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Abstract. Telomerase activity (TA) is reactivated in more than 
90% of all human malignant tumors and normal somatic cells 
that lack TA. Thus, human TERT (hTERT) is a promising 
target in malignant tumor treatment. RNA interference is a 
powerful tool for gene silencing. In this study, we constructed 
siRNA#1-4 to knock down hTERT. All siRNAs were able 
to downregulate hTERT differently and we chose siRNA#3 
(most effectively) in the following experiments. We studied the 
effects on cell proliferation, cell cycle, cell apoptosis and radio-
sensitivity using SiHa cells. Our results showed that siRNA#3 
was able to silence hTERT gene effectively. The silencing of 
hTERT could induce immediate growth arrest, enhance the 
S phase in cell cycle study and lead to early apoptosis in human 
cervical cancer cells (SiHa). In clonogenic assays, we used 
multitarget-single hit and linear-quadratic models to assess 
the radiosensitivity after knockdown of hTERT. All results 
of parameters (D0, Dq, α, β) indicated that downregulation of 
hTERT enhanced radiosensitivity in SiHa cells.

Introduction

Telomeres are important DNA-protein structures that cap 
the ends of chromosomes with TTAGGG repeats (1). This 
is essential to maintain genomic integrity and stability by 
protecting chromosome ends from DNA damage response 
(2,3). Telomerase activation is responsible for maintaining 
the length of telomere and is regarded as a marker for human 
malignancies. Telomerase is a ribonucleoprotein complex 
including two subunits: the human telomerase RNA (hTR) and 
the human telomerase reverse transcriptase (hTERT). hTERT 
is the protein subunit and catalyze the process of the synthesis 
of the telomeric DNA (4,5). It permits cancer cells to compen-
sate the progressive loss of telomere during cell division and 
thus plays a critical role in cell immortality. In most normal 

human somatic cells, telomerase activity is at low level or 
undetectable. However, the increased telomerase activity (TA)
is found in 90% human cancer cells (6,7). Therefore, inhibi-
tion of hTERT could be a good antitumor strategy, which was 
successfully used to reduce cancer cell growth (8,9).

Human cervical cancer is a prevalent cancer worldwide. 
The treatment outcome for human cervical cancer is poor, 
despite improved understanding of its pathogenesis. The main 
reason is recurrence after radiation that induces repopula-
tion in cancer cells. SiHa is a squamous cell carcinoma cell 
line established from fragments of a primary tissue sample 
obtained after surgery from a Japanese patient.

Ionizing radiation (IR) is an important local therapeutic 
way that induces DNA damage and double-stranded breaks 
and is used in at least 50% of all cancer patients (10). Radiation-
induced cell death is usually attributed to DNA damage, 
which induces cell apoptosis. A major factor in the failure of 
radiotherapy is cellular radioresistance. Telomerase can heal 
chromosomes or chromatid breaks produced by this damage. 
Thus, telomerase is a novel hallmark of cellular radiosensi-
tivity and it is possible to downregulate telomerase to enhance 
radiosensitivity in human cancer cells.

Materials and methods

Cell culture. Human cervical cancer SiHa cells (Research 
Center of The 2nd Affiliated Hospital of Harbin Medical 
University) were maintained in Dulbecco's minimum essential 
medium (DMEM, Invitrogen) supplemented with 10% fetal 
calf serum (Gibco), penicillin (100 U/ml) and streptomycin 
(100 µg/ml)and incubated at 37˚C in a humid environment 
containing 95% air/5% CO2.

Construction of hTERT-siRNAs and transfection. hTERT-
siRNA (1-4) and siRNA-NC (negative control) were constructed 
by Genepharm (Table I). The presence of siRNA sequences 
were confirmed by DNA sequencing. Transfection was 
performed when the cells were 80-90% confluent using 5 µl 
SiRNA-Mate (Genepharm, Shanghai, China) and 100 pmol 
SiRNA (Genepharm), according to the manufacturer's 
recommendations. The SiRNA-Mate-SiRNA complex was 
allowed to incubate with the cells for 4-6 h before removal 
and incubating with fresh culture medium supplemented 
with antibiotics. Transfection efficiency was calculated 6 h 
after the transfection by the percentage of green fluorescent 
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protein (GFP) expressing cells with an LSM 510 META (Carl 
Zeiss).

