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Introduction

Human telomerase, activated in approximately 90% of
cancers, is mainly composed of human telomerase RNA
(hTR), human tel omerase reversetranscriptase (nTERT) and
telomerase-associated protein (TP1). hTR contributes by
binding the telomere end through Watson-Crick base-pair-
ing and actsas atemplate for polymerization, while hnTERT
catalyzesthe extension of telomeric repeats. The determina-
tion of intracellular factorsthat control tel omerase activity
appears to be an important issue for cancer therapy. These
observations suggest that reactivation of telomerase is nec-
essary for proliferation of cancer cells and that inhibition of
telomerase activity may be a useful strategy to suppress cell
growth for many types of cancer™?. The single-stranded
DNA binding protein plays an important role in DNA
replication, repair, and recombination. DNA double-strand
breaks (DSB) are probably the most severethreat tothe main-
tenance of genomicintegrity. They are produced by ionizing
radiation and some chemotherapeutic drugs, but also arise
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Abstract

Aim: To investigate the effect of the antisense oligonuclectides (ASODN) spe-
cific for human telomerase RNA (hTR) on radio sensitization and proliferation
inhibition in human neurogliocytoma cells (U251). Methods: U251 cellswere
transfected with hTR ASODN or nonspecific oligonucleotides (NSODN). Before
and after irradiation of ®Co-gray, tel omerase activity was assayed by telomeric
repeat amplification protocol ( TRAP-PCR-ELISA), and DNA damage and repair
were examined by the comet assay. The classical colony assay was used to plot
the cell-survival curve, to detect the D, value. Results: hTR antisense oligo-
nucl eotides could downregulate the telomerase activity, increase radiation in-
duced DNA damage and reduce the subsequent repair. Furthermore, it could in-
hibit the proliferation and decrease the D, value which demonstrates rising
radiosensitivity. However, telomere length was unchanged over a short period of
time. Concluson: Thesefindings suggest that an ASODN-based strategy may be
used to devel op telomeraseinhibitors, which can efficiently sensitize radiotherapy.

endogenously during DNA replication, by topoisomerase
faillureand asan initiator of phys ol ogical recombination pro-
ceseslikeV (D) Jrecombination and meiosis. I [eft unrepaired,
DSB can result in permanent cell-cycle arrest, induction of
apoptosis, or mitotic cell death caused by the loss of ge-
nomic material 4,

lonizing radiation (IR) isan important therapeutic modal -
ityinclinical cancer management, asit playsakey rolein the
treatment of many tumors. In several instances, sensitivity
to cell killing by IR has been related to the greatly reduced
ability to repair DNA DSB®. Animal models have shown
that telomere dysfunction impairs DNA repair and thus en-
hances sensitivity to IR-induced cdl killing. Although the
loss of telomerase activity per se has no discernable impact
on the response to ionizing radiation, the emergence of te-
lomeredysfunction in late-generation hTR-/- miceimpartsa
radiosensitivity syndrome associated with accelerated
mortality. Onthecdlular leve, thegastrointestinal crypt sem
cells and primary thymocytes show increased rates of
apoptosis, and mouse embryonic fibroblasts (MEFs) show
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diminished dose-dependent clonogenic survival. The radi-
osensitivity of telomere dysfunctional cells correlates with
delayed DNA break repair Kinetics, persistent chromosomal
breaks and cytogenetic profiles characterized by complex
chromosomal aberrations and massive fragmentation.
Furthermore, invitro studieswith C3H mouse acute myeloid
leukemiacdll lines haverevea ed that long but dysfunctional
telomeres al so correlate with IR sensitivity!®”,

