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Abstract

AIM: To explore effects of telomerase RNA-targeting
phosphorothioate antisense oligodeoxynucleotides
(PS-ASODN) on growth of human gastrointestinal stro-
mal tumors transplanted in mice.

METHODS: A SCID mouse model for transplanta-
tion of human gastrointestinal stromal tumors (GISTs)
was established using tumor cells from a patient who
was diagnosed with GIST and consequently had been
treated with imatinib. GIST cells cultured for 10 pas-
sages were used for inoculation into mice. Transfection
of PS-ASODN was carried out with Lipotap Liposo-
mal Transfection Reagent. GISTs that subsequently
developed in SCID mice were subjected to intra-
tumoral injection once daily from day 7 to day 28 post-
inoculation, and mice were divided into the following
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four groups according to treatment: PS-ASODN group
(5.00 umoL/L of oligonucleotide, each mouse received
0.2 mL once daily); imatinib group (0.1 mg/g body
weight); liposome negative control group (0.01 mL/g);
and saline group (0.01 mL/g). On day 28, the mice were
sacrificed, and tumor attributes including weight and longest
and shortest diameters were measured. Tumor growth was
compared between treatment groups, and telomerase activ-
ity was measured by enzyme-linked immunosorbent assay.
Apoptosis was examined by flow cytometry. Real-time
polymerase chain reaction was used to detect expres-
sion of the mRNA encoding the apoptosis inhibition
B-cell leukemia/lymphoma 2 (bc/-2) gene.

RESULTS: In the PS-ASODN group, tumor growth
was inhibited by 59.437%, which was markedly higher
than in the imatinib group (11.071%) and liposome
negative control group (2.759%) [tumor inhibition =
(mean tumor weight of control group - mean tumor weight
of treatment group)/(mean tumor weight of control group)
x 100%]. Telomerase activity was significantly lower (P <
0.01) in the PS-ASODN group (0.689 £ 0.158) compared
with the imatinib group (1.838 £ 0.241), liposome negative
control group (2.013 £ 0.273), and saline group (2.004 %
0.163). Flow cytometry revealed that the apoptosis rate
of tumor cells treated with PS-ASODN was 20.751% =
0.789%, which was higher (P < 0.01) than that of the
imatinib group (1.163% =+ 0.469%), liposome negative
control group (1.212% + 0.310%), and saline group
(1.172% = 0.403%). Expression of bcl-2 mRNA in the
transplanted GISTs was markedly downregulated (P <
0.01) in the PS-ASODN group (7.245 £+ 0.739) com-
pared with the imatinib group (14.153 % 1.618) and lipo-
some negative control group (16.396 £ 1.351).

CONCLUSION: PS-ASODN can repress GIST growth,
mediated perhaps by inhibition of telomerase activity
and downregulation of bcl-2 expression.

© 2013 Baishideng. All rights reserved.
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Core tip: Gastrointestinal stromal tumors (GISTs) are
low-grade malignant mesenchymal tumors of the gas-
trointestinal tract. In our study, telomerase activity was
repressed and the level of B-cell leukemia/lymphoma 2
mRNA markedly downregulated in SCID mice carrying
transplanted human GISTs and treated with telomerase
RNA-targeting phosphorothioate antisense oligodeoxy-
nucleotides (PS-ASODN). Therefore, the therapeutic ef-
fect of PS-ASODN on GISTs is remarkable.
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INTRODUCTION

Gastrointestinal stromal tumor (GIST) is a recently rec-
ognized tumor entity. It is now evident that GIST is a
distinct tumor type and the most common sarcoma of
the gastrointestinal tract in humans'"!, GISTs account
for 2.2% of morbidity associated with malignant tumors
of the gastrointestinal tract”. GISTs occur at a median
age of 60 years, with a slight male predominance. Ap-
proximately 60% and 30% of GISTs arise in the stomach
and small intestine, respectively. GISTs have a high pro-
pensity for metastatic relapse, specifically in the liver and
peritoneum, after initial surgery for localized disease”.
GISTs are currently categorized based on cell morphol-
ogy, namely spindle cell, epithelioid, or occasionally pleo-
morphic; the tumors generally arise in the gastrointestinal
tract and usually express the protein KIT. GISTs are
generally resistant to conventional cancer chemotherapy
and are associated with poor outcome; in 2001, however,
an adjuvant therapy with the tyrosine kinase inhibitor
imatinib was found to be highly effective against GIST"!.
Although imatinib has revolutionized the treatment
of advanced GISTSs, clinical resistance to this drug has
proved to be a substantial problem requiring prolonged
treatment™”,

