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Phosphorothioate-modified antisense oligonucleotides
against human telomerase reverse transcriptase
sensitize cancer cells to radiotherapy
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Abstract. Emergence of resistance, unavoidable systemic
toxicity and unsatisfactory efficacy arethe main obstacles
for traditional cancer therapy. Combination with phospho-
rothioate modified antisense oligonucleotides (PS-ASODN)
against human telomerase reverse transcriptase (hTERT)
may enhance the therapeutic effect of irradiation. However,
the effect of PS-ASODN against hTERT on the anti-tumor
effects of irradiation in liver cancer remain unclear. In the
current study, Walker 256 cells were transfected with hTERT
PS-ASODN. Cell proliferation and cell viability were measured
using the MTT assay and cell senescence was examined by
SA-f-gal staining. Telomerase activity was determined by
telomeric repeat amplification protocol-polymerase chain
reaction-ELISA. Cell apoptosis was assayed by flow cytom-
etry and DNA damage was determined by the comet assay.
The PS-ASODN was demonstrated to have an inhibitory effect
on cell proliferation and accelerated effect on cell senescence
by inhibiting telomerase activity. PS-ASODN promoted the
irradiation-induced inhibition of cell viability and telomerase
activity, and irradiation-induced DNA damage and cell apop-
tosis via the activation of apoptosis-associated proteins. Taken
together, these results indicated that combined treatment of
PS-ASODN with irradiation significantly enhanced tumor
inhibition. Therefore, PS-ASODN provides an experimental
foundation for gene therapy and is proposed for application in
clinical treatment of liver cancer combined with radiotherapy.
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Introduction

Cancerhas a large influence on human health and economy.
Despite the fact that progress has been made in understanding
cancer, it remains one of the leading causes of mortality (1,2).
Traditional cancer therapies including surgery, radiotherapy
and chemotherapy, aim to destroy the tumor and leave normal
tissue intact as much as is possible (3). However, the emer-
gence of resistance to these therapies remains a challenge
for successful treatment of cancer. Given the unsatisfactory
efficacy and unavoidable systemic toxicity of traditional
treatment, gene therapy has been investigated as a gene tran-
scription and translation intervention, serving important roles
for tumor growth, spread, survival and therapy resistance (4).

As a special type of RNA nuclear protease, telomerase
synthesizes telomeric DNA sequences that provide tandem
GT-rich repeats (TTAGGG) to compensate for telomere short-
ening (5,6). Activated telomerase can be observed in more
than 90% of cancer cases and beconsidered to permit tumor
cell immortalization and promote cell malignant transforma-
tion (7,8). Therefore, telomerase can be used as a potential
target for gene therapy.

As the most important regulator of telomerase activity,
human telomerase reverse transcriptase (hTERT) is a catalytic
subunit of telomerase and processes telomere ends, which
are over expressed in greater than 90% of tumor cells and
contribute to tumor cell proliferation (8). Previous studies have
demonstrated that antisense oligodeoxynucleotide (ASODN)
gene therapy against hTERT may effectively inhibit telom-
erase activity and tumor growth (9,10).

In the current study, a phosphorothioate ASODN
(PS-ASODN) against hTERT was used to treat Walker
256 cells. The inhibitory effect and the mechanism of the
PS-ASODN were explored in the Walker 256 cells to provide
novel strategies for cancer gene therapy.

Materials and methods
Cell culture. Walker 256 cells were purchased from Shanghai

Institute of Pharmaceutical Industry (Shanghai, China) and
cultured in RPMI-1640 medium (Gibco; Thermo Fisher
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Scientific, Inc., Waltham, MA, USA) that contained 10% (v/v)
fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.),
100 U/ml penicillin and 100 pg/ml streptomycin, within a
humidified at mosphere containing 5% CO, at 37°C.

Cell transfection. The hTERT-targeted PS-ASODN was
purchased from Shanghai Biotechnology Corporation
(Shanghai, China). Walker 256 cells were transiently
transfected with hTERT-targeted PS-ASODN using
Lipofectamine® 2000 Transfection reagent (Invitrogen;
Thermo Fisher Scientific, Inc.).

