
ONCOLOGY REPORTS  42:  688-696,  2019688

Abstract. The exact molecular mechanisms underlying 
cervical tumorigenesis are poorly understood. Polycomb 
complex protein Bmi1 (Bmi1) is involved in the malignant 
transformation and biological aggressiveness of several 
human carcinomas. Therefore, the present study assessed the 
expression of Bmi1 protein in human cervical cancer tissues 
and examined the mechanisms involved in cervical carcino-
genesis. The expression of Bmi1 protein was examined by 
immunohistochemistry in cervical carcinoma tissues (n=71), 
high‑grade squamous intraepithelial lesions  (n=41) and 
normal cervical tissues (n=47). Expression of Bmi1 protein 
gradually increased across samples from the normal cervix 
(1/47; 2.12%), high‑grade squamous intraepithelial lesions 
(5/42;  16.13%) and cervical carcinomas  (31/71; 43.66%; 
P<0.05). Additionally, Bmi1 protein expression was associ-
ated with tumor histopathological grade. The effects of Bmi1 
silencing and overexpression on tumor sphere formation and 
the tumorigenicity of cervical cancer cells were investigated. 
Overexpression of Bmi1 resulted in significantly attenuated 
tumor formation and tumor sphere formation. Consistently, 
Bmi1 silencing significantly inhibited tumor formation and 
tumor sphere formation. Furthermore, Bmi1 upregulated the 
expression of Sox2, and the dual‑luciferase reporter assay and 
chromatin immunoprecipitation showed that Bmi1 transacti-
vated Sox2 by binding to the two E‑box motifs in the Sox2 
promoter. In conclusion, aberrantly elevated Bmi1 promotes 

cervical cancer tumorigenicity and tumor sphere formation via 
enhanced transcriptional regulation of Sox2 genes as a poten-
tial oncogenic factor that participates in the carcinogenesis of 
cervical carcinomas.

Introduction

According to cancer stem cell (CSC) theory, only some cells 
within a tumor will initiate tumorigenic growth  (1). It is 
becoming evident that cancer treatment that fails to eliminate 
cancer stem cells may allow for regrowth of the tumor (2). 
CSCs have been identified and isolated from hematopoietic 
malignancies and solid tumors, including glioblastoma, breast 
cancer, colon cancer, hepatocellular carcinoma and other types 
of tumors (3).

Cervical cancer is the fourth most common malignancy 
affecting women worldwide, and 250,000  deaths have 
been estimated annually  (4). Notably, the high mortality 
rate of patients is mainly due to poor loco‑regional control, 
including local tissue invasion by the primary tumor and 
regional lymph node involvement, rather than distant metas-
tasis. Human papillomavirus (HPV) infection is a factor in 
the development of most cases of cervical cancer (5). At the 
same time, HPV infection alone is not sufficient to generate 
a fully malignant phenotype. Thus, the exact molecular and 
genetic mechanisms of malignant transformation remain to 
be explored. The prospective discrimination and isolation 
of cervical cancer stem cells are the most important steps 
in elucidating cervical carcinogenesis and establishing new 
therapeutic approaches for this cancer type.

It has been suggested that polycomb complex protein Bmi1 
(Bmi1) is associated with cancer initiation and progression in 
various types of tumor‑initiating cells, and plays important 
roles in the development and progression of carcinomas (6). 
The Bmi1 gene belongs to the polycomb gene family and 
is a component of polycomb repressive complex 1, which is 
implicated in the stable maintenance of gene repression (7). 
Bmi1 was first isolated as an oncogene that cooperates with 
c‑Myc in the generation of lymphomas in mice (8). Various 
types of human cancer display a similar pattern in terms of 
overexpression of Bmi1, such as non‑small cell lung cancer, 

Aberrantly elevated Bmi1 promotes cervical cancer 
tumorigenicity and tumor sphere formation via 

enhanced transcriptional regulation of Sox2 genes
RUI XU1,2*,  LIN CHEN3*  and  WEN‑TING YANG1

1Department of Reproductive Medicine, The First Affiliated Hospital of the Medical College, Xi'an Jiaotong University;  
2Department of Internal Medicine One, Shaanxi Provincial Hospital, College of Medicine, Xi'an Jiaotong University; 

3Department of Pathology, Shaanxi Provincial People's Hospital, Xi'an, Shaanxi 710061, P.R. China

Received August 25, 2018;  Accepted May 30, 2019

DOI: 10.3892/or.2019.7188

Correspondence to: Dr Wen‑Ting Yang, Department of 
Reproductive Medicine, The First Affiliated Hospital of the 
Medical College, Xi'an Jiaotong University, 277 West Yanta Road, 
Xi'an, Shaanxi 710061, P.R. China
E‑mail: 04203031@stu.xjtu.edu.cn

*Contributed equally

Key words: polycomb complex protein Bmi1, Sox2, cervical cancer, 
cancer stem cell, self‑renewal

https://www.spandidos-publications.com/10.3892/or.2019.7188


XU et al:  Bmi1 PROMOTES CERVICAL CANCER VIA Sox2 689

breast cancer, colorectal cancer, prostate cancer and nasopha-
ryngeal carcinoma (9).