Zamecnik ef al” originally proposed the concept and
therapeutic application of antisense nucleic acids. Anti-
sense oligodeoxyribonucleotides are short DNA sequenc-
es that hybridize to complementary mRNA sequences
by Watson-Crick base pairing, Antisense oligodeoxyribo-
nucleotides do not form hybrids with noncomplementary
RNAs encoded by other genes, and thus each individual
oligodeoxyribonucleotide targets a unique RNA se-
quence, thereby effectively blocking the expression of
the associated gene while transcription from other genes
remains unaffected”. The antisense approach has been
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extensively applied in oncology research. Indeed, research
has suggested that antisense oligodeoxyribonucleotides,
which typically are approximately 20 nucleotides long, can
preferentially penetrate tumor vessels because tumor ves-
sels are leakier than normal vessels'"'". Thus, antisense
oligodeoxyribonucleotides show tremendous potential
as drug candidates that can selectively downregulate and
effectively block oncogene expressionm. In our present
study, we used liposome-assisted transfection to inves-
tigate the therapeutic efficacy of delivering telomerase
RNA-targeting phosphorothioate antisense oligodeoxy-
nucleotides (PS-ASODN) to human GISTs transplanted
into mice, with the goal of inhibiting tumor growth and
enhancing tumor-cell apoptosis. Our results suggest a po-
tential new therapeutic intervention for GISTS.

MATERIALS AND METHODS

Sample collection

GIST samples were obtained from a 51-year-old female
patient upon admission to the First Affiliated Hospital of
Wenzhou Medical College. Standard resection of GISTs
in the small intestine was performed on the patient in
June 2004, and treatment with a 400-mg daily dose of
imatinib was applied for the postoperative period. The
patient underwent surgery again in 2006 owing to GIST
recutrence, and the daily dose of imatinib was increased
to 800 mg postoperatively. A third surgical resection was
carried out in 2009 owing again to GIST recurrence, and
tumor tissues were resected and used to establish cell
lines after obtaining informed consent.

Primary culture of GIST cells

GIST samples were washed twice with Hanks Balanced
Salt Solution and cut into cubes of about 1-2 mm’ before
1 mL 0.1% collagenase type I (Gibco, Carlsbad, CA,
United States) was added. Each sample was again incu-
bated with another 5 mL of 0.1% collagenase type [ in
RPMI-1640 culture medium at 37 C under sterile condi-
tions. The tissues were pipetted 50 times with a slender-
tip pipette, and then specimens were incubated for 1 h
at 37 'C with gentle shaking every 20 min. The resultant
cell suspensions were pipetted 20 times and centrifuged
at 1000 X g for 5 min at room temperature, and the su-
pernatant was discarded. Each pellet was resuspended in
5 mL RPMI-1640, and larger cell clumps were removed
by filtration through a 200-um mesh nylon gauze. Cells
in the filtrate were placed in 4 mLL RPMI-1640 complete
medium containing 10% fetal bovine serum (Gibco), 100
U/mlL penicillin, and 100 U/L streptomycin and incu-
bated at 37 C in an atmosphere of 5% CO:2 in air. The
medium was renewed after 24 h and thereafter renewed
every 2 d. After 10 d of culture, trypsin (Sigma, St. Louis,
United States) at 0.25% was applied to partially digest the
cells, and the cells were purified by differential adhesion.
The cells that were most adherent were then subcultured
twice a week. GIST cells of different generations were
preserved in liquid nitrogen for subsequent experimenta-
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tion. This cell line was named GIST867 (Figure 1A and B).

