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Background/aims: Radioresistance remains a significant obstacle in the therapy of cervical

cancer, and the mechanism of it is still unclear. We aimed to investigate the role of specificity

protein 1 (Sp1) in radioresistance of cervical cancer.

Methods: Sp1 was examined immunohistochemically on tissues from 36 human cervical

cancer patients. We used RT-qPCR and Western blot to examine the expression of Sp1 in

irradiated cervical cancer cell lines SiHa and HeLa. The role of Sp1 in radioresistance of

cervical cancer cells was assessed by colony-formation assay and cell cycle analysis. Dual-

luciferase reporter assay was performed to detect the downstream of Sp1.

Results: High Sp1 expression was positively correlated with advanced International

Federation of Gynecology and Obstetrics (FIGO) stage, lymph node metastasis, and lym-

phovascular space invasion (LVSI) of cervical cancer. The expression of Sp1 was dose-

dependently increased in irradiated cervical cancer cell lines at both mRNA and protein

levels. Colony-formation assay showed that alteration of Sp1 expression affected the survival

of cervical cancer cells with radiotherapy (RT) treatment. Knockdown of Sp1 significantly

strengthened the cellular response to radiation by inducing G2/M arrest in cervical cancer

cells. Overexpression of Sp1 significantly decreased G2/M arrest in cervical cancer cells,

which was related to upregulation of CDK1 expression. Dual-luciferase reporter assay

showed the direct effect of Sp1 on the transcriptional activation of CDK1.

Conclusion: Sp1 may contribute to radioresistance through inhibiting G2/M phase arrest by

targeting CDK1, and be considered as a potential therapeutic target to promote the effect of

RT for patients with cervical cancer.
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Introduction
Cervical cancer is the second most frequent gynecological malignancy worldwide.1

Radiotherapy (RT) is one of the main adjuvant therapies of cervical cancer, but the

therapeutic efficacy of radiation is limited by the occurrence of radioresistance.2

Identifying novel molecules involved in radioresistance of cervical cancer cells can

provide promising prospects for the advancement of RT.

Specificity protein 1 (Sp1), initially identified as a transcription factor, plays

a crucial role in normal biological processes, neoplastic development, and tumor

migration.3,4 Sp1 expression is found to be upregulated in multiple tumor types, and

its high level is often related to tumor progression and poor prognosis.5,6 Previous

studies demonstrated that Sp1 is a critical mediator that controls HPV18 transforming
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activity in HPV-induced cervical carcinogenesis7 and is

closely related with the progression, metastasis, and recur-

rence of cervical cancer.8,9

As we all know, the response of cells to radiation is

concerned with their cell-cycle phase. The G2/M phase

cells were the most sensitive cells to radiation, whereas

during the latter part, the S phase cells were the most radia-

tion tolerant.10–13 As an important transcription factor, Sp1

has been shown to be associated with transcriptional regula-

tion of ataxia-telangiectasia mutated (ATM), a key regulator

in the cell-cycle regulation.14 Moreover, downregulation of

Sp1 protein sensitizes human osteosarcoma and leukemia

cells to radiation-induced DNA double-strand breaks

(DSBs).15,16 We speculated that Sp1 may serve as a crucial

player in the radioresistance of cervical cancer.

In the present study, we found that Sp1 plays an

important role in the process of cervical cancer RT,

which contributes to radioresistance by decreasing cells

arrest at G2/M through targeting cyclin-dependent kinase

1 (CDK1). Our findings help to provide a new strategy for

improving the therapeutic effects of treatments for cervical

cancer patients with radioresistance.

Materials and methods
Cell culture and RT treatment
The cervical cancer cell lines SiHa (ATCC HTB-35TM) and

HeLa (ATCC CCL-2TM) were purchased from the American

Type Culture Collection (ATCC, Manassas, VA , USA). All

cells were cultured in DMEM (Invitrogen, Waltham, MA,

USA) supplemented with 10% FBS at 37°C with 5% CO2.

Cells were exposed to X-ray irradiation at a single dose

of 0, 2, 4, 6, 8, and 10 Gy at 200 cGy/min by the use of the

Varian 2100C accelerator with 6 MV-photons at room

temperature. Cells were then returned to the incubator.

Clinical specimens and

immunohistochemistry (IHC)
Cervical cancer specimenswere obtained from theDepartment

of Gynecological Oncology of the Third Affiliated Hospital,

Southern Medical University between 2013 and 2014. The

study was approved by the Institutional Research Ethics

Committee. Detailed information on clinical specimens is

summarized in Table 1. Tissue sections were subjected to

immunohistochemistry (IHC) analysis as previously

described.17 The counting was done using the H score

algorithm.18 The median H score values were selected for

distinction between the groups of lowand high Sp1 expression.