Sox2, a major transcription factor belonging to group B 
of the SOX family, is a key transcription factor in embryonic 
development and plays a critical role in determining the fate 
of stem cells. In our previous study, it was demonstrated that 
Sox2 may participate in the carcinogenesis of cervical carci-
nomas (10).

Both Bmi1 and Sox2 are specific markers of neural stem 
cells (11,12). Meanwhile, Bmi1 and Sox2 are both overexpressed 
in some human cancer types, such as non‑small cell lung cancer, 
breast cancer and cervical cancer (13). Until now, no evidence 
has supported the interaction between Bmi1 and Sox2 in cervical 
carcinogenesis, to the best of our knowledge. The present 
study evaluated Bmi1 expression using immunohistochemical 
staining of tumor tissues from patients with cervical squamous 
cell carcinoma, analyzed its role in cervical carcinogenesis, and 
explored the relationship between Bmi1 and Sox2.

Materials and methods

Clinical specimens. A total of 112 cervical tissue specimens, 
including high‑grade squamous intraepithelial lesions (HSILs; 
n=41) and cervical cancer (n=71), were examined, and their 
clinicopathological backgrounds are summarized in Table I. 
The samples were derived from either surgical resection or 
biopsy. A total of 47 histologically normal cervical specimens 
were obtained from biopsy materials. All the specimens were 
obtained from the Department of Gynecology, First Affiliated 
Hospital of Xi'an Jiaotong University between January 2016 
and December  2017, and were fixed in 10% formalin for 
30 min at room temperature and embedded in paraffin. Serial 
sections, 4 µm in thickness, were cut from each paraffin block. 
A total of two pathologists, in a blinded fashion, processed 
several sections for histopathology studies according to the 
International Federation of Gynecology and Obstetrics clas-
sification system  (14), while the remaining sections were 
processed for subsequent immunohistochemistry.

Immunohistochemistry. The slides were deparaffinized in 
xylene and then were rehydrated through an ethanol gradient. 
Following a rinse in PBS, the sections were heated at 120˚C 
in 0.01 mol/l sodium citrate buffer (pH 6.0) for 2 min to for 
antigen retrieval. After blocking nonspecific reactions with 
the 3% H2O2 for 30 min at room temperature (Sigma‑Aldrich; 
Merck KGaA), the sections were incubated with Bmi1 antibody 
(1:150; EMD Millipore; cat. no. 05‑1322) and Sox2 antibody 
(1:100; Santa Cruz Biotechnology, Inc.; cat. no. sc‑17320) at 
4˚C overnight. The sections were then stained with horse-
radish peroxidase (HRP)‑labeled goat‑mouse and rabbit‑goat 
(1:100; OriGene Technologies, Inc.; cat. nos. SPN‑9001 and 
SPN‑9002) at 30˚C for 20 min. The expression of proteins 
was stained with 3,3'‑diaminobenzidine  (DAB). A similar 
dilution of the control mouse or control goat IgG (1:100; 
R&D Systems, Inc.; cat. nos. MAB0031 and AB‑108‑C) was 
applied instead of the primary antibody as a negative control. 
The degree of immunostaining of each formalin‑fixed, 
paraffin‑embedded section was reviewed and scored by two 
independent observers. The immunoreactivity of Bmi1 and 
Sox2 was semi quantitatively analyzed by light microscope, 

according methods from previous studies (15). In brief, the 
percentage of positive cells was divided into five categories 
of score: <10, 0; 10‑25, 1; 25‑50, 2; 50‑75, 3; and >75%, 4. The 
intensity of staining was divided into four categories of score: 
No staining, 0; light brown, 1; brown, 2; and dark brown, 3. 
Bmi1 and Sox2 staining was assessed by the following 
formula: Immunohistochemistry score x intensity score. An 
overall score <3 was defined as negative; >3 and <6 as weak 
positive; and >6 as strong positive. All scores were evaluated 
by two different researchers at a magnification of x400.