Cell proliferation and viability assay. Walker 256 cells were
seeded onto 96-cell plates and incubated at 37°C overnight. For
the cell proliferation assay, cells were treated with PS-ASODN
at a final concentration of 0, 1, 2, 3,4 and 5 ymol/l for 1, 3
and 7 days, respectively. For cell viability assay, cells were
treated with 5 umol/l PS-ASODN for 24 h and then irradiation
(IR) was performed by using an RS 2000 X-ray Biological
Irradiator (Rad Source, Suwanee, GA, USA) at doses of 0, 2,
4,6, and 8 Gy for 24 h. MTT solution (20 ul) was added into
each well and the plates were incubated for 4 h at 37°C. Then
cells were exposed to 150 1 DMSO and incubated for 10 min.
The optical density at 490 nm was read by an enzyme-linked
immunosorbent assay (ELISA) reader.

Senescence-associated [-gal staining. Walker 256
cells were treated with 5 gmol/l PS-ASODN for 5 days.
Senescence-associated f(-gal (SA-S-gal) activity was
performed using SA-$-gal staining kit (Beyotimelnstitute of
Biotechnology, Haimen, China). Briefly, following removal
of the RPMI-1640 medium, Walker 256 cells were washed
with PBS and fixed with 2% form aldehyde and 0.2% glutar-
aldehyde for 10 min. Subsequently, cells were incubated with
fresh SA--gal stain solution overnight at 37°C (without CO,)
following washing with PBS. After staining, cells were photo-
graphed using a microscope (IX73; Olympus Corporation,
Tokyo, Japan), and the percentage of senescence cell was
determined via counting five random fields.

Telomerase activity assay. Walker 256 cells were lysed with
ice-cold lysis buffer (Takara Bio, Inc., Otsu, Japan) and
centrifuged at 12,000 x g for 30 min at 4°C. The Bicinchoninic
Acid (BCA) Protein Assay kit (Takara Bio, Inc.) was used to
measure protein concentration. Telomerase activity assay was
measured using the telomeric repeat amplification protocol
(TRAP) with the TeloTAGGG Telomerase PCR ELISA kit
(Roche Diagnostics, Basel, Switzerland) according to the
manufacturer's instructions.

Cell apoptosis assay. Walker 256 cells were treated with
PS-ASODN at final concentrations of 0, 1, 3 and 5 gmol/l
for 24 h, respectively, then IR was performed using the RS
2000 X-ray Biological Irradiator at doses of 6 Gy for 24 h.
Cell apoptosis following radiation treatment was determined
using the Annexin V-fluorescein isothiocyanate (FITC)/prop-
idium iodide (PI) apoptotic cell detection kit (BD Biosciences,
Franklin Lakes, NJ, USA) according to manufacturer's
protocol. The percentage of apoptotic cells was determined
via flow cytometry based on Annexin V/PI stain.
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Western blot analysis. Walker 256 cells were treated with
PS-ASODN at final concentrations of 0, 1, 3 and 5 gmol/I for
24 h, respectively, then IR was performed using theRS 2000
X-ray Biological Irradiator at doses of 6 Gy for 24 h. Cells
were collected and lysed by ice-cold lysis buffer (Takara Bio,
Inc.). Protein concentrations were determined using the BCA
Protein Assay kit (Takara Bio, Inc.). Then, protein extracts
were separated using 12% SDS-PAGE and transferred onto
polyvinylidene difluoride (PVDF) membranes. Following
incubated with 5% nonfat milk, the membranes were incu-
bated with polyclonal rabbit anti-caspase 3 (1:1,000; cat.
no. ab13585; Abcam, Cambridge, MA, USA) or polyclonal
rabbit anti-caspase 9 antibodies (1:1,000; cat. no. 9502;
Cell Signaling Technology, Inc., Danvers, MA, USA)
overnight at 4°C. Membranes were then incubated with
horseradish peroxidase-conjugated secondary antibodies
(1:5,000; cat. no. ab181658; Abcam) for 1 h at room tempera-
ture. Finally, the membranes were visualized using ECL
Chemiluminescent Substrate Reagent kit (Thermo Fisher
Scientific, Inc.).

Comet assay. DNA damage was determined using a comet
assay. Walker 256 cells were treated with PS-ASODN at final
concentrations of 0, 1, 3 and 5 gmol/l for 24 h, respectively,
then IR was performed using the RS 2000 X-ray Biological
Irradiator at doses of 6 Gy for 24 h. Cells were collected and
mixed with 0.5 % low melting agarose. Following layeringonto
agarose-coated slides, the slides were immersed in lysis buffer
overnight at 4°C. Subsequently, slides were incubated in elec-
trophoresis buffer for 10 h. Following electrophoresis, slides
were neutralized with 0.4 mol/l Tris-HCI buffer (pH=7.5)
twice per 5 min and then immersed in 100% ethanol for
20 min. After being air-dried, slides were stained with 2 zg/ml
ethidium bromide for 15 min. Finally, slides were observed
under a confocal microscope.