Western blot assay
Total proteins were extracted using RIPA extraction

reagents (Solarbio, Beijing, China), and the protein con-

centration was checked by BCA Protein Assay Kit

(Beyotime, Shanghai, China). A total of 50 μg of protein

was separated by 10% SDS-PAGE and subsequently trans-

ferred onto polyvinylidene difluoride (PVDF) membranes.

The membranes were blocked with 5% BSA for 1 hr at

room temperature, incubated with the primary antibody at

4°C overnight, and subsequently incubated with horserad-

ish peroxidase (HRP)-labeled secondary antibody (ZSGB-

Bio, Beijing, China, 1: 5,000) for 1 hr at room temperature

before detection by ECL (Thermo, Waltham, MA, USA).

The information of antibodies was as follows: anti-Sp1

(Santa Cruz, Dallas, TX, USA, 1:1,000), anti-CDK1

(Abcam, Cambridge, UK, 1:1,000), and anti-GAPDH

(Abcam, 1:1,000) .

RNA extraction and real-time

quantitative PCR (rt-qPCR)
Total RNAwas extracted with trizol reagent (Invitrogen). For

the mRNA analysis, cDNA was synthesized from 1.0 μg of

total RNA using the Prime Script (R) RT reagent kit (TaKaRa

Bio Inc, Dalian, China). Real-time PCR was subsequently

performed in triplicate with a 1:4 dilution of cDNA using the

SYBR Premix Ex Taq kit (TaKaRa Bio Inc) on an ABI Prism

7,500 real-time PCR system (Applied Biosystems, Foster City,

CA, USA) following the manufacturer’s protocol. The data

were normalized against GAPDH transcript as a reference

gene, and levels of RNA expression were determined with

the 2−ΔΔCt method. Specific primer sets for Sp1, CDK1,

cyclinA, cyclinB, and GAPDH were purchased from

Invitrogen Inc. The primer sequences are shown in Table 2.

Briefly, for the PCR, the same conditions for analyzed genes

were applied: denaturing at 95°C for 10 mins, followed by 40

cycles at 95°C for 15 s and 60°C for 1 min. Eachmeasurement

was performed in duplicate.

Establishment of Sp1 silenced and

overexpressed stable lines
All recombinant lentiviruses (LV3-h1-GFP/puro-shSP1

and LV5-EF1a-GFP/Puro-SP1) were purchased from the

GenePharma Inc (Shanghai, China). Lentiviral infection

(MOI=10) was carried out according to the manufacturer’s

instructions. Lentivirus-mediated Sp1-silenced and Sp1–

overexpressed stable cells were selected by puromycin

(2 μg/mL).
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Colony-formation assay
Different mounts of cells (500, 1,000, 2,000, 3,000, 4,000,

5,000 cells) were seeded into six-well plates and exposed

to indicated doses of IR (0, 2, 4, 6, 8, 10 Gy) for 24

h. After 14 days of incubation, cells were fixed with

10% paraformaldehyde and stained with 1 x Giemsa

stain (LEGANE, Beijing, China). Colonies containing 50

cells or more were counted. PE (Plating efficiency)= the

number of clones/the number of cells seeded×100%.

Surviving fraction= PEs of treated cells/PEs of control

cells. The surviving fraction is a recognized indicator

used to determine radiosensitivity.

Transwell migration assay
The cell migration assays were performed after exposure to

10 Gy irradiation using transwell inserts (8-μm pore size,

Millipore, Billerica, MA, USA) in 24-well dishes. 1×105

tumor cells in serum-free DMEM were added to the upper

compartment of the chamber. Medium containing 10%

serum was used as a chemoattractant in the lower chambers.

Table 1 Association of the clinicopathologic variables with the expression levels of Sp1

Variable Cases Low Sp1 expression High Sp1 expression P-value

N (%) N (%) N (%)

Age (years) 0.463

<45 17 47.22 11 52.38 6 40.00

≥45 19 52.78 10 47.62 9 60.00

Histologic subtype 0.289

Squamous 32 88.89 17 94.44 15 83.33

Nonsquamous 4 11.11 1 5.56 3 16.67

FIGO stage 0.033

I–IIA 25 69.45 17 77.27 8 44.45

IIB–IV 11 30.55 5 22.73 10 55.55

Tumor grade 0.070

G1/G2 20 55.55 9 42.85 11 73.33

G3 16 44.45 12 57.15 4 26.67

LN metastasis 0.024

No 23 63.89 16 80.00 7 43.75

Yes 13 36.11 4 20.00 9 56.25

Parametrial involvement 0.451

No 31 86.11 18 90.00 13 81.25

Yes 5 13.89 2 10.00 3 18.75

Lymphovascular space invasion 0.018

No 26 72.22 19 86.36 7 50.00

Yes 10 27.78 3 13.64 7 50.00

Note: *Statistical significance (P<0.05) was calculated using the Chi-squared test.