Cell lines and cell culture. The human cervical cancer cell 
lines SiHa, HeLa and C33A were purchased from the American 
Type Culture Collection. All the cervical cancer cells were 
grown in DMEM (Sigma Aldrich; Merck KGaA) supple-
mented with 10% FBS (Invitrogen; Thermo Fisher Scientific, 
Inc.), 100 U/ml penicillin and 100 µg/m streptomycin at 37˚C 
in an atmosphere of 5% CO2. Tera‑1 cells were cultured in 
McCoy  5A medium (Sigma‑Aldrich; Merck KGaA) with 
15% FBS at 37˚C in an atmosphere with 5% CO2.

Western blotting. Protein samples from each lysate from fresh 
cells treated with RIPA lysis buffer (cat. no. sc‑24948; Santa 
Cruz Biotechnology, Inc.) were firstly quantified with a protein 
bicinchoninic acid kit (Pierce‑23225; Thermo Fisher Scientific, 
Inc.), loaded and separated by 10% SDS‑PAGE with 30 ng per 
lane, and then transferred to PVDF membranes. The PVDF 
membranes were blocked with fat‑free milk at a concentra-
tion of 5% for 1  h at room temperature. The membranes 
were probed with anti‑Bmi1 (1:1,000; EMD  Millipore; 
cat. no. 05‑1322), anti‑Sox2 (1:500; Santa Cruz Biotechnology, 
Inc.; cat. no. sc‑17320), and anti‑actin (1:1,000; Santa Cruz 
Biotechnology, Inc.; cat.  no.  sc‑47778) at 4˚C overnight. 
After reacting with HRP‑conjugated anti‑mouse or anti‑goat 
immunoglobulin (1:10,000; cat. nos. G‑21040 and 81‑1620; 
Thermo Fisher Scientific Inc.) for 1 h at room temperature, the 
proteins were detected using enhanced chemiluminescence 
(EMD Millipore).

Vector construction and transfection. Full‑length Bmi1 cDNA 
was amplified (16), and then the Bmi1 cDNA fragment was 
subsequently cloned into the EcoRI and BamHI sites of the 
internal ribosome entry site vector pIRES2‑AcGFP (Clontech 
Laboratories, Inc.) to generate the pIRES2‑AcGFP‑Bmi1 
recombinant plasmid. The Bmi1 short hairpin (sh)RNA 
named GenePharma SuperSilencing shRNA™, for which 
the plasmid was pGPU6/GFP/Neo, was used to specifically 
silence the expression of Bmi1 (Shanghai GenePharma Co., 
Ltd.).

All transfection experiments were performed using 
Lipofectamine® 2000 reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.), according to the manufacturer's instructions. 
In brief, 105 cells were seeded in 6‑well plate and transfected 
with 2 µg pIRES2‑AcGFP‑Bmi1 and shBmi1 or empty vector. 
After culturing in medium containing 1  mg/ml geneticin 
(cat.  no.  G418; Genetical; Ameresco, Inc.) for 2‑3  weeks, 
pooled stable clones were isolated. Clones that expressed the 
Bmi1 cDNA coding region, or Bmi1 silenced cells, were main-
tained in medium containing 0.8 mg/ml geneticin and used for 
further investigation.
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Tumor sphere formation assay. For clinical cervical cancer 
samples, the tissues were collected immediately after surgical 
resection and were then washed, minced and dissociated to 
single cells using collagenase  IV (Sigma‑Aldrich; Merck 
KGaA) at 37˚C. After 16 h of digestion, the cells were grown 
in serum‑free stem cell medium containing DMEM/F12 
(cat. no. 12400‑024, Gibco; Thermo Fisher Scientific, Inc.) 
supplemented with basic fibroblast growth factor, epidermal 
growth factor, N2 supplement and B27 supplement. For 
in vivo propagation, the tumor spheres were dissociated to 
single cells after 7 days and quantified. Next, 1,000 cells 
were injected into the subcutaneous tissue in the dorsum of 
4- to 6‑week‑old female BALB/c nude mice (Shanghai SLAC 
Laboratory Animal Co., Ltd.). A total of 30 mice weighing 
12‑14 g were housed in SPF conditions with a temperature of 
24±2˚C and a humidity of 40‑60%. Mice had free access to 
regular chow which was replaced every three days, and were 
housed on a 12 h light/12 h dark cycle. The xenotransplanted 
tumor passage in vivo were performed in 3 number of mice 
(30 number mice for 10‑serial‑passage). After 60 days, the 
mice were sacrificed, and the formed tumors were dissected 
and handled as described previously (17).

