressed the stemness maintenance of CSCs in 
HCC via blocking the MAPK/ERK pathway.

All in all, we proved that BMP2 knockdown inhibited 
CSC EMT, proliferation, migration and invasion, thus 
hindering the stemness maintenance of CSCs in HCC via 
blocking the MAPK/ERK pathway. Previous studies of 
BMP2 mostly focus on osteogenesis fields and function 
of its expression on tumor; based on this, this study inno-
vatively explored the regulatory role of BMP2 in CSCs 
isolated from HCC tissues involving the MAPK/ERK 
pathway. These results discovered a novel CSC-based 
target for HCC patients. Although the present study pro-
vided therapeutic value for HCC treatment, the experiment 
results and clinical application need to be further verified.
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