Previous studies targeting tel omerase by antisense oli-
gonucleotides against hTR as well as by pharmacol ogical
and genetic approachesindicate that tel omeraseis apromis-
ing target for cancer therapy. Indeed, preclinical evaluations
of tel omerase-based therapy show promising effects®*!. For
bl ocking telomerase activity, one strategy is the design of
agents that bind to the telomerase active site. The exposed
RNA template of hTR isan ideal target for ASODN that can
bind to telomerase, block telomerase activity, cause telom-
ere shortening, and decrease cell proliferation™ 21, Examin-
ing the effects of ionizing radiation on cells with SRNAS
specific for hTERT, a further study has indicated that cells
lacking hTERT showed a significantly increased sensitivity
to ionizing radiation that induce DNA DSB!¥, Previousin-
vestigations®*?% have suggested that telomerase inhibitor
producing shortened telomeres in cancer cells selectively
increase the radiosensitivity in tumour cells and therefore
improvetumour killing through inducing DNA DSB andsingle
strand breaks (SSB). However, the effect of the ASODN spe-
cific for hTR on radio sensitivity hasn’t been studied. The
aim of our study was to investigate whether hTR-specific
ASODN could be an efficient radiosensitizer and growth
inhibitor, and to determine whether hTR-specific ASODN
technology could serve as a method to affect telomerase-
based cancer therapy.

Materials and methods

Cell lines and cultur e conditions Human glioma cell
lines, U-251 cdls were obtained from the Wuhan University
type culture collection. U-251 cells were cultured in RPMI -
1640 supplemented with 10% fetal bovine serum (FBS), and
incubated at 37 °C in the humidified atmosphere containing
5% CO..

Antisenseand nongpecific oligonucleotidestr ansfection
Thesequenceof thehTRASODN was5-CAGTTAGGGTTAG-
3, complementary to bases 38-50 of hTR, which wasreferred
to Eckart et al™. The sequences 5-CTAACCCTAACTG-3'
were used as nonspecific oligonucleotides (NSODN). The
oligonucleotides used were end phosphorothioated and
synthesized in TaKaRa Bio Inc (Shiga, Japan). To confirm
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the above gene sequences as unique (not consistent with
other gene sequences), we conducted a BLAST (Basic Lo-
cal Alignment Search Tool) search of the IMAGE EST
(Express-ed Sequence Tags) library (www.nchi.nlm.nih.gov/
BLAST).

These oligonud eotides were transfected into U-251 cdlls
with lipofectamine reagent (Gibco Inc, USA) according to
the manufacturer’sinstructions. The final concentration of
oligonucleotides was adjusted to 3 nmol/ L and the final
concentration of lipofectami newas 10 nmal/L. A defined num-
ber of cdlls(3x10°-5x10°) were seeded in 25 cm? flasks, 80%-
90% confluent at the time of transfection. The antisense or
nonspecific oligonuc eotides and lipofectamine reagent were
mixed and preincubated for 15 min at room temperaturein
serum- and antibiotic-free RPM1-1640 respectively, then
mingled for 20 min. The final volume of oligonucleotides
mixturein every flask was 3mL, containing 48 g oligonucle-
otides and 120 niL lipofectamine reagent. U-251 cells were
treated with the oligodeoxynucleotide mixture at 37 °Cin a
CO, incubator until ready to assay (24 h post-transfection).

lonizing radiation After transfection, the cellswereir-
radiated at room temperature with asingle dose of 0 or 2Gy
and thedose rate was 2 Gy/min at room temperatureusing a
60-Cobalt source. As further contrals, cells without trans-
fection treated with the same irradiation regime were
investigated. Cdlswere harvested at 1, 2 and 6 h after irra-
diation for further analysis of telomerase activity, telomere
length and Comet Assay.