For cervical cancer cell lines, the cells were plated at a 
density of 200 cells/well in 24‑well ultralow attachment plates, 
or at a density of 1 cell/well in 96‑well plates, and maintained 
in stem cell medium at 37˚C in an atmosphere of 5% CO2. 
Tumor spheres that arose within 2  weeks were recorded. 
For serial tumor sphere formation assays, the spheres were 
harvested, disaggregated with 0.25% trypsin/EDTA, filtered 
through a 40‑µm mesh and re‑plated according to the afore-
mentioned method. For each cell type, triplicate samples were 
used, and two individuals counted the number of spheres in a 
blind fashion.

Tumor formation assays. Female 6‑week‑old NOD/SCID 
mice (Shanghai SLAC Laboratory Animal Co., Ltd.) weighing 

12‑14 g were used to assess the tumor formation properties 
in vivo; A total number of 9 mice (3 mice/group: SiHa‑GFP cell 
and SiHa‑Bmi1 cell group; HeLa‑GFP cell and HeLa‑Bmi1 
cell group; and C33A‑shControl cell and C33A‑shBmi1 cell 
group) were housed in SPF conditions with a temperature of 
24±2˚C and a humidity of 40‑60%. Mice had free access to 
regular chow which was replaced every three days, and were 
housed on a 12 h light/12 h dark cycle. A total of 106 cells 
were injected into the subcutis on the dorsum. Engrafted mice 
were inspected twice per week, until the observation was 
terminated at 8‑12 weeks, by visual observation and palpa-
tion for the appearance of tumors. The tumor volume (V) was 
determined by the length (a) and width (b) as follows: V=ab2/2. 
The experimental protocols were evaluated and approved by 
the Animal Care and Use Committee of the Medical School 
of Xi'an Jiaotong University. A portion of each tumor was 
fixed for 24 h in 10% formaldehyde at room temperature and 
embedded in paraffin for immunohistochemistry analysis 
according to the aforementioned protocol.

Dual luciferase reporter assay. Sox2 promoter regions 
containing  2 E‑Box motifs that can bind to the Bmi1 
protein were predicted using Promoter 2.0 Prediction Server 
(http://www‑bimas.cit.nih.gov/molbio/proscan/). Promoter 
luciferase reporters containing the Sox2 promoter regions 
of ‑1,000  bp‑+1 bp, ‑900  bp‑+1  bp, ‑400 bp‑+1  bp and 
‑100 bp‑+1 bp, and pTK‑RL plasmids (Promega Corporation), 
were transiently co‑transfected with the Lipofectamine® 2000 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) into 
tumor cells (5x104) plated in 24‑well plate dishes, while the 
activities of both firefly and Renilla luciferase reporters were 
determined 48 h post‑transfection using the Dual Luciferase 
Assay kit (Promega Corporation), according to the manufac-
turer's instructions. The promoter luciferase reporter activity 
is presented as the relative ratio of firefly luciferase activity to 
Renilla luciferase activity. The specific activity was displayed 

Table I. Relationship between Bmi1 or Sox2 expression and the characteristics of the cervical squamous carcinomas.

	 Bmi‑1	 SOX‑2
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Characteristics	 n	 low	 high	 P‑value	 Negative	 Positive	 P‑value

Age, years
  ≤45	 33	 18	 15	 0.777	   8	 25	 0.655
  >45	 38	 22	 16		  11	 27
SCC differentiation
  Well	 18	 14	   4	 0.034	   9	   9	 0.015
  Moderate‑poor	 53	 26	 27		  10	 43
Lymph node metastasis
  Absence	 57	 34	 23	 0.256	 13	 44	 0.178
  Present	 14	   6	   8		    6	   8
Clinical stage
  I‑II	 60	 35	 25	 0.516	 15	 45	 0.470
  III‑IV	 11	   5	   6		    4	   7

Bmi1, polycomb complex protein Bmi1.

https://www.spandidos-publications.com/10.3892/or.2019.7188
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as a fold change of the experimental group compared with the 
control group. All experiments were performed in triplicate.

Quantitative chromatin immunoprecipitation (ChIP). 
Quantitative ChIP assays were performed according to 
the manufacturer's protocol for the EZ‑ChIP™ assay kit 
(cat. no. 17‑371; EMD Millipore). Each sample was assayed in 
triplicate, and the amount of precipitated DNA was calculated 
as 10% of the input sample. A total of 20 µg Bmi1 antibody 
was validated to immunoprecipitate the chromatin DNA 
cross‑linked complex with 1% formaldehyde. Normal mouse 
IgG and histone H3 rabbit monoclonal antibodies were used 
as the negative and positive controls, respectively. Regions of 
interest were amplified from precipitated samples by reverse 
transcription‑quantitative PCR (RT‑qPCR). Each sample was 
assayed in triplicate, and the amount of precipitated DNA was 
calculated as the percentage of the input sample.