Real-time PCR analysis. Total RNA was extracted from SiHa 
cells with TRIzol reagent (Invitrogen, USA) following the 
protocol instructed by the manufacturer and quantified. cDNA 
and real-time PCR reaction system was prepared with real-
time  PCR  Universal  reagent  (Genepharm)  according  to 
standard protocols. Primer sets and probes for hTERT were: 
forward, 5'-GGCGACATGGAGAACAAGC-3'; reverse, 
5'-CAAGAAATCATCCACCAAACG-3'; the predicted band 
was 75 bp. For HGAPDH: forward, 5'-CATGAGAAGTAT 
GACAACAGCCT-3'; reverse, 5'-AGTCCTTCCACGATACC 
AAAGT-3' (113 bp). The cycling program was 95˚C for 3 min, 
95˚C  for 30  sec, 62˚C  for 40  sec  (40 cycles). The  relative 
expression level of RNA was computed using the 2-∆∆Ct analysis 
method and HGAPDH was used as an internal reference. Each 
experiment was repeated three times.

Western blot analysis. Cells were harvested from the plates 
on ice. The proteins (20 µg/lane) were extracted with M-PER 
Mammalian Protein Extraction Reagent (Thermo) and sepa-
rated on an 8% SDS-polyacrylamide gel. The proteins were 
transferred to PVDF membrane (Millipore) and then blocked 
with 5% milk in Tris-buffered saline containing 0.05% (v/v) 
Tween-20 for 1 h at room temperature. The membranes were 
incubated overnight with primary antibodies anti-hTERT 
(Epipomics 1:1,000) and β-actin (Sigma 1:5,000) and then 
washed there times and incubated with secondary antibodies 
(HRP-conjugated  goat  anti-rabbit  1:8,000)  for  2  h.  The 
protein bands were visualized using SuperSignal West Pico 
Chemiluminent Substrates (Thermo). The analysis of band 
intensity was performed with Gel-Pro analyzer. Each experi-
ment was repeated three times.

Cell proliferation. Cell growth was calculated with CCK-8 
assay (Dojindo Kumanmoto). Cells (5,000) were plated in 
96-well and transfection with siRNAs. Three wells were 

selected every 24-168 h. CCK-8 (10 µl) was added to each 
well and incubated for 2 h. The absorbance of samples was 
measured at 450 nm. Each experiment was repeated three 
times.

Flow cytometry analysis. Analysis of samples was performed 
with Cytomics™ FC500 (Beckman). Cells were harvested 
with trypsinization and fixed with -20˚C, 70% ethanol and 
stored  an 4˚C overnight. RNaseA  (150 µl)  and propidium 
iodide (PI) (100 µl) were added in the resuspended fixed cells 
and the cell cycle was analyzed. Apoptosis was assessed with 
Annexin V/PI  (Mbchem M3031). Cells were washed  and 
resuspended in 400 µl binding buffer (Mbchem M3036) and 
5 µl Annexin V-FITC, followed by incubation for 5 min at 
room temperature in the dark (11). After that, flow cytometry 
was used to detect cell apoptotic rate. Each experiment was 
repeated three times.

Clonogenic assay and irradiation. The cells were planted in 
60-mm dishes for ~12 h in complete medium until attached, 
then cells were radiated with different doses of 6-MV X-ray 
(0, 2, 4, 6 and 8 Gy) at room temperature. X-ray was generated 
by a 23EX accelerator (Elekta) and the dose efficiency was 
400 cGy/min. The medium was changed with a fresh one 24 h 
later and incubated at 37˚C in 95% air/5% CO2 for 14 days. The 
cells were stained with Giemsa and counted to determine the 
survival fraction of each group. Colonies with >50 cells were 
counted. Each experiment was repeated three times. Standard 
radiation survival curve was constructed and the parameters 
D0, Dq as well as α and β were calculated with the multitarget-
single hit model and linear-quadratic model. D0 means the 
dose required to reduce the fraction of surviving cells to 37% 
of its previous value. Dq means the repair capacity of the cells 
after radiation.

Statistical analysis. All numerical experimental data were 
expressed as means ± SD and statistical analysis of results 
were performed using ANOVA. D0, Dq, α and β were calcu-

Table I. Sequences of siRNAs used.

siRNA Sequences of siRNA Target site on hTERT

1 S (5'→3'): CCGAAGAAGCCACCUCUUUTT hTERT-homo-984
 A (5'→3'): AAAGAGGUGGCUUCUUCGGTT

2 S (5'→3'): GCUCGUGGAGACCAUCUUUTT hTERT-homo-1135
 A (5'→3'): AAAGAUGGUCUCCACGAGCTT

3 S (5'→3'): GGAAGAGUGUCUGGAGCAATT hTERT-homo-1788
 A (5'→3'): UUGCUCCAGACACUCUUCCTT

4 S (5'→3'): GCACCAACAUCUACAAGAUTT hTERT-homo-3049
 A (5'→3'): AUCUUGUAGAUGUUGGUGCTT

NC S (5'→3'): UUCUCCGAACGUGUCACGUTT
 A (5'→3'): ACGUGACACGUUCGGAGAATT

S, sense. A, antisense.
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lated  using Graphpad Prime  5.0  in  clonogenic  assay. All 
P-values are based on two-sided hypothesis testing, P<0.05 is 
considered statistically significant.