Telomerase activity assay Thetelomerase activity was
determined using the PCR-TRAP ELISA kit (Roche,
Indianapolis, IN, USA) according to the manufacturer’s de-
scription with some modifications. To determine the
telomerase activity, the cells were harvested and counted.
Onemillion cellsweretaken in an Eppendorf tube and used
per reaction. Cellswere pelleted at 3000 xgfor 10 minina
refrigerated centrifugeat 4 °C. Cellswerewashed threetimes
with cold phosphate buffered saline and processed as de-
scribed in the protocal supplied with thekit. For onemillion
cells 100 ni pre-cooled lysis reagent (solution 1 of the kit)
was added and incubated on ice for 30 min and centrifuged
at 15 000xg for 20 min at 4 °C. Supernatant was collected,
protein concentrations were determined, and various con-
centrationsof cdl extract were used for the tel omerase assay
using the Telomerase PCR ELISA procedure. Tdlomericre-
peats were added to a biotin-labeled primer by telomerase,
contained in the sample, followed by amplification of the
elongation product by PCR. The product was aliquoted,
denatured, bound to a streptavidin-coated 96-well plate, and
hybridized to a DI G-label ed tel omeri ¢ repeat-specific probe.
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An antibody to DIG, conjugated to peroxidase, was subse-
guently bound to DIG and visualized by virtue of the
enzyme’s ability to metabolizetetramethyl benzidine (TMB)
so asto produce a colored reaction product. The absorbance
of the samples was measured at 450 nm using an ELISA
microtiter plate reader within 30 min after addition of the stap
reagent.

Telomerelength analyss Approximatey 0.5to 1 million
cdlswere used for the preparation of high-molecular-weight
DNA by DNA extraction kit. Mean length of terminal restric-
tion fragment (TRF) was measured using the THoTAGGG
telomere length assay kit (Roche Molecular Biochemical,
Indianapadlis, IN, USA). Twong of purified DNA wasdigested
with Hinf I/Rsa | mixture (10 U/ ng DNA) for 2 h, separated
on 0.8% agarose gd dectrophoresisin 1xTris-acetate-EDTA
(-ethylenedi ami netetraacetic acid), and transferred onto any-
lon membrane according to the protocol described by the
supplier. After rinsing in 2 xSSC and neutralizing solution,
the filter was hybridized to digoxigenin-labeled probe spe-
cific for telomeric repeats for 3 h at 42 °C. The filter was
washed twicein 2 xSSC/0.1% sodium dodecyl sulfate (SDS)
for 5min each time at room temperature and then was placed
in 0.2 xSSC/0.1% SDS solution at 50 °C for 15 min with one
repeat. To determine TRF length, the hybridized probe was
incubated with a digoxigenin-specific antibody covalently
coupled to alkaline phosphatase. Finally, theimmobilized
telomere probewas visualized by ahighly sensitive chemilu-
minescent substrate for alkaline phosphatase, CDP-Star, and
was used to detect TRF DNA on Hyperfilm. Overall mean
TRF length was determined as described previously. In
addition, mean TRF of thelonger telomeres (longer than the
overall mean TRF distribution) and mean TRF of the shorter
telomeres (shorter than the overall mean TRF distribution)
werecal culated using MacBasV-2.5 software(Fuji, Stamford,
Connecticut, USA).

Comet assay DNA damagewas eval uated using the neu-
tral single-cdl gel eectrophoresis or comet assay. Harvested
cdlls(1x10°) weremixedwith 0.5%low meting agarase(Gilbco)
and layered onto agarose-coated dides. Slides were then
submergedintolysisbuffer (30 mmol/L Na,EDTA, 0.5% SDS;
pH 8.3) overnight at 4 °C. After lysis, dideswereincubated
for 10 hin electrophoresis buffer. After electrophoresis (0.6
V/cm, 25 min), dideswereneutralized with 0.4mol/L Tris, pH
7.5, twice per 5min, and placed into 100% ethanol and then
air-dried. Slidesweregtained with 2 ug/mL ethidium bromide
(Sigma). Finally, slides were observed by confocal
microscopy. AverageComet Tail Moment was scored by us-
ing the Comet Imager software (IM11.0) (Liangzheng soft-
ware Co Ltd, Beijing, China). All measurements were done
on duplicatedides.

Clonogenic assay Cedll survival after ionizing radiation
treatment was determined by clonogenic assay. Depending
on the optimal plating efficiency for U-251 cdll line, approxi-
mately 500 to 30 000 cell swere seeded in 25 cm? flasks. Cells,
irradiated withl, 2, 3, 4, 6, 8, or 10 Gy of ionizing radiation,
were incubated at 37 °C in 5% CO, for 12 d followed by
fixation with acetic acid: methanol (1:3), stained by crystal
violet and counting of the surviving clones. Cell survival
was measured by standard colony formation after radiation
treatment. Coloniescontaining >50 cellswererated asderiv-
ing from viable, clonogenically capable cdlls.