Animals

Female SCID mice (7-wk old, 22 * 2 g) were purchased
from Shanghai Experimental Animal Center of the Na-
tional Academy of Sciences, Shanghai, China. All mice
were fed standard laboratory chow and watetr ad /bitum.
All procedures were performed in accordance with the
Guidelines for Animal Experiments of Wenzhou Medical
College, Wenzhou, China.

Synthesis and transfection of PS-ASODN

PS-ASODN with the sequence 5-CTCAGTTAGGGT-
TAGACA-3’, which is a complementary region of the
templating RNA of telomerase, was synthesized by
Shanghai Biotechnology Engineering Company (Shang-
hai, China). Transfection of PS-ASODN was carried out
with Lipotap Liposomal Transfection Reagent (Beyotime,
Shanghai, China). This oligonucleotide was used directly
without further purification, and all pipettes and tubes
were autoclaved prior to use. The oligonucleotide was
first diluted to a final concentration of 100 umol/L with
550 plL deionized H20 and stored at -20 C. The Lipotap
reagent was diluted with serum-free RPMI-1640 before
transfection. PS-ASODN at a final concentration of 5.00
umol/L was then added and incubated for 15 min with
diluted Lipotap reagent in Dulbecco’s modified Eagle’s
medium without antibiotics or glutamine at various tem-
peratures ranging from 15 'C to 25 C.

Subcutaneous implantation of GIST867 cells and drug
administration
For inoculation into SCID mice, GIST cells of the tenth
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Figure 1 General characteristics of gastrointestinal stro-
mal tumors. A, B: Morphological features of gastrointestinal
stromal tumor cells as observed under inverted microscope;
C: Tumors developed at the site of human tumor implantation
in mice (arrow); D: Representative solid tumor removed from a
mouse.

generation were digested with 0.25% trypsin and subcul-
tured in RPMI-1640. Centrifugation yielded a single cell
suspension having a density of 1.0 X 10" viable cells per
1 mL serum-free medium. A dose of 0.25 mL of single
cell suspension was injected subcutaneously into the
flank skin of each of two female SCID mice. The two
mice were fed under sterile conditions, and at 28-d post-
inoculation the diameter of the resultant tumor was 1-2
cm in each mouse. These two mice were anaesthetized
and decapitated to obtain the tumors, which subsequently
were cut into cubes of 1 mm’in 10% fetal bovine serum.
The tumor cubes were placed subcutancously into the
left flank skin of 40 female SCID mice, and after 1 wk
tumors were successfully induced in all mice (Figure 1C
and D). The 40 tumor-bearing SCID mice were randomly
divided into four groups (10 mice per group): the PS-
ASODN group (5.00 umol/L, each mouse received 0.2
mlL by intra-tumor injection once daily); imatinib group
(0.1 mg/g body weight, imatinib obtained from Novartis
Pharma, Basel, Switzerland); liposome negative control
group (0.01 mL/g); and saline group (0.01 mL/g). The
mice in each group received the relevant treatment by
intra-tumor injection once daily from day 7 to day 28
after implantation. After 28 d, the mice were sacrificed,
and tumor weight and longest and shortest diameters
were measured by electronic scale and vernier caliper, re-
spectively. Inhibition of tumor growth was calculated as
follows: inhibition of growth = (mean tumor weight of
control group - mean tumor weight of treatment group)/
(mean tumor weight of control group) X 100%. Aliquots
of the tumor specimens were frozen in liquid nitrogen
for further use.
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Figure 2 Phosphorothioate antisense oligodeoxynucleotides mediated
inhibition of tumor growth in human gastrointestinal stromal tumors (n =
10 tumors per group). Daily intra-tumor injection of phosphorothioate antisense
oligodeoxynucleotides (PS-ASODN) and other reagents commenced on post-
inoculation day 7 and continued to day 28. A: Tumor volume; B: Tumor weight;
C: Inhibition of tumor growth. °P < 0.01 vs liposome negative control and imatinib
groups. Each bar represents the mean + SD.