Abbreviation: LN, Lymph node.

Table 2 Primers for real-time RT-PCR

Gene PCR primers (5ʹ-3ʹ)

Sense primers Antisense primers

GAPDH CCATCAATGACCCCTTCATTGACC GAAGGCCATGCCAGTGAGCTTCC

Sp1 GTGGAGGCAACATCATTGCTG GCCACTGGTACATTGGTCACAT

CDK1 GGATGTGCTTATGCAGGATTCC CATGTACTGACCAGGAGGGATAG

cyclinA CGGCAGCCAGCCTATTCTTT GCAGAGTTGCCCAACACATCAC

cyclinB CCTAGCATCCCATGTCAAAAACTTGG GATTCAGTGCCATTTTGCCAGA
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After incubation for 48 hrs, the noninvasive cells were

removed with a cotton swab. Invading cells on the under-

sides of membranes were stained with hematoxylin and

counted under a light microscope in five random visual

fields (×200). Each experiment was repeated at least three

times independently.

Wound-healing assay
SiHa and HeLa cells were harvested and seeded in a six-well

plate after exposure to 10 Gy irradiation at a density of 5×105

cells/well. A scratch wound was generated using sterile 10-μL
pipet tip, and floating cells were removed by washing with

PBS. Images of the scratches were taken using an inverted

microscope at ×100 magnification at 0 hr and 48 hrs of

incubation. The percentage of healed wound area was mea-

sured as a ratio of occupied area to the total area using Image

Olympus IX71 (Olympus Inc, Tokyo, Japan).

Transient transfection
SiHa and HeLa were transfected with 10 μMCDK1 siRNA or

a negative control siRNA (GenePharma, China) with

Lipofectamine™ 2000 (Invitrogen) according to the manufac-

turer’s instructions. SiHa and HeLa were also transfected with

4 μg plasmids (pcDNA3.1-Sp1 or pGL3-CDK1-promoter)

with Lipofectamine™ 2000 (Invitrogen) the same way as

siRNA. The gene silencing efficiency of both cells was more

than 80%, as confirmed by the detection of RT-qPCR.

Cell cycle analysis
Cells were harvested by trypsinization and collected in tubes at

1×106 cells/tube. After washing twice with PBS, cells were

fixed in ice-cold 70% ethanol overnight at 4°C. Cells were

then resuspended in 50 mg/mL of propidium iodide (PI) and

100 mg/mL of RNAse A as manufacturer’s instructions

(KeyGEN, Suzhou, China) at room temperature in the dark

for 20 mins. Finally, cells were assayed by flow cytometry

(Beckman Coulter, CA, USA).

Luciferase activity assay
The expression plasmid of human Sp1 was purchased from

GenePharma Inc, which was sequenced to confirm its accu-

racy. The pGL3.CDK1 promoter luciferase vector was gener-

ated by inserting CDK1 promoter sequence. SiHa and HeLa

cells (5*104 cells/well) were plated into 24-well plates and

incubated for 24 hrs. Promoter vectors were cotransfectedwith

either pcDNA3.1-Sp1 or pcDNA3.1-NC plasmid into cells

using Lipofectamine 2000 (Invitrogen). Luciferase activity

was measured 48 hrs after transfection by the Dual-

Luciferase Reporter Assay System. Each assay was repeated

in 3 independent experiments.

Statistical analysis
SPSS (version 20.0) (IBM Corporation, Armonk, NY, USA)

software package was used for statistical analysis. Results

were expressed as mean value±SEM and interpreted by

t-test or Chi-squared test. Differences were considered to

be statistically significant when P<0.05.

Results
High Sp1 expression is correlated with

the malignant progression of cervical

cancer
To explore the correlation between Sp1 expression and the

malignant progression of cervical cancer, we performed IHC

staining on tissues from 36 human cervical cancer patients. As

shown in Table 1, high Sp1 expression was positively corre-

lated with advanced FIGO stage, lymph node (LN) metastasis,

and lymphovascular space invasion (LVSI) of cervical cancer

(all P<0.05). These findings suggest that Sp1 may become

a new therapeutic target of cervical cancer.