Statistical analysis Statistical analysis of the results
was carried using an SSPS 13.0 package. Differences be-
tween groups were evaluated by Student’st-test. GraphPad
execute curvefitting of surviva fraction. A P-value of <0.05
was considered to be statistically significant.

Results

Telomer aseactivity inhibition by ASODN against hTR
In this study, the ASODN targeting hTR was transfected
into U-251 cells mediated by lipofectamine, and which re-
sulted in a significantly decreased telomerase activity as
measured by the TRAP assay. Cellstreated with nonspecific
oligonucleotides (NSODN) showed telomerase activity
equivalent to that of the control group. Furthermore,
telomerase activity of the three groups mentioned above
was also measured at the 1st, 2nd, and 6th hour after IR
treatment, which showed that telomerase activity of cdlsin
ASODN groups decreased significantly compared to that in
cells of other groups exposed to IR. It indicated that stable
suppression of hTR by ASODN functionally inhibits
telomerase activity in human cancer cellswith or without IR
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Figure 1. Effects of hTR-specific antisense and nonspecific oli-
godeoxyribonucleotide on irradiation induced telomerase activity of
U251 cells. Telomerase activity curves are shown for ASODN groups,
NSODN groups, and control groups, respectively. n=4. Mean+SD.
PP<0.05 vs control.
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exposure (Figure 1).

We then examined the effects of suppressing hTR on
tdomerestructure (Figure 2). Analysisof terminal restriction
fragments (TRF) by Southern blotting demonstrated that
telomere lengths observed in ASODN groups (A0, Al, A2,
AB) were 7-8 kb, similar to those of both the NSODN treated
group (NO, N1, N2, N6) and contral group (C). Theseresults
indicated that there was no effect of h TR ASODN on tdom-
ere structure over a short period of time.

J
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C RI R2 R6 NO NI N2 N6 A0 Al A2 A6

Figure 2. TRF Southern blot analysis to measure the telomere
length of all groups of U251 cells showed stabilization. Only IR
treated groups (R1, R2, R6), nonspecific oligodeoxyribonucleotide
treated groups (N1, N2, N6), and hTR ASODN treated groups (A1,
A2, A6) were measured at 1st, 2nd, 6th hour after exposed to IR
respectively. h TR ASODN group (A0), NSODN group (NO) and con-
trol group (C) were measured without IR treatment. All the TRF
lengths were measured and were shown under each lane.

Cell growth inhibition by ASODN based suppresson of
hTR Todetermineif ASODN based suppression of hTR had
any effectson U251 cdlls, clonogenic survival was anayzed
without IR treatment (Figure 3). The clonogenic plating effi-
ciency of ASODN group cells (67.20%) was obviously lower
than that of control group cells (93.80%) as well as NSODN
group cells (83.60%). Compared with control cells, adight
declinein clonogenic survival in NSODN group cellswas
also observed. Our observations indicated that treatment
with ASODN had an effect on cdl growth inhibition in U251
cells; meanwhile this effect was al so detected on NSODN
treated cells but more gently.

I ncreased sendtivity of hTR-inhibited cellstoionizing
radiation The core of our study was to determine whether
hTR-specific ASODN technology could serve as a method
to affect tel omerase-based cancer therapy. Telomerase-based
therapies were expected to have the greatest use when com-
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Figure 3. Effect of hTR-specific ASODN on clonogenic efficiency
of human astrocytoma U251 cells. The clonogenic plating efficiency
was obviously decreased in ASODN group as compared with other
control groups. In NSODN group, a slight reduction was observed.
n=5. MeantSD. ?P>0.05, "P<0.05 vs control.

