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Abstract Telomerase is a ribonucleoprotein complex, whose
function is to add telomeric repeats (TTAGGG), to chromosomal
ends and is also known to play an important role in cellular
immortalization. Telomerase is highly active in most tumor
cells, yet not in normal cells. Therefore, it may have possible
applications in cancer gene therapy. Telomerase consists of
two essential components; a telomerase RNA template (hTR)
and a catalytic subunit (hTERT). The current study attempted
to inhibit the “open” part of the human telomerase RNA (hTR)
with an antisense sequence-expressing adenovirus. It was found
that the antisense telomerase adenovirus suppressed the telomerase
activity, tumor cell growth, and survival in vitro. Furthermore,
FACS analysis and TUNEL assay suggested that the reduced
viability was mediated through the induction of apoptosis,
indicating that this approach might be a useful method for
suppressing cancer growth in targeted cancer gene therapy.
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Telomerase is highly active in both small and non-small-
cell-lung cancers [10], colorectal and gastric cancers [5],
hepatocellular carcinomas [24], hematologic malignancies
[7], giant cell tumors of bone [27], prostate cancers [28],
breast cancers [11], and ovarian carcinomas [6]. Telomerase
is a ribonucleoprotein, which consists of several components.
Among these, the functions of two components are already
known: namely, the RNA component (hTR) and a telomerase
catalytic subunit (hTERT). The hTR acts as a template for
telomere synthesis [8]. Since telomerase activation and
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hTR expression are early signs in human cancer development,
telomerase inhibitors are expected to function as novel
anticancer therapeutics. Several approaches for inhibiting
telomerase activity have already been reported; for example,
inhibitors of retroviral reverse transcriptase [30], peptide
nucleic acid (231, cisplatin [4], hammerhead ribozyme [15],
hTR antisense RNA [2], and hTR gene deletion [3]. Recently,
a synthetic antisense oligonucleotide against the “open”
part of the hTR (2-5A-anti-hTR) was found to exhibit
cytotoxic effects on malignant glioma cells [18] or prostate
cancer cells [20]. As such, it has been hypothesized that
the effect of the 2-5A-anti-hTR is mainly due to an
active induction of caspase-dependent apoptosis, which is
independent of the telomere length [17].

An expressed antisense sequence has various advantages
over synthetic antisense oligomers. Synthetic antisense
oligomers are unstable against nuclease, ineffective in the
cells, and have a high toxicity [26], whereas an expressed
antisense sequence can be easily delivered by a viral vector
and has a low toxicity. Accordingly, it is essential to design a
more effective antisense expressing vector system.

The current study attempted to inhibit the open part of
human telomerase RNA (hTR) using an antisense sequence-
expressing adenovirus, and found that the antisense telomerase
adenovirus was effective in suppressing tumor cell growth and
induced apoptosis, thus suggesting the usefulness of this method
in suppressing tumor growth as a targeted cancer gene therapy.

MATERIALS AND METHODS

Cell Culture
The 293 cells (a human cell line transformed by adenovirus
5 DNA) were grown in DMEM (GIBCO BRL, Grand
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Island, U.S.A.) supplemented with 10% FBS (HyClone,
Logan, U.S.A.), penicillin (50 units/ml), and streptomycin
(50 pg/ml) in the presence of 5% CO,. The NCI-H358 cells
(bronchoalveolar carcinoma) were grown in RPMI1640
(GIBCO BRL, Grand Island, U.S.A.) supplemented with
10% FBS (HyClone, Logan, U.S.A.), penicillin (50 units/
ml), and streptomycin (50 ug/ml) in the presence of 5%
CO,. All cell lines were obtained from the American Type
Culture Collection (Manassas, VA, U.S.A)).

Oligonucleotide Hybridization

For the design of the antisense oligonucleotide, an “open”
part of the telomerase RNA (hTR) structure, between
residues 94 and 76 of the telomerase template sequence as
determined by Seiji Kondo et al. [18], was selected. This
part of the sequence was named as “antisense OA (open
arm)”.

Each pair of oligonucleotides was synthesized as sense
(5'-GATCCCGCGCGGGGAGCAAAAGCACG A-3") and
antisense (S-AGCTTCGTGCTTTTGCTCCCCGCGCGG-
3, heated at 90°C for 10 min, and annealed at 55°C for 4 h
in 10 mM Tris-HCI (pH 8.0) and 1 mM EDTA. The resulting
fragments included restriction endonuclease sites of BamHI
and HindllI at the 5' end and 3' end, respectively.