Sp1 is an irradiation-associated protein in

cervical cancer
We further analyzed the influence of radiation on Sp1

expression in cervical cancer cells (SiHa and HeLa). RT-

qPCR revealed that the expression of Sp1 in SiHa and

HeLa cells dose-dependently increased at transcriptional

level and reached a peak at 10 Gy X-rays (*P<0.05;

**P<0.01; ***P<0.001; Figure 1A for SiHa, Figure1B

for HeLa). Consistently, data obtained in the Western

blot revealed that the expression of Sp1 was highly upre-

gulated in response to radiation at the translational level

(Figure 1C for SiHa, Figure1D for HeLa). Collectively,

these data suggest that radiation-mediated upregulation of

Sp1 may serve as a crucial player in radioresistance.

Sp1 is related to the radioresistance of

cervical cancer cells
To detect whether Sp1 is related to the radiation

response in cervical cancer, we suppressed Sp1 gene

expression by shRNA targeting Sp1 in SiHa and HeLa

cells. We also generated stable cell lines overexpres-

sing Sp1 in SiHa and HeLa cells. As shown in Figure

2A and B, downregulation of Sp1 induced a significant
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decrease of surviving fraction in both cell lines com-

pared to the control-scramble-infected cells (*P<0.05;

**P<0.01; ***P<0.001). This result shows that down-

regulation of Sp1 sensitizes cervical cancer cells to

a radiation-induced decrease in cell survival.

Consistently, upregulation of Sp1 caused a significant

increase of surviving fraction in both cell lines com-

pared to control-mock-infected cells (*P<0.05;

**P<0.01; ***P<0.001; Figure 2C and D). As shown

in Figure 3, transwell migration and wound-healing

assays revealed that Sp1 overexpression significantly

increased the migration and invasion in cervical cancer

cells in response to radiation, whereas Sp1 depletion

had the opposite effect (*P<0.05). Thus, alteration of

Sp1 expression affects the survival and invasiveness of

cervical cancer cells with RT treatment.
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Sp1 promotes radioresistance by affecting

G2/M phase cell-cycle arrest in cervical

cancer cells
Cell-cycle phase plays an important role in the radioresis-

tance of cancer.10 We next analyzed the role of Sp1 in the

cell cycle. The G2/M phase arrest was more obviously in the

Sp1-silenced SiHa and HeLa cells than control silenced

cervical cancer cells (**P<0.01; Figure 4A). As well, G2/

M phase arrest was ameliorated more in Sp1-overexpressed

SiHa and HeLa cells compared to the control cells

(**P<0.01; Figure 4B). This observation suggests that Sp1

increases radioresistance by decreasing cervical cancer cell

arrests at the G2/M phase.

Sp1 targets CDK1 directly in cervical

cancer cells
To investigate the molecular mechanism of Sp1-mediated

radioresistance of cervical cancer cells, we assessed the

mRNA levels of CDK1, cyclinA, and cyclinB in cervical

cancer cell lines with altered expression of Sp1. Our data

show that Sp1 overexpression markedly enhances the

mRNA levels of CDK1 in cervical cancer cells, and Sp1

silencing greatly inhibits the mRNA levels as compared

with the control (all P<0.05; Figure 5A). There was no

obvious change in the expression of cyclinA and cyclinB

after altering the expression of Sp1 (all P>0.05; Figure 5B

and C). We also found that the protein level of CDK1 was

similar to the mRNA level (Figure 5D).

To uncover the molecular mechanisms of Sp1-promoted

CDK1 expression, JASPAR 2018 database was used for

analysis. As shown in Figure 5E, RNA sequence of the pre-

dicted Sp1-binding site to CDK1 was CGCCCGCCCTC,

which suggested Sp1 was a putative upstream transcription

factor ofCDK1.To further examine the regulation ofCDK1by

Sp1, we performed luciferase reporter assays using the pGL3.

CDK1 vector carrying the CDK1 promoter region. The pGL3.

CDK1 and pcDNA3.1-Sp1 vectors were transiently cotrans-

fected into SiHa and HeLa cells. As shown in Figure 5F, the

CDK1 promoter-reporter activity was significantly affected

when Sp1 was introduced into the cells (**P<0.01). Sp1

could directly target CDK1 promoter in cervical cancer cells.

Knockdown of CDK1 reverses

radioresistance induced by Sp1
To assess whether the radioresistant effect of Sp1 was depen-

dent on CDK1, we silenced CDK1 expression in SiHa/Sp1

and HeLa/Sp1 cells using siRNAs followed by treatment with

RT (Figure 6A). The rescue experiments showed that the

upregulation of CDK1 by Sp1 could be reversed by

siCDK1; meanwhile, the increase of surviving fraction in

SiHa/SP1, HeLa/SP1 could be supressed by inhibiting

CDK1 (*P<0.05; **P<0.01; Figure 6B and C). These results

show that Sp1 mediates resistance to radiation-induced cell

death through cell-cycle-related molecules CDK1.