bined with canonical cancer therapies, such asradiotherapy.
Wethus examined the clonogenic survival of all above-men-
tioned groups after exposurewith 1, 2, 3,4, 6, 8, 10 Gy doses
of grays (Figure4). Based on the equation with single-target
multi-hit model, the reduction of D, value represented the
increase of radiosensitivity. In our results, the D, val ue of
hTR-specific ASODN group was lower than that of control
group and NSODN group (Figure 4A), which suggested that
ASODN-based hTR suppression increased radiosensitivity.
It showed that clonogenic survival of the ASODN groups
was the lowest among three groups at various dosesin Gy,
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Figure 4. Effect of hTR-specific ASODN on radiosensitivity was
measured by clonogenic assay. (A) When exposed to IR, U251 cells
in ASODN groups showed the lowest D, value around ASODN groups,
NSODN groups and control groups, respectively. D, value was cal cu-
lated by equation with single-target multi-hit model. (B) Depending
on doses in Gy, all groups including control, NSODN and ASODN,
showed reductions of clonogenic survival. Clonogenic survival of
ASODN groups decreased significantly than that in other two groups.
n=8. "P<0.05 vs control.
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when comparing ASODN treated groups with control group
and NSODN treated group, respectively (Figure 4B).

We further examined the effects of ASODN-based sup-
pression of hTR on radiosensitivity. To confirm the role of
ASODN in DNA repair in U251 cdls, wemeasured DSB pro-
ficiency inindividual cells by comet assay (Figure 5A, 5B).
DNA damage and the residual levels were assessed in the
cellsbefore, and at 1, 2 and 6 h after 2 Gy irradiation. The
resultsof DNA tail in percent wereshownin Figure5A. DNA
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Figure 5. Effect of hTR-specific ASODN on radiosensitivity was
measured by comet assay. (A)The change of DNA tail in all groups
after 2 Gy dose IR treatment. The curve of ASODN group was obvi-
ously changed to higher levels indicating that effect of hT R-specific
ASODN was an increase in level of DSB after exposure to IR. n=8.
Mean+SD. "P<0.05 vs control. (B) Typical photographs of comet
observed by confocal microscopy. (a) Comet in ASODN groupsat 1 h
after 2 Gy exposure; (b) Comet in ASODN groups at 6 h after 2 Gy

exposure; (¢) Comet in NSODN groups at 6 h after 2 Gy exposure; (d)
Comet in control groups at 6h after 2 Gy exposure.

tail of control, ASODN and NSODN groups were at the same
level before exposure (shown as 0 h), and that of ASODN
groups were more than other groups after exposure at all
timepoints. In spite of DNA tail increase of all groups after 2
Gy dose IR treatment, the curve of ASODN groups was ob-
vioudly changed to higher levelsindicating that the effect of
hTR-specific ASODN was an increasein level of DSB after
exposureto IR. These findings suggested that the effects of
hTR-inhibited treatment with ASODN could improve radi-
osensitivity of U251 cellsimmediately after IR exposure. The
results of both comet assay and clonogenic survival assay
demonstrated a suppression of hTR expression by ASODN
in U251 cells, leading to increased sengitivity to radiation.

Discussion

The overall 5-year survival for neurogliocytoma has not
changed significantly during the past 20 years. A promising
target for new approaches to cancer therapy has emerged
recently in theform of the enzyme telomerasg™. Theroleof
telomeresin radiosensitivity has recently surfaced. When
telomeraseisinactivated in mice by the targeted disruption
of the hTR gene, the telomeres progressively shorten with
each generation until aradiosensitivity syndromeisinduced,
leading to accel erated mortality on exposuretoionizing ra-
diation®®*, Another study showed that fifth-generation
tel omerase-deficient mice, which have telomeres40% shorter
than wild-type control animals, are hypersensitivetoioniz-
ing radiation. The miceusually die of acute radiation poi-
soning in the gastrointestinal tract, lymphoid organs, and
kidneys. Thetelomerase-deficient animalsshow greater chro-
mosomal damage and higher numbersof apoptotic celsthan
thesimilarly irradiated control mice®. Thesefindingsindi-
cate that components of telomerase are attractive targets for
improved radi osensitivity.