Construction of Recombinant Antisense hTR OA
Adenovirus (Ad-OA)

The resulting fragment was cloned into BamHI/HindIIl
digested pAACMV-PA (adenovirus shuttle plasmid; a generous
gift from Dr. Dae Sik Kim, Samsung Medical Center,
Seoul, Korea). Direct dideoxynucleotide sequencing ensured
a correct sequence and direction. The antisense telomerase
shuttle plasmid was then cotransfected with pJM17 (Microbix,
Canada) into the 293 cells, using FuGENE™6 (Roche,
Germany) according to the manufacturer’s protocol. This
constructed adenovirus vector was named as Ad-OA. The
constructed Ad-OA was then purified from the lysates
of infected 293 cells by two rounds of CsCl gradient
centrifugation [1], and the titers of the virus stock were then
determined by a plaque dilution assay [9]. The recombinant
virus was stored at —80°C until use. The negative control vector
(Ad5.CMV-Null; Ad-CMV) was purchased from Quantum-
Appligene (Quantum-Appligene, U.S.A.). Ad-CMV is an
empty vector, which contains no coding sequences between
the CMV promoter and PA (polyadenylation) site. The
infection efficiency was determined by the method previously
described [25].

RCYV Assay by PCR

The replication defective adenovirus was confirmed by
PCR amplification. The presence of a replication competent
virus (RCV) in the virus stock was examined, based on the
assumption that the RCV contains the E1 region of an
adenovirus type 5 in its genome, using E1A primers, 5'-

AGCTGATCGAAGAGGTACTG-3' (624-643; 1.74 mu) and
5'-GAGTCACAGCTATCCGTAC-3' (1376-1358; 3.83 mu),
and a pair of E1B primers, 5-GGTTACATCTGACCTCA-
TGGAG-3' (1698-1719; 4.71 mu) and 5'-CAGTACCTC-
AATCTGTATCTTC-3' (3516-3495; 9.76 mu), which gave
rise to 752 bp and 1,818 bp DNA segments, respectively.
A control PCR using non-E1 (Ad) primers, 5-TCGTTTC-
TCAGCAGCTGTTG-3" (3955-3974; 11.01 mu) and 5™-
CATCTGAACTCAAAGCGTGG-3' (4815-4796; 13.4 mu),
generated an 861 bp segment regardless of the presence of
the E1 region. The reactions were carried out at 94°C for
I min, at 55°C for 1 min, and at 72°C for 1 min for 30
cycles. B

Dot Blotting

The adenoviral lysates from the individual plaques were
screened for the antisense telomerase sequence using a dot
blot analysis with a sense oligonucleotide primer. The
synthesis and detection of Dig-labeled DNA probes were
carried out using a DIG DNA Labeling and Detection Kit in
accordance with the manufacturer’s instructions (Boehringer-
Mannheim, Germany). The viral DNA samples were applied
to a positively charged Nylon membrane (Boehringer-
Mannheim, Germany) as described in the manufacturer's
protocol.

RT-PCR

The total RNA was isolated from the NCI-H358 cells
using an RNeasy Mini kit (QIAGEN, Germany) according
to the manufacturer's protocol and treated with DNase I to
avoid any genomic DNA contamination. The cDNA was
then synthesized from 1 pug of RNA using a SuperScript 11
reverse-transcriptase assay (GIBCO BRL, Germany) with the
Oligo(dT),, primer (Promega, U.S.A.). For amplification,
2 ul aliquots of the cDNA were subjected to 30 cycles of
PCR (at 94°C for 1 min, 55°C for 1 min, and 72°C for 90
sec) with an hTR specific primer set (5-TTTGTCTAACC-
CTAACTGAGAAGG-3' as forward and 5-TGTGAGCC-
GAGTCCTGGGTGCACG-3' as backward) or expressing
antisense specific primer (the sense primer for antisense
hTR as forward and 5-CCACAACTAGAATGCAGTG-3'
as backward from vector sequence upstream of SV40 poly-
A site), which gave rise to 400 bp and 120 bp sequences,
respectively. The efficiency of the ¢cDNA synthesis from
each sample was estimated using PCR with GAPDH-specific
primers (5-TTCGTCATGGGTGTGAACCA-3' as forward
and 5-TGGCAGGTTTTTCTAGACGG-3' as backward)
producing 350 bp DNA segment.