RT‑qPCR. Total RNA was extracted using TRIzol reagent, 
according to the manufacturer's protocol (Invitrogen; 
Thermo Fisher Scientific, Inc.). A total of 2 µg total RNA 
was reverse transcribed using Takara reverse transcriptase 
(Takara Biotechnology Co., Ltd.). A volume of 2.0 µl of each 
diluted cDNA (1:20) was subjected to RT‑qPCR in a final 
volume of 20 µl containing 100 nM of each specific primer 
and SYBR Green Mix (Takara Biotechnology, Co., Ltd.). The 
sequences of the primers are supplied in Table SI.

The amplification was carried out as follows: Initial enzyme 
activation at 95˚C for 30 sec, followed by 40 cycles of 95˚C for 
5 sec and 60˚C for 30 sec, and then a dissociation stage using 
an iQ5 multicolor Real‑time PCR Detection System (Bio‑Rad, 
Laboratories, Inc.). The quantification cycle (Cq) value was 
determined as the point at which the fluorescence exceeded 
a threshold value preset by the instrument software. Relative 
expression in each experiment set (fold‑change vs. control) 
was calculated according to comparative Cq method using the 
formula: RQ=2‑ΔΔCq (18).

Database. Expression of Bmi1 and SOX2 in patients with 
cervical cancer compared to normal cervix tissue was assessed 
using data from the Gene Expression Profiling Interactive 
Analysis website (GEPIA; http://gepia.cancer‑pku.cn/index.
html) based on The Cancer Genome Atlas database (normal 
cervix, n=13; cervical cancer, n=306).

Statistical analysis. All statistical analyses were carried out 
using the SPSS 16.0 statistical software package (SPSS, Inc.). 
A Tukey HSD post hoc test after two‑way ANOVA was used 
to analyze the significance of protein expression in the normal 
cervix, HSIL and cervical carcinoma samples. The relation-
ship between the expression of Bmi1 and clinicopathological 
characteristics was assessed by χ2 test. Spearman correlation 
analysis was used to demonstrate the relationship between 
Bmi1 and Sox2. All the data are presented as mean ± SD and 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Expression of Bmi1 protein in paraffin‑embedded cervical 
tissue specimens. The expression and subcellular localization 
of Bmi1 protein were determined by immunohistochemistry in 
47 paraffin‑embedded normal cervix (NC) samples, 41 HSILs, 
and 71 cervical squamous cell carcinoma (SCC) samples. As 
shown in Fig. 1, Bmi1 was localized to the nucleus. Among 
the 47 NC samples, 46 cases exhibited low Bmi1 expression 
(weakly positive or no staining), and high Bmi1 expression 
(strongly positive) was found only in 1 case (2.12%; Fig. 1A). 
Of the low Bmi1 expression cases, 14 cases showed no staining 
and 28 cases showed weak staining. In our study, basal cells 
in the cervical epithelium were Bmi1‑positive with 32 weakly 
staining samples and 1 strongly positive staining sample. A 
significantly higher frequency of Bmi1 staining was observed 
in the HSIL (7/41; 16.13%) and SCC samples (31/71; 43.66%; 
P<0.05; Fig. 1B and C).

Figure 1. Expression of Bmi1 protein in paraffin‑embedded cervical tissue specimens. (A) Immunohistochemical staining for Bmi1 protein in 47 NC, 41 HSIL 
and 71 SCC specimens was performed and then the expression was divided into three staining levels: Negative, weakly positive and strongly positive. 
(B) Semiquantitative analysis and (C) the rate of positive Bmi1 expression are illustrated. Bars indicate SD. *P<0.05. NC, normal cervical; HSIL, high‑grade 
squamous intraepithelial lesion; SCC, squamous cervical carcinoma; Bmi1, polycomb complex protein Bmi1; IRS, immunoreactivity score.
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Statistical evaluation of the immunohistochemistry was 
compared with clinical reports and pathological findings 
(Table I). The expression level of Bmi1 was significantly asso-
ciated with histological grade (P<0.05) but was not associated 
with age, tumor size, lymph node metastasis or clinical stage.