Discussion
Radioresistance is mainly responsible for treatment failure

and mortality in cervical cancer patients who receive radical

radiation therapy.19 However, the mechanisms underlying

this resistance are only partially defined. Therefore, there is
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an urgent need to discover new markers and therapeutic

targets to overcome this problem. Sp1 is an importanrt

transcription factor found to have significant differential

expression in cervical carcinoma and adjacent tissue.20 We

further found that high Sp1 expression is correlated with the

malignant progression of cervical cancer. However, the

biological role and underlying mechanism of Sp1 in RT

response has remained undefined. In this study, we found

that the expression of Sp1 in cervical cancer cells showed

a dose-dependent increase after irradiation. As such, Sp1

may be associated with radiation-resistant cervical cancer as

a clinical biomarker and therapeutic target.

Subsequently, we investigated the role of Sp1 in radio-

resistance of cervical cancer cells. Silenced or overex-

pressed expression of Sp1 in cervical cancer cell lines

resulted in decreased or increased survival and invasiveness

of cervical cancer cells after irradiation. So Sp1 may have

potential as a radioresistant gene in RT of cervical cancer,

besides its aggressive effect in malignant transformation of

cervical cancer cells.7–9 Sp1 is also an important mediator

of radiation-associated gene expression in human head and

neck squamous cell carcinoma.21 Several studies have

reported that radiation can phosphorylate Sp1, which

increases its transcriptional activity,22 while Sp1 DNA-

binding activity is increased in a transient and reversible

manner in response to RT.23 Evidence above further con-

firmed that inhibiting the expression of Sp1 may be a novel

strategy for reducing radioresistance.

Mechanisms contributing to RT resistance in cancers

are complex, including arrested cell-cycle progression in

the G1 and G2 phases,24 apoptosis,25 DNA damage

repair,26 and so on, especially G2/M arrest, which plays
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an important role in the radiation sensitivity of cancer. It

has become clear that cells are blocked in the phase of

G2/M during the course of DNA damage, and the cells

are more susceptible to the toxic effects of radiation in

the G2/M phase.27 Recent evidence suggests T0070907,

a PPAR γ inhibitor, could upregulate the radiosensitivity

of cervical cancer by arresting cells in the G2/M phase.28

Therefore, targeting the G2/M checkpoint may be an

important strategy for RT of cancer. In this study, we

demonstrated that Sp1 was a cell-cycle regulator.

Knockdown of Sp1 accelerated and overexpression of

Sp1 inhibited the G2/M phase arrest in cervical cancer

cells. These results provide evidence that downregulation

of Sp1 can mediate radiosensitivity by blocking cells at

G2/M, the most radiosensitive phase of the cell cycle.

It has been reported that CDK1, cyclinA, and cyclinB are

critical determinants of the G2-to-M transition, and various

factors decreased the expression of them accompanied by G2/

M cell-cycle arrest.29 Inhibition of CDKs can lead to a halt of

cell-cycle progression and a stay at different phases or

checkpoints.30 Our data indicate that Sp1 exhibits its biologi-

cal function through directly enhancing the expression of

CDK1 in cervical cancer cells. CDK1, the main target mole-

cule of the G2/M cell cycle checkpoint,31 plays an important

role in the cellular response to radiation and mediates cell-

cycle arrest in response to DNA damage. Meanwhile, CDK1

has been identified as a clinically useful prognostic marker in

cancers, including cervical cancer,32 colorectal cancer,30 breast

cancer,33 and so on. In addition, CDK1 plays an important role

in the radioresistance of numerous cancers.34 Our study found
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that the expression of CDK1 changed consistently with the

Sp1 level. Sp1 was observed to occupy the CDK1 promotor

using a luciferase reporter assay. In addition, the increase of

surviving fraction in SiHa/SP1, HeLa/SP1 could be sup-

pressed by inhibiting CDK1. These results clearly demonstrate

that CDK1 is a key downstream effector in mediating the

effects of Sp1 in cell cycle.

In conclusion, we have identified a new mechanism of

acquired radioresistance in cervical cancer cells. Sp1 is highly

expressed in radioresistant cervical cancer and functions as

a regulator of radiation resistance by targeting the G2/M cell-

cycle checkpoint mediator CDK1. Based on our findings, the

inhibition of Sp1 may represent a novel and more effective

approach for cervical cancer treatment, especially for those

patients who are resistant to RT.
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