Real-time polymerase chain reaction analysis

Total RNA was extracted using Trizol reagent (Beyo-
time), and the concentration and purity of RNA were
determined by measuring the absorbance at 260 nm and
280 nm (2.0 > Az20, and A2s0 > 1.7). Real-time poly-
merase chain reaction (PCR) analysis was performed
using an ABI PRISM 7500 Real-Time PCR System
(Applied Biosystems Inc., Catlsbad, CA, United States).
Each well (20 pL. volume) contained 10 pl. Power
SYBR Green PCR master mix (Applied Biosystems),
1 pL of each primer (5 umol/L) and 1 pyL template.
Primer sequences were designed by PrimerExpress 5.0
and synthesized by the Shanghai Biotechnology Cot-
poration (Shanghai, China); the sequences were (5-3):
B-cell leukemia/lymphoma 2 (bc-2) gene (235 bp): for-
ward CAGCTGCACCTGACGCCCTT and reverse
CCCAGCCTCCGTTATCCTGGA; f-actin (99 bp): for-
ward CCACACTGTGCCCATCTACG and reverse AG-
GATCTTCATGAGGTAGTCAGTCAG.

Telomerase activity assay

Telomerase activity was assayed by enzyme-linked immu-
nosorbent assay following the procedure recommended
by the manufacturer (Boehringer, Mannheim, Germany).
The absorbance value in each well was read at 490 nm
with a microtiter plate reader (BIO-TEK ELX800, Win-
ooski, Vermont, CA, United States).
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Figure 3 Effect of phosphorothioate antisense oligodeoxynucleotides and
other reagents on telomerase activity in gastrointestinal stromal tumors
tissues (n = 10 tumors per group). °P < 0.01 vs tumors treated with phospho-
rothioate antisense oligodeoxynucleotides (PS-ASODN) and imatinib.

Apoptosis as measured by flow cytometry

Apoptosis was assessed by flow cytometry. Tumor speci-
mens were cut into cubes of 1 mm’, homogenized in 2
mL PBS, and filtered through 200-um mesh nylon gauze.
The filtrate was left for 10 min in the dark and was then
centrifuged at 2500 X g for 7 min at room temperature.
The pellet was resuspended in 200 pL Binding Buffer
(10 mmol/L HEPES, 140 mmol/L NaCl, 2.5 mmol/L
CaClz, pH 7.4) and labeled with 10 pL annexin V-FITC
and 5 pL propidium iodide from the annexin V-FITC
Apoptosis Detection kit (eBioscience, San Diego, CA,
United States). Apoptosis was assayed by flow cytometry
(BD FACSCalibur CellSorting System, Becton Dickinson,
Franklin Lakes, NJ, United States). The samples were
tested in sextuplicate, and mean values were calculated.

Statistical analysis

All data are presented as the mean + SD deviation. Statis-
tical analysis was cartied out with SPSS 13.0 software (SPSS,
Chicago, IL, United States). Statistically significant differ-
ences between groups were established using Fisher’s least
significant difference test. P < 0.05 was considered to be
statistically significant.

RESULTS
Inhibition of tumor growth in PS-ASODN-treated mice

Tumor volume and weight were significantly lower in the
PS-ASODN group compared with the liposome nega-
tive control and saline groups (P < 0.01, Figure 2A and
B). Tumor volume and weight in the imatinib group were
slightly lower than in the liposome negative control and
saline groups, but the difference was not significant (P
> 0.05). Inhibition of tumor growth in the PS-ASODN
group (59.437%) was significantly greater than in the
imatinib (11.071%) and liposome negative control groups
(2.759%) (all relative to tumor growth observed in the
saline control group, Figure 2C).