Bmi1 promotes tumorigenicity in cervical cancer. Bmi1 
is associated with the initiation and progression of various 
types of tumor‑initiating cells and plays important roles in the 

development and progression of carcinomas. Here, to determine 
whether Bmi1 affects the tumorigenicity of cervical cancer cell 
lines, the expression of Bmi1 was evaluated in cervical cancer 
cell lines by western blotting (Fig. 2A). Next, exogenous Bmi1 
in SiHa and HeLa cells was overexpressed by stable gene 
transfection, and the expression of Bmi1 was knocked down in 
C33A cells by shRNA (Fig. 2B and C). To test the tumor forma-
tion ability, cells were subcutaneously injected into nude mice. 
When 105 cells were inoculated into nude mice, the tumors 

Figure 2. Bmi1 promotes carcinogenicity and tumor sphere formation ability in cervical cancer. (A) The expression of Bmi1 protein in three cervical cancer 
cell lines was detected by western blotting; the teratoma cell line Tera‑1 was used as the positive control. (B) Bmi1 protein expression was evaluated in 
Bmi1‑overexpressing SiHa and HeLa cells by western blotting. (C) Bmi1 protein expression was evaluated in Bmi1‑silenced C33A cells by western blotting. 
(D) Tumor growth was assessed over (E) 7 weeks, as well as the (F) the tumor net weight of nude mice inoculated with SiHa‑Bmi1, SiHa‑GFP, HeLa‑Bmi1 
and HeLa‑GFP cells with three replicates (1x105 cells). Additionally, (G) tumor growth was measured over (H) 12 weeks, as well as the (I) tumor weights of 
nude mice inoculated with C33A‑shBmi1 and C33A‑shControl cells with three replicates (1x106 cells). (J) The tumor sphere formation assay was performed 
in FBS‑free medium in low‑density cultures per 200 cells with six replicates, and then (K) the number of tumor spheres formed by Bmi1‑overexpressing SiHa 
and HeLa cells and Bmi1‑silenced C33A cells was calculated. Bars=SE. *P<0.05, **P<0.01 vs. respective control. Bmi1, polycomb complex protein Bmi1; 
GFP, green fluorescent protein; sh, short hairpin.

https://www.spandidos-publications.com/10.3892/or.2019.7188
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formed by Bmi1‑overexpressed SiHa cells grew more quickly 
and to a larger size, with an average net weight of 532±6.23 mg, 
than those formed by control cells, with an average net weight 
of 324±4.76 mg, in three mice/group (P<0.05; Fig. 2D‑F). 
Similarly, HeLa‑Bmi1 cells formed tumors of 925±12.32 mg, 
which were twice as large as those with HeLa‑GFP cells 
(P<0.05; Fig. 2D‑F). Additionally, Bmi1‑silenced C33A cells 
formed tumors that grew more slowly and to a smaller size than 
those formed by C33A‑shControl cells (482±6.02 mg vs. 0; 
P<0.001; Fig. 2G‑I), suggesting that Bmi1 contributes to the 
tumorigenesis of cervical cancer.

Bmi1 promotes tumor sphere formation ability in cervical 
cancer. Besides the tumor formation ability, CSCs share critical 
properties with stem cells: Self‑renewal and differentiation. 
The tumor sphere formation assay is recognized as a clas-
sical assay for self‑renewal. Cells were cultured in serum‑free 
medium under conditions that were optimal for growing tumor 
spheres. As shown in Fig. 2J, Bmi1‑overexpressing SiHa and 

HeLa cells were generated by consecutive passages of tumor 
sphere cultures, and these cells formed more tumor spheres 
(33±4.12/200 cells in SiHa‑Bmi1 and 12±1.29/200  cells 
in HeLa‑Bmi1) than the control cells (7±0.87/200 cells in 
SiHa‑GFP and 3±0.41/200 cells in HeLa‑GFP) in each culture 
passage (Fig. 2K; P<0.05). Furthermore, the Bmi1‑silenced 
C33A cells showed significantly decreased tumor sphere forma-
tion capacity compared with the control cells (9±1.23/200 cells 
in C33A‑shBmi1 vs 25±3.14/200 cells in C33A‑shControl; 
P<0.05; Fig. 2J and K). Taken together, these findings indi-
cated that Bmi1‑expressing cells possibly contain more cells 
that have self‑renewal ability.

Bmi1‑positive cervical cancer cells express more stem 
cell‑related proteins. Sox2, Oct4, c‑Myc and Nanog are 
recognized as stem cell self‑renewal‑related nuclear transcrip-
tion factors. The present study compared the expression of 
these transcription factors in Bmi1‑overexpressing SiHa and 
HeLa cells with their respective controls. As shown in Fig. 3, 