Results

Inhibition of hTERT expression. SiHa cells were transfected 
with siRNAs under optimal conditions. The percentage of 
cells expressing GFP 6 h after the transfection was 69.8±3.0% 

(Fig. 1A). hTERT mRNA was not reduced 24 h after transfec-
tion, but markedly reduced 48 h after transfection. The hTERT 
expression level was decreased by siRNA#1-4 to siRNA#1 
54.33±6.51%, siRNA#2 43.33±3.51% siRNA#3 63.00±7.00% 
siRNA#4 56.00±9.00%, compared with the control group of 
mock (Fig. 1B). The protein expression amount in each of the 
groups was shown in western blot analysis 48 and 72 h after 
transfection (Fig. 2A). hTERT protein was reduced by >40% 
in cells after siRNA#3 transfection (Fig. 2B). Other siRNAs 

Figure 1. (A) siRNA transfection efficiency. (B) hTERT mRNA expression level by real-time RT-PCR at 24 and 48 h after transfection. *P<0.05; **P<0.01 
respectively, compared with control of mock. Data shown are representative of three independent experiments. Mock, siRNA-mate transfection only. B, Blank 
control. NC, negative control. 1, siRNA#1. 2, siRNA#2. 3, siRNA#3. 4, siRNA#4.

Figure 2. The protein levels were calculated by western blot analyses to determine the effect of treatment of siRNAs at 48 and 72 h.
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also silenced protein expression, but less significantly. In the 
experiments, no variability was observed in the expression of 
housekeeping genes (HGAPDH and actin), thus, the RNAi was 
target-specific. Therefore, we chose siRNA#3 in the following 
experiments.

Reduced proliferation in SiHa cells after hTERT knockdown. 
The effects of transient siRNA#3 on proliferation of SiHa cells 
were calculated by CCK-8 assay at 24, 48, 72, 96 and 120 h. 
As shown in Fig. 3, siRNA#3 reduced the number of viable 
SiHa cells significantly, compared with  the control of NC. 
The results showed that downregulation of hTERT resulted in 
inhibition of SiHa cell proliferation.

The effect of hTERT gene RNAi on cell cycle and apoptosis. 
We evaluated the cellular effects of hTERT knockdown in 
SiHa cells. As shown in the cell population in the Q2 quadrant 

Figure 3. Effect of RNAi-mediated hTERT downregulation on cell prolif-
eration calculated by CCK-8 assay. Cell growth of SiHa with or without 
transfection was plotted every 24 h. The data of each time-point are average 
values from three replicates. Graphs show mean absorbance ± standard 
deviation; *P<0.05 as compared with the control of NC.

Figure 4. Flow cytometry analysis for apoptotic cells with Annexin V/PI. (A) Representative flow cytometry results of cell apoptosis. A1, Blank. B1, Mock. 
C1, Negative control. D1, siRNA#3. Q1, Dead cells. Q2, Late apoptosis. Q3, Early apoptosis. Q4, Viable cells. (B) The percentage of dead cells, early apoptosis 
and late apoptosis. Data are presented as means ± SD of three independent experiments. **P<0.01; #P>0.05 compared with the control of NC.
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(Fig. 4A), after 48 h of siRNA#3 treatment, the early apoptosis 
rate of SiHa increased to 10.50±0.20% (P=0.0006), compared 
with control group of NC (5.80±0.10%). But the late apoptosis 
rate of siRNA#3 (3.23±0.31%) did not increase compared 
to the control group of NC (P>0.05). The rate of dead cells 
(2.97±0.55%) were slightly decreased compared to NC group 
(Fig. 4B). The necrotic cells did show slight decrease after 
siRNA#3 treatment, thus indicating that the knockdown of 
hTERT caused early apoptosis instead of necrosis in SiHa cells.

The effect of siRNA#3 on the cell cycle of SiHa cells was 
assessed and each test was repeated three times (Fig. 5A). 
The proportion of cells in S phase was significantly increased 
to 21.88±2.06% by siRNA#3 compared to control of NC, 
14.01±2.64%  (P<0.05). The proportion of  cells  in G1 and 
G2-M was slightly decreased to 47.29±1.21 and 30.82±1.33%, 
compared to 52.17±1.63% (G1), 33.82±3.09% (G2+M) for 
NC-treated controls (P>0.05). The knockdown of hTERT in 
SiHa cells led to cell cycle arrest in S phase (Fig. 5B).

siRNA#3 enhances radiosensitivity in SiHa cells. The observed 
survival fractions of two groups were used to form the survival 

curve with multitarget-single hit model and linear-quadratic 
model. Then we calculated D0, Dq, α and β in two groups with 
Graphpad Prime 5.0. The results (multitarget-single hit model) 
were D0=1.53 Gy Dq=0.77 Gy for siRNA#3 and D0=2.19 Gy 
Dq=1.31 Gy  for  the  control  of B  (Fig.  6A). The  results  of 
α and β calculated with linear-quadratic model were α=0.45, 
β=0.03 for siRNA#3 and α=0.26, β=0.02 for the control of B 
(Fig. 6B). All results showed SiHa cells treated with siRNA#3 
were more radiosensitive than SiHa cells.