Effect of PS-ASODN on telomerase activity

Telomerase activity was significantly repressed in the PS-
ASODN group compared with the imatinib and lipo-
some negative control groups (P < 0.01, Figure 3). As
expected, administration of imatinib did not significantly
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Figure 4 Effect of phosphorothioate antisense oligodeoxynucleotides and other reagents on tumor cell apoptosis (n = 10 tumors per group). °P < 0.01 vs
liposome negative control and imatinib groups. 1: Liposome negative control group; 2: Imatinib group; 3: Phosphorothioate antisense oligodeoxynucleotides (PS-ASODN)
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Figure 5 B-cell leukemia/llymphoma 2 mRNA expression in tumor samples
as detected by real time-polymerase chain reaction (n = 10 mice per
group). "P < 0.01 vs control and imatinib groups. Each bar represents the mean
+ SD. M: Marker, 100-2000 bp; 1: Imatinib-treated group; 2: Phosphorothioate
antisense oligodeoxynucleotides (PS-ASODN)-treated group; Lane 3: Control
group. bel-2: B-cell leukemia/lymphoma 2.

affect telomerase activity compared with the liposome
negative control group (P > 0.05).
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Effect of PS-ASODN on tumor cell apoptosis

The percentage of apoptotic cells in tumors was de-
termined by flow cytometry on day 28 after tumor im-
plantation. Apoptosis was significantly higher in the PS-
ASODN group (20.751% = 0.789%) compared with the
imatinib (1.637% % 0.469%), liposome negative control,
and saline groups (P < 0.01, Figure 4). There was no sig-
nificant difference (P > 0.05) between the imatinib group
and the liposome negative control and saline groups.

Effect of PS-ASODN on bcl-2 expression OR the level of
bcl-2 mRNA

Agarose gel electrophoresis was used to verify the lengths
of the PCR amplification fragments, namely 235 bp for
bel-2 (encoding B-cell lymphoma protein 2) and 99 bp
for fB-actin (Figure 5). The level of bcl-2 mRNA was sig-
nificantly downregulated (P < 0.01) in the PS-ASODN

group compared with the liposome negative control

group (Figure 5).

DISCUSSION

GISTs are the most common mesenchymal neoplasms of
the gastrointestinal tract, and the worldwide incidence of
GISTs has been estimated to be 14-20 per million people.
GISTs are low-grade malignant tumors that are believed
to originate from neoplastic transformation of the inter-
stitial cells of Cajal“2’14]. The overall 5-year survival rate
for GIST patients is about 45% in the United States'"”.
Nearly 50% of GISTs treated with imatinib ultimately
demonstrate resistance in the first 2 years post-treatment,
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and thus a new treatment strategy and/or more effective
drug is needed.

There are at least two different mechanisms for the
immortalization of tumor cells: reactivation of telom-
erase, and the inactivation of tumor suppressor genes
such as p53 and pRB that control cellular senescence!”
Human telomerase, which contains an RNA component,
telomerase-associated protein and a catalytic subunit" ",
is activated in 80%-90% of carcinomas derived from var-
lous organs such as stomach, colon, lung and breast™ .
The rate of telomere DNA shortening is regulated by
telomerase expression and activity™ . In our study, we
evaluated telomerase activity in GISTs and found that
telomerase activity was markedly elevated, consistent with
findings for other tumor types.

Controlling the levels of the anti-apoptotic bcl-2
family proteins is critical for regulating cell growth and
apoptosis. bcl-2 localizes to cellular membranes, par-
ticularly in mitochondria, and can inhibit mitochondrial
release of substances involved in signaling either the
onset or execution of apoptosism, and higher levels
of bcl-2 promote the development and progression of
many tumors””. bcl-2 promotes cell survival by inhib-
iting adapters needed for activation of the proteases
(caspases) that dismantle the cell. Therefore, bcl-2 and
related cytoplasmic proteins are key inhibitory factors of
apoptosis, which indeed is critical for development, tissue
homeostasis, and protection against pathogens[z()’m. Here,
we found that the level of bcl-2 mRNA was significantly
upregulated in GISTs, consistent with its established role
in promoting tumorigenesis.

The drug resistance of a malignant tumor is an im-
portant issue for conventional clinical therapies such
as chemotherapy, radiotherapy, and immunotherapy. If
telomerase activity and/or expression is inhibited in can-
cer cells, the cells may become relatively more vulnerable
to these conventional therapiesm].