Telomerase Activity Assay (TRAP assay)

The telomerase activity was examined by a telomeric repeat
amplification protocol (TRAP) assay with 2,000 cells,
using a Telosay Kit in accordance with the manufacturers
instructions (Intron, Korea). This method was based on an



original method described by Kim et al. [16]. The PCR
products were electrophoresed in 10% nondenaturing
PAGE in TBE buffer and stained with the Silver Staining
System (Promega, U.S.A.).

Growth Rate Assay

The cytotoxic effect of the antisense adenovirus on the
NCI-H358 cells was determined using a trypan blue dye
exclusion assay. Cells were seeded in 60-mm dishes at a
density of 5x10° cells/dish for 24 h before viral infection.
The exponentially growing cells were then infected with
the Ad-CMV or Ad-OA adenovirus at a multiplicity of
infection (MOI) of 100. The culture medium was also used
for mock infection. Triplicate dishes for each treatment
were counted every two days for 6 days after the infection.

Flow Cytometry

The apoptotic cells were detected by an Annexin V-FITC
Kit (Clontech, U.S.A.) according to the manufacturer’s
instructions. Briefly, the Ad-CMV and Ad-OA infected cells
were rinsed with 1x Binding buffer and then resuspended
in 200 ul of a 1x Binding buffer. After adding 5l of
Annexin V-FITC (20 pg/ml) and 10 pl of propidium iodide
(PL; 50 pg/ml), the mixture was incubated at room temperature
for 10 min in dark. The cells were then analyzed by a
FACSCalibur flow cytometer (Becton Dickinson, CA, U.S.A.)
using the CELLQuest software (Becton Dickinson, San
Jose, CA, US.A).

TUNEL Assay

To further determine whether treatment with Ad-OA induced
apoptosis, the NCI-H358 cells were stained using the terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick
end labeling (TUNEL) technique with an ApopTag" Plus
Peroxidase In Situ Apoptosis Detection Kit JINTERGEN,
US.A).

RESULTS

Design of Antisense Oligonucleotide

For obtaining a successful antisense sequence to get the
maximum homologous binding, it is essential to find the
most open part of the RNA molecule. Seiji Kondo ef al.
[18] analyzed the telomerase RNA (hTR) structure using
the MFOLD program, and found that the most open part of
the hTR was between residues 94 and 76 of the telomerase
template sequence. Therefore, we selected an antisense
sequence against the predicted loop comprising nucleotides
94-76.

Generation of Recombinant Adenovirus
The adenoviral shuttle plasmid containing the antisense
hTR OA (pAACMV-0A) is shown in Fig. 1. The presence
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antisense OA
5’ -gatcccgcgcggggagcaaaagcacga-3’
3’ -ggcgegecectegttttegtgettega-s”’

BamHi

Hindlll

Fig. 1. Adenoviral shuttle plasmid containing the antisense hTR
OA (pAACMV-OA).

The hTR antisense sequence is shown. Each oligomer, which has a BamHI
and HindIIl site at the 5'-end and 3'-end, respectively, is in boldface.

of the recombinant adenovirus in the viral stock was
confirmed by a Dot blot analysis of the viral DNA. Only
the viral DNA from the Ad-OA infected cells showed positive
signals (Fig. 2). The absence of replication competent
adenovirus (RCV) in the viral stock was confirmed by
PCR amplification of the viral DNA (Fig. 3). Both 0.7-kb
ElA (Lane 5) and 1.8-kb E1B (Lane 6) fragments were
amplified from the 293 genomic DNA, yet not from the
viral DNA (Lanes 2 and 3). A 0.8-kb non-E] region (Lane
1) was amplified from the viral DNA, yet not from the 293
genomic DNA (Lane 4). These results confirmed that there
was no RCV in the viral stock.

Antisense OA Expression and hTR Elimination
To confirm the production of the antisense OA and the
elimination of the hTR, the RT-PCR method was performed

DNA (ng)
01 1 10 100
Mock
Ad-CMV
Ad-OA

Fig. 2. Presence of recombinant adenovirus in viral stock,
confirmed by dot blot analysis of viral DNA.