Previous studies, targeting the reduction of telomerase
activity by ASODN againgt hTR or hTERT, have shown prom-
ising effects®***31, Despite these findings, other studies
have suggested a more direct interaction between hTERT
and the DNA repair processin human cells. They indicate
increased sensitivity of cellsinhibiting hTERT toionizing
radiation that induces DNA strand breaks™>*®, Using
ASODN targeting at hTR, we find that U-251 cdlls exhibit
significantly decreased telomerase activity. Although an-
other study suggests that expression of antisense hTR re-
sultsin agradual reduction in telomere lengthi*®, we have
not detected alterationsin overall telomere length over a
short time period, in keeping with alate finding of antisense
hTERT! 8, After treatment with ASODN, we have detected a
significant reduction of clonogenic growth in ASODN trans-
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fected group than in the control groups. Similarly, another
investigation has shown that prolonged treatment with 2-O-
methoxyethyl RNA oligomers against hTR cause prostate
cancer cells becoming nonviable after 60-80 di*”. Further-
more, at least one study has observed that suppression of
hTERT expresson alterstheproliferative potentia of human
cancer cells, leading to decreased tumorigenic potential ™.
Our findings suggest that, even partial reduction in growth
rates during treatmentswith hTR; ASODN in vitro may have
therapeutic values for patients.

Importantly, suppression of hTR expression by ASODN
has shown increased radiosensitivity in our experiments.
After treatment with IR, we observed an obviousincrease of
DSB in U-251 cdlstransfected with hTRASODN compared
toother groups. After several hoursof DNA repair, the same
increase of DSB in the hTR ASODN group can be detected.
Although another investigation has reported that the radi-
osensitivity of telomere dysfunctional cells correlates with
delayed DNA break repair kinetics, persstent chromosomal
breaks and cytogenetic profiles characterized by complex
chromosomal aberrations and massive fragmentation!®, our
study has shown a more direct effect of hnTR ASODN on
radiosensitivity. All thesefindings suggest that telomerase-
inhibitor therapy should sdlectively increase the radiosensi-
tivity of thetumour and thereforeimprove tumour killing.

Oligomersthat target hTR aremore potent inhibitorsthan
those targeting hTERT mRNA. Thisfinding isimportant
because it is consistent with the bdlief that the telomerase
RNA templateisan exceptionally promising target for oligo-
nucleotide-mediated inhibition. They explain that the tem-
plate region isunusually accessible to hybridization because
of the requirement for binding telomere ends. Thelocaliza-
tion of telomerase to the nucleolus may also play arole,
passibly by promoting colocalization of oligonuc eotides and
targets. Conversdy, the mRNA encoding hTERT may bean
unusually difficult target becauseit has an unusually high
percentage of cytosine and guanine residues (66%). Thisis
especially true within the first 1000 bases, which are charac-
terized by a C/G content of 75%. Although telomerase
adtivity requires coexpresson of hTRand hTERT components,
hTERT expressioniscorrelated more closely with telomerase
activity in cancer cells?? and most studies have shown
advantagesin strategies targeted at hTRI**%, Our findings
have shown efficiency of hTRASODN, which isan encour-
aging perspective for cancer therapy.

Interestingly, although a previousfinding indicated that
tel omere dysfunction correl ates with radiosensitivity!®, we
have observed an increase in radiosensitivity before telom-
erelength shortensafter ASODN transfection, whichimplies,
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a yet unknown potential mechanism through which hTR
ASODN may increase radiosensitivity. Meanwhile, in our
experiments, the decrease of telomerase activities after
ASODN transfection can be detected. Future studies are
necessary to clarify if the reduction of telomerase activity is
the cause of increased radiosensitivity.

In summary, hTR ASODN, the inhibitor for telomerase
activity, has produced a direct therapeutic value and in-
creased radiosensitivity in cancer cells, thereforeimproving
cancer killing. Compared with hTERT inhibitor, \TRASODN
showed that targeting hTR might be more potent with simple
manipulation. Furthermore, thismay allow the use of lower
doses of ionizing radiation, thus achieving greater and se-
lective tumour Killing with less severe side effects in radio-
therapy. Regardless of the mechanisms, our data support
the objective of inducing radiation sensitivity through tar-
geting hTR.
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