Figure 3. Bmi1‑positive cervical cancer cells express more stem cell‑related genes, including Sox2. The differential expression of several stem cell‑related genes, 
including Sox2, c‑Myc, Oct4, Nanog and KLF4, in Bmi1‑overexpressing SiHa and HeLa cells and controls was validated by (A) qPCR and (B) western blotting. 
Additionally, the stem cell‑related factors were detected in C33A‑shBmi1 and C33A‑shControl cells by (C) qPCR and (D) western blotting. (E) Expression 
of the stem cell‑related factor Sox2 in tumor xenografts formed by SiHa‑Bmi1 and SiHa‑GFP cells was detected by immunohistochemistry. (F) Bmi1 and 
Sox2 immunoreactivity was predominantly detected in primary cervical tumor spheres and xenografts formed by tumor sphere propagation in vivo. (G) The 
dataset from the GEPIA repository showed the expression and correlation of Bmi1 and Sox2 in cervical cancer tissues and normal cervical tissues. Error bars 
represent SD (with three replicates). *P<0.05 vs. respective control. qPCR, quantitative PCR; KLF4, Kruppel like factor 4; Bmi1, polycomb complex protein 1; 
GFP, green fluorescent protein; sh, short hairpin.
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qPCR and western blot analysis (Fig. 3A and B) revealed that 
Bmi1‑overexpressing SiHa and HeLa cells expressed higher 
levels of Sox2, Oct4 and c‑Myc than control cells at both the 
transcriptional and translational levels. Kruppel like factor 4 
(KLF4), a tumor suppressor in Bmi1‑overexpressing cells, 
was downregulated. However, Nanog protein expression was 
unchanged. Additionally, in Bmi1‑silenced C33A cells, the 
factors Sox2, Oct4 and c‑Myc showed lower expression than 
in C33A‑shControl cells by both qPCR and western blotting 
(Fig. 3C and D).

In a previous study, immunofluorescence analysis showed 
that Bmi1 colocalizes to the nucleus with Sox2 in both normal 
cervical and cervical carcinoma tissues (16). However, their 
mechanism of action should be further explored. Here, the 
Sox2 level was increased in Bmi1‑overexpressing cells and 
was decreased in Bmi1‑silenced cells, as revealed by both 
qPCR and western blotting (Fig. 3A‑D). The expression levels 
of Sox2 were also positively correlated with those of Bmi1 in 
the Sox2‑overexpressing xenograft tumor tissues (Fig. 3E). 
The present study also detected Sox2 and Bmi1 protein in 
fresh tissue‑derived cervical cancer tumor sphere cells and 
10‑serial‑passage xenograft tissue formed by primary cervical 
cancer cells. Both Sox2 and Bmi1 staining was found in 
the nuclei of cervical cancer tumor sphere cells and in 10th 
xenograft tissue (Fig. 3F). Additionally, as shown in Fig. 3G, 

by analyzing data from GEPIA, the expression levels of Bmi1 
and Sox2 were both upregulated and positively correlated in 
human cervical tissues (r=+0.2; P<0.05). These results suggest 
that Bmi1 maintains cervical cancer ʻstemness ,̓ possibly by 
upregulating the expression of Sox2.

Bmi1 upregulates Sox2 expression by binding to the E‑Box 
region of the Sox2 promoter. It was found that the Sox2 
promoter contains 2 E‑Box motifs using the prediction soft-
ware Promoter Scan (Fig. 4A) that could be recognized by 
Bmi1. To identify the relationship between Bmi1 and Sox2 
proteins in cervical carcinoma, the Sox2 promoter‑luciferase 
constructs were transfected into SiHa‑Bmi1 and SiHa‑GFP 
cells. The construct with either one or both E‑Box motifs in 
the Sox2 promoter showed the strongest luciferase signals 
in SiHa‑Bmi1 cells compared with those in SiHa‑GFP cells 
(Fig. 4B; P<0.05), suggesting that Bmi1 transactivates Sox2 
expression through the E‑Box motifs in the Sox2 promoter in 
cervical carcinoma.

Furthermore, quantitative ChIP assays were used to iden-
tify the E‑Box of the Sox2 promoter to which Bmi1 binds. 
Primers were designed to amplify the two specific regions, and 
a primer pair was used to amplify a 150‑bp fragment in the 
Sox2 3' untranslated region as a control (Fig. 4A). Following 
immunoprecipitation using the Bmi1 antibody, the E‑Box 

Figure 4. Bmi1 upregulates Sox2 expression by binding to the E‑Box region of the Sox2 promoter. (A) The schematic structure of the Sox2 promoter is shown, 
including the locations and sequences of putative Bmi1‑binding sites and quantitative ChIP primers flanking the regulatory region. (B) The activity of a 
series of Sox2 promoter deletion mutants was measured using the dual luciferase assay and is presented as a fold change of SiHa‑Bmi1 vs. SiHa‑GFP cells. 
(C) Quantitative ChIP assay of the Sox2 promoter region in SiHa cells overexpressing Bmi1 or transfected with empty vector. IgG was used as the negative 
control. The binding activity is presented as a percentage of the total input. Bars indicate SE. *P<0.05 vs. control. NS, P>0.05. ChIP, chromatin immunopre-
cipitation; Bmi1, polycomb complex protein Bmi1; GFP, green fluorescent protein; Luc, luciferase; UTR, untranslated region; NS, not significant.
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primer was amplified 8‑10‑fold more from SiHa‑Bmi1 cells 
than from SiHa‑GFP cells (Fig. 4C). However, no significant 
differences were observed in the control IgG immunopre-
cipitate for all primers, demonstrating the specificity of Bmi1 
binding to the Sox2 promoter in cervical carcinoma cells.