Statistical analysis.Data were expressed as the mean + standard
deviation. GraphPad Prism 5 software (GraphPad Software,
Inc., La Jolla, CA, USA) was used for the statistical tests. The
data were compared between two groups using the two-tailed
Student's t-test and between multiple groups using two-way
analysis of variance followed by Tukey's post hoc test. P<0.05
was considered to indicate a statistically significant difference.

Results

Inhibition of PS-ASODN on Walker 256 cell proliferation.
The proliferation of Walker 256 cells was inhibited by treating
with PS-ASODN (1-5 yM) on days 0, 1, 3 and 7 (Fig. 1). The
proliferation rate between the PS-ASODN group and control
group was significant. The proliferation rate decreased as the
time and PS-ASODN concentration increased, which indi-
cated that PS-ASODN inhibited Walker 256 cells proliferation
in a dose- and time-dependent manner.

PS-ASODN induced acceleration of cell senescence by
inhibiting telomerase activity. SA-f-gal commonly acts as a
biomarker of replicative senescence due to its overexpression
in pre-senescent and senescent cells. In order to study the effect
of PS-ASODN on senescence of Walker 256 cells, SA-S-gal
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Figure 1. Inhibition of PS-ASODN on Walker 256 cell proliferation. Cells
were treated with PS-ASODN at final concentrations of 0, 1,2, 3,4, 5 gmol/l
for 1, 3 and 7 days, respectively. Data are presented as the mean + standard
deviationof three independent experiments. ““P<0.001 compared with CON
group at the same time point. PS-ASODN, phosphorothioate modified anti-
sense oligonucleotides; CON, control.
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Figure 2. Acceleration of PS-ASODN on Walker 256 cell senescence by inhib-
iting telomerase activity. (A) SA-f-gal staining indicatingthe acceleration of
PS-ASODN on Walker 256 cell senescence. (B) Inhibition of PS-ASODN on
telomerase activity. Data are presented as the mean + standard deviationof
three independent experiments. 'P<0.05, ““P<0.001 vs. CON group at the
same time point. PS-ASODN, phosphorothioate antisense oligonucleotides;
CON, control.

activity was measured after treating Walker 256 cells with
PS-ASODN (5 umol/l) for 5 days. As presented in Fig. 2A,
PS-ASODN accelerated cell senescence.

Telomere shortening and the accumulation of dysfunc-
tional telomeres are associated with cell senescence (11,12).
Therefore, following treatment of Walker 256 cells with
PS-ASODN (5 mol/l), the effect of PS-ASODN on telomerase
activity was determined. As presented in Fig. 2B, PS-ASODN
resulted in a time-dependent decrease in telomerase activity,
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Figure 3. PS-ASODN enhances the inhibition of IRon cell viability. Walker
256 cells were treated with 5 gmol/l PS-ASODN and 0, 2, 4, 6 and 8 Gy.
Data are presented as the mean + standard deviationof three independent
experiments. 'P<0.05 and “"P<0.01 vs. IR groupat the same dose. PS-ASODN,
phosphorothioate modified antisense oligonucleotides; IR, irradiation.
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Figure 4. PS-ASODN enhances the inhibition of IRon telomerase activity.
Walker 256 cells were treated with PS-ASODN at final concentrations of 0, 1,
3,5 ymol/l and IRat doses of 6 Gy. Data are presented as the mean + standard
deviationof three independent experiments. "P<0.05. PS-ASODN, phospho-
rothioate modified antisense oligonucleotides; IR, irradiation; CON, control.

indicating that PS-ASODN promoted cell senescence by
inhibiting telomerase activity.

Enhancement of PS-ASODN on cell sensitivity to IR. In order
to evaluate the effect of PS-ASODN on radio sensitization
of cells, the cell viability was examined by MTT assay. As
presented in Fig. 3, PS-ASODN enhanced the inhibition of
IRon cell viability. In addition, PS-ASODN was also identified
to improve the inhibition of IR on telomerase activity (Fig. 4).