In this study, transfection with PS-ASODN signifi-
cantly inhibited telomerase activity and induced apoptosis
compared with the imatinib and control groups. Recently,
research has shown that cells with long telomeres possess
the ability to proliferate in the absence of telomerase,
which demonstrates that telomerase activity does not
require basic replicative functions of these cells; rather,
maintaining a minimum telomere length seemingly re-
quires telomerase activity™. Other studies have shown
that cells with high telomerase activity were more resis-
tant to apoptosis than those with low telomerase activ-
ity[34’35]. Kondo e a/*? found that inhibition of telomerase
with an antisense telomerase expression vector not only
decreased telomerase activity but also increased the sus-
ceptibility to cisplatin-induced apoptotic cell death in
cisplatin-resistant U251-MG cells. Research suggests that
bcl-2 is a regulator of programmed cell death, and its
overexpression has been implicated in pathogenesis of
some lymphomas. In our study, the SCID mice treated
with PS-ASODN had significantly downregulated expres-
sion of bcl-2 mRNA compared with the liposome nega-
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tive control and saline groups.

In conclusion, our study demonstrates that a synthetic
antisense oligonucleotide can reduce both telomerase
activity and bcl-2 mRNA expression and increase apop-
tosis of human GIST cells 7z vivo. The therapeutic effect
of PS-ASODN on GISTs is remarkable, and the use of
synthetic antisense oligonucleotides has the advantage of
therapeutic convenience and flexibility. Our data clearly
show the potential efficacy of antisense oligonucleotides
for the treatment of human GISTs.

COMMENTS

Background

Gastrointestinal stromal tumor (GIST) is a distinct tumor type and the most
common sarcoma of the gastrointestinal tract in humans, and it has a high
propensity for metastatic relapse, specifically in the liver and peritoneum, after
initial surgery for localized disease. Previous research has shown that antisense
oligodeoxyribonucleotides, which can target a unique sequence of a single gene
and block its expression while other genes are transcribed without interruption,
have tremendous potential as promising drugs that can selectively downregulate
oncogene expression.

Research frontiers

GISTs are low-grade malignant mesenchymal tumors of the gastrointestinal
tract, and the overall 5-year survival rate for GIST patients is about 45% in the
United States. The authors found telomerase activity was markedly elevated
in GISTs. Therefore, telomerase may be reactivated at a certain stage in GIST
progression, enabling cancer cells to escape telomere shortening and continue
proliferating. B-cell leukemia/lymphoma 2 (bcl-2) is a key regulator of apoptosis
and the level of bcl-2 mRNA s significantly upregulated in GISTs.
Innovations and breakthroughs

Drug resistance of a malignant tumor is an important challenge for conventional
clinical therapies such as chemotherapy, radiotherapy, and immunotherapy. This
study is the first to report a new viewpoint on GIST pathogenesis and the poten-
tial therapeutic effect of telomerase RNA-targeting phosphorothioate antisense
oligodeoxynucleotides (PS-ASODN) on GIST.

Applications

The authors measured telomerase activity and the level of bcl-2 mRNA in
mice carrying transplanted human GISTs. The results provide new insight
into the pathogenesis of GIST and suggest an efficacious therapy for GIST.

Terminology

GISTs are low-grade malignant mesenchymal tumors of the gastrointestinal
tract and are believed to originate from neoplastic transformation of the in-
terstitial cells of Cajal. Antisense oligodeoxyribonucleotides are short DNA
sequences that do not form hybrids with noncomplementary RNAs encoded
by other genes, and thus each individual oligodeoxyribonucleotide targets
a unique RNA sequence, thereby effectively blocking the expression of the
associated gene while transcription from other genes remains unaffected.
Peer review

The authors of this study investigated the pathogenesis of GISTs. The results
are interesting and suggest that telomerase activity was repressed and the
level of bcl-2 mRNA significantly downregulated in SCID mice treated with PS-
ASODN. They investigated the effect of PS-ASODN on proliferation, apoptosis,
and telomerase activity of tumor cells in mouse transplanted GISTs, with the
goal of attaining a new viewpoint on GIST pathogenesis and providing a new
therapeutic intervention.
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