After infecting the 293 cells, the viral DNA was isolated by proteinase K
treatment. FEach aliquot was blotted onto a nylon membrane with
concentration of 0.1-100ng and hybridized with a Dig-labeled sense
primer (Material and Methods). The image was developed on X-ray film.
Mock, mock infected; Ad-CMYV, viral DNA from Ad-CMV infected cells;
Ad-OA, viral DNA from Ad-OA infected cells.
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Ad-OA 293
123 M 456
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Fig. 3. Absence of replication competent adenovirus (RCV) in
the vial stock, confirmed by PCR amplification of viral DNA.
Lanes 1-3 : non-El, E1A, and E1B fragment from Ad-OA viral DNA. M,
100 bp marker. Lanes 4-6: non-El, E1A, and EIB fragment from 293
genomic DNA.

in the NCI-H358 cells, 6 days after infection with the
mock, Ad-CMV, and Ad-OA (Fig. 4). The antisense OA-
specific product was detected only in the Ad-OA infected
cells (Lane 6), but not in the mock and Ad-CMYV infected
cells (Lanes 4 and 5). The NCI-H358 cells infected with
Ad-OA had no detectable hTR (Lane 9), however, the hTR
was present in the mock and Ad-CMV infected cells
(Lanes 7 and 8). These results showed that the hTR could
be selectively eliminated by Ad-OA.

Cytotoxic Effects of Antisense Telomerase Adenovirus
(Ad-OA)

An 80% efficiency of viral infection was shown at a MOI
of 100 for the NCI-H358 cells, as determined by the Ad5-
CMV-LacZ (Quantum-Appligene, U.S.A.; Data not shown).
Next, to estimate the cytotoxic effect of Ad-OA, the NCI-
H358 cells were infected with Ad-OA at a MOI of 100.
Two days after the infection, the morphology of the
minority of the Ad-OA infected cells had been changed
into apoptotic cells. After 6 days, the majority of the cells

LA 50(\66
o WL

M123456789M

<— 400 bp
<4— 120 bp

350 bp —>

Fig. 4. Antisense OA expression and hTR elimination in Ad-
OA infected NCI-H358 cells.

Six days after the Ad-OA infection, the total RNA was isolated and used
for RT-PCR in the presence GAPDH, the antisense OA, and hTR specific
primers. The PCR products were visualized after 1.5% agarose gel
electrophoresis and ethidium bromide staining. M, 100 bp marker. Lanes 1,
4, 7: mock infected. Lanes 2, 5, 8: Ad-CMYV infected. Lanes 3, 6, 9 :Ad-
OA infected.

Ad-CMV

Ad-OA

Days 2 4 6
Fig. 5. Cytotoxic effect of antisense adenovirus on NCI-H358
(magnification 100x).

A, B, C: Ad-CMV-infected NCI-H358. D, E, F: Ad-OA-infected NCI-
H358.

became rounded up and detached from the culture dishes
to undergo cell death (Fig. 5). The cytotoxic effect of Ad-
OA was determined using a trypan blue dye exclusion
assay (Fig. 6), and it was found that about 60% of the Ad-
OA infected cells were inhibited by Ad-OA. The viability
of the cells infected with Ad-CMV was 10—-20% less than
that of the mock infected cells, whereas the change was
insignificant compared to the viability of the Ad-OA
infected cell.

Effect of Ad-OA on the Telomerase Activity
The telomerase activity in the Ad-OA-infected cells was
measured after 6 days, and the relative activity was

120
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Fig. 6. Growth inhibition of Ad-OA infected cells determined
by cell count assay.

The NCI-H358 cells were seeded at 5x10" cells/60-mm dish, 24 h prior to
infection, with Ad-CMV or Ad-OA at a MOI of 100. At the indicated time
points, triplicate dishes of each treatment were counted during 6 days after
infection relative to the mock-infected cells. The cell viability was
determined by trypan blue exclusion.
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Fig. 7. Telomerase activity in Ad-OA-infected NCI-H358 cells.
After 6 days, the telomerase activity was assayed by a telomeric repeat
amplification protocol (TRAP) assay using 2,000 cells. The relative
telomerase activity was calculated by Density Analysis Software (Total
Lab., Phoretix, U.S.A.) based on data from the mock-infected cells.
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calculated using Density Analysis Software (Total Lab.,
Phoretix, U.S.A.) based on data from the mock-infected
cells. The level of telomerase activity in the Ad-OA-
infected cells decreased about 40% compared to that in the
mock-infected cells (Fig. 7).

Ad-OA Induced Apoptosis of NCI-H358 Cells

The apoptotic cells in the Ad-OA-infected cells were
analyzed by FACSCalibur flow cytometery using Pl staining
and FITC-conjugated Annexin V (Fig. 8). After inducing
apoptosis, phosphatidylserine (PS) redistributes to the
outer layer of the membrane, and becomes