The apoptosis of Walker 256 cells was further analyzed
by flow cytometry. Compared with the control group, the
apoptosis rate of PS-ASODN treatment group increased
significantly (Fig. 5A), indicating that PS-ASODN may induce
cell apoptosis. Compared with the IR treatment group, the
apoptosis rate of Walker 256 cells treated with PS-ASODN
and IR increased as the PS-ASODN concentration increased
(Fig.5A),suggesting that PS-ASODN promoted IR-induced cell
apoptosis. In addition, the results of western blotting indicated
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Figure 5. PS-ASODN promotes the induction of IRon cell apoptosis by activating apoptosis-associated proteins. (A) PS-ASODN enhances the induction of
IRon cell apoptosis. (B) Caspase-3, cleaved caspase-3, caspase-9 and cleaved caspase-9 protein expression were determined by western blotting. $-actin was
used as an internal control. Data are presented as the mean + standard deviationof three independent experiments. "P<0.05, “P<0.01. PS-ASODN, phosphoro-
thioate modified antisense oligonucleotides; IR, irradiation; CON, control.
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Figure 6. PS-ASODN enhances the induction of IRon DNA damage. Walker 256 cells were treated with PS-ASODN at final concentrations of 0, 1, 3 and
5 umol/l and IR at doses of 6 Gy. Data are presented as the mean + standard deviationof three independent experiments. 'P<0.05. PS-ASODN, phosphoro-
thioate modified antisense oligonucleotides; IR, irradiation; CON, control.

g

-

>

N

DNA damage (live tail moment)

0 5 0 1 3 5 PS-ASODN concentration (umolf)
CONPS-ASODN  PS-ASODN+R Treatment




that combined treatment of PS-ASODN with IR resulted in
increased protein expression levels of cleaved caspase-3 and
cleaved caspase-9 in the Walker 256 cells (Fig. 5B), thus
indicating that combined treatment of PS-ASODN with IR
promoted activation of cleaved caspase-3/9 in the apoptotic
signaling pathway.

To confirm the effect of PS-ASODN on IR-induced DNA
damage, the comet assay was performed to assess degree
of DNA damage. Compared with IR treatment group, the
DNA damage of Walker 256 cells treated with PS-ASODN
and IR increased as the PS-ASODN concentration increased
at 5 ymol/l (Fig. 6), suggesting that PS-ASODN enhanced
IR-induced DNA damage.

Taken together, these observations suggested that effect of
PS-ASODN may improve Walker 256 cell sensitivity to IR.

Discussion

As a special type of RNA nuclear protease, telomerase main-
tains the function of the telomere and servesan important
role in cell senescence and carcinogenesis. It was reported
that high telomerase activity has been identifiedin malignant
tumors, and low telomerase activity has been identifiedin the
majority of normal tissues and benign tumors (13). hTERT is
a subunit of telomerase and its expression levels are indicated
to be associated with telomerase activity (14-16). Therefore,
it is suggested that hTERT may be an appropriate target for
anti-sense therapy.

ASODN has become a research focus due to its high speci-
ficity, targeting and low toxicity, and may be applied to gene
therapy (7). ASODNSs are short DNA sequences that hybridize
to complementary mRNA sequences based on Watson-Crick
base pairing. ASODN gene therapy has been identifiedto
effectively target the expression of genes involved in causing
cancer, tumor growth inhibition, radiosensitization or chemo-
sensitization (17-20). However, because ASODNSs exhibit poor
solubility, low affinity for their target complementary RNA
sequences (21), phosphorothioate modification was adopted
for ASODN in the current study. PS-ASODN presents with
good aqueous solubility, increased resistance to degradation
of oligodeoxynucleotide by nuclease, increased stability and
liposome encapsulation (7,22). Previous studies have demon-
strated that PS-ASOND suppressed the activity of telomerase
and tumor growth (23-27).

In the current study, PS-ASODN was demonstrated to have
an inhibitory effect on cell proliferation in a time-dependent
manner. PS-ASODN accelerated cell senescence and resulted in
a time-dependent decrease in telomerase activity, indicating that
PS-ASODN improved cell senescence by suppressing telomerase
activity. Through treating Walker 256 cells with PS-ASODN
and IR in combination, it was identified that PS-ASODN may
enhance the inhibition of IRon cell viability and telomerase
activity. Besides, PS-ASODN also promoted the induction of
IRon cell apoptosis by activating apoptosis-associated proteins,
and enhanced the induction of IRon DNA damage.

In conclusion, it is suggested that \TERT PS-ASODN, the
inhibitor of telomerase activity, can inhibit cell proliferation,
accelerate cell senescence by down-regulating telomerase
activity, and enhance the inhibition of IRon cell viability
and induction of IRon cell apoptosis and DNA damage,
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thus resulting in increased sensitivity to IR. These observa-
tions suggest that combination of PS-ASODN and IR is of
significance in providing an experimental foundation for gene
therapy and guiding the radio therapeutic strategy for cancer
treatment.
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