Discussion

Presently, the molecular mechanisms of the initiation and 
progression of cervical cancer remain unclear, although many 
genetic factors have been found to be associated with cervical 
cancer.

Previously, it was shown that deregulation of Bmi1 is 
associated with the pathogenesis of different human cancer 
types, including breast cancer (19,20), Ewing sarcoma (21) 
and leukemia (22,23). Furthermore, Bmi1 was shown to be a 
useful molecular marker to predict the prognosis of bladder 
cancer  (24) and nasopharyngeal carcinoma  (25,26). The 
significantly high frequency of Bmi1 expression in invasive 
SCC compared with that in HSIL and NC samples is a finding 
of great interest. First, Bmi1 staining in the normal cervical 
epithelium was found only in basal cells where epithelial 
ʻreserveʼ cells are located. It has been suggested that reserve 
cells appear to be the candidate for cervical stem cells (27), 
and they play a central role in the pathogenesis of cervical 
intraepithelial neoplasia. Because Bmi1 is necessary to main-
tain normal stem cells and cancer stem cells (28), the present 
experiments indicated that Bmi1 expression is more upregu-
lated in HSILs and invasive cervical cancer than in normal 
cancer. At the same time, squamous carcinoma stage II and III 
showed a relatively higher intensity of Bmi1 staining than 
squamous carcinoma stage I. These results were consistent 
with those of the previous study. Furthermore, exogenously 
expressed Bmi1 enhanced tumorigenicity, and knockdown of 
Bmi1 suppressed tumorigenicity, indicating that KLF4 works 
as a promoter for cervical cancer. These results support the 
notion that highly expressed Bmi1 promotes the pathogenesis 
of cervical carcinoma.

Furthermore, it was found that Bmi1 upregulated the 
expression of stem cell‑related factors such as Sox2, Oct4 and 
c‑Myc. Previous studies have reported that Bmi1 showed colo-
calization with Sox2 in cervical tissues (16,29). Interestingly, 
Bmi1 positively regulates factors through binding to the E‑Box 
motif in the proximal region. In this study, promoter analysis 
revealed that Bmi1 activated Sox2 expression by directly 
binding to the proximal E‑Box sequence of the Sox2 promoter 
in cervical carcinoma cells. Therefore, the results from our 
study revealed that the stemness characteristics induced by 
Bmi1 in cervical carcinoma likely occurs through activating 
the expression of Sox2.

Additionally, Sox2 belongs to a highly conserved 
family of high mobility group transcription factors with the 
sex‑determining gene Sry as the first‑identified member. Sox 
proteins are important factors in regulating stem cell biology, 
and the determination of cell fate and maintenance. Sox2 has 
also been reported to play a critical role in developmental 
processes  (30), including neural stem cell specification 
and maintenance (31,32) and lung morphogenesis (33,34). 
A previous study showed that Sox2 may participate in the 
carcinogenesis of cervical carcinomas  (28). The present 

study investigated the expression of Bmi1 in human cervical 
squamous cell carcinoma and its relationship to the expres-
sion of Sox2. Interestingly, a high frequency of expression 
of Bmi1 and Sox2 was observed in invasive cervical carci-
nomas compared with that in the normal cervix or HSIL. The 
present study characterized the role of Sox2 and Bmi1 in the 
maintenance cervical cancer stem cells using tumor sphere 
formation assays and propagation in  vivo. These factors 
are necessary for stem‑cell‑like cancer cells in cervical 
cancer because they are clearly and strongly expressed in 
stem‑cell‑like cells of cervical cancer formed under in vitro 
culture conditions and in vivo, facilitating the proliferation 
of only CSCs and progenitor cells. The results suggested that 
the co‑deregulation of Sox2 and Bmi1 is a general phenom-
enon in cervical cancer.

In summary, the present study suggested a general role for 
Bmi1 and Sox2 in cervical cancer development. The finding 
that cervical cancer cells require Bmi1 and Sox2 for their 
tumorigenic activity suggests that interference with Bmi1 
and Sox2 activity could be a therapeutic strategy for cervical 
cancer.
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