Discussion

RNA interference (RNAi) could knockdown the mRNAs and 
protein level of specific genes through post-transcriptional 
gene silencing mechanism. This technology is of high effi-
ciency, specificity and low toxicity and is used in functional 
genomic studies and therapeutic gene regulation (12,13). The 
methods of antisense nucleotides, ribozymes, dominant-nega-
tive proteins and surviving promoter-driven siRNA have been 
developed to inhibit hTERT (14,17). In our study we chose 
four sites to target hTERT through siRNAs. All siRNAs could 

Figure 5. Cell cycle assessment by flow cytometry. (A)  Representative results of flow cytometry. 1, Blank (B), 2, siRNA-mate transfection (mock). 3, Negative 
control (NC). 4, siRNA#3. (B) The distribution of cells in each cell cycle phase. Data represent the mean ± standard deviation of three independent experi-
ments. *P<0.05; #P>0.05 compared with the control of NC.
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decrease mRNA level, but only siRNA#3 silenced hTERT in 
both mRNA and protein level effectively. It is possible that 
siRNAs can be potent hTERT inhibitors without immediate 
cytotoxicity.

Our results show that downregulation of hTERT induces a 
rapid inhibition in proliferation of SiHa cells. These results are 
consistent with other reports in different cancer cells (15-18). 
The cell cycle analysis shows an obvious block in the S phase. 
However, contradictory results have been reported. Some 
reaserch shows that the downregulation of hTERT induces 
G2 block in breast cancer cells (8), while others induced G1 
block (17). The deficient P53 tumor suppressor gene is relative 
to G1 cell cycle arrest (19,20). Thus, P53 gene may regulate 
SiHa cells leading to S phase arrest after hTERT downregula-
tion. According to Luo et al, knockdown of hTERT induces 
inhibition of proliferation of SiHa cells by S phase arrest (15). 
Telomerase binding TPP1 at telomere (21) could elongate telo-
mere in rounds of extension (22) during the S phase of the cell 
cycle and may also be related with S phase arrest.

Research has shown there is a close relationship among 
telomerase, telomere and radiosensitivity (4,8,17,23-25). 
Ram et al (10) showed that radiation increases telomerase 
activity specially in cancer cells; furthermore, it is regulated 
by post-translational mechanism via Ras/phosphatidylinositol 
3-kinase/Akt pathway. Findings of Natarajan et al (26) and 
Natarajan et al (27) indicate that the mechanism of low-let 
γ-radiation inducing telomerase activity is NF-κB activa-
tion. HER-2 positive cells upregulate telomerase activity in 
irradiated breast cancer cells (28). Also, increased telomerase 
activity shows greater resistance in skin fibroblast cells (29). 

Telomere affects sensitivity to ionizing radiation, the short 
telomeres have more radiosensitivity than long telomeres and 
telomere length could act as biomarker of individual chromo-
some instability upon exposure to radiation (30,31). Drissi et al 
(32) have reported that kinetics of the DNA damage response 
is changed in cells with short telomere after ionizing radiation 
and telomere shortening is related with chromatin structure 
changes. However, there are also contrary reports on the 
relationship between telomerase and telomere. Guilleret et al 
(33) reported that downregulation of telomerase could induce 
shortening telomere. Conversely, Ji et al (34) have reported that 
telomeres is unchanged after silencing telomerase. The reason 
could be that decreased telomerase was not able to change telo-
mere in a short time. We need more information on the cellular 
pathways in radiation-induced telomerase upregulation, to find 
targets to enhance radiosensitivity. The clonogenic assay is the 
gold standard to measure the radiosensitivity of cells. In this 
study, we used two different models to assess radiosensitivity 
after silencing hTERT in SiHa cells. All parameters prove that 
knockdown of hTERT was able to enhance radiosensitivity in 
SiHa cells.

The results of our study add to accumulating conclusion 
that telomerase is an important target in regulation of radio-
sensitivity. Downregulation of telomerase can be an important 
anticancer therapy in cancer cells. Also, our data suggest that 
silencing of hTERT leads to rapid growth inhibition, arresting 
cell cycle in S phase and early apoptosis. This may offer a 
future gene-based therapy to alter radioresistance in different 
cancer cells, and more cancer cells could be destroyed with 
less severe side effects in radiotherapy through this tech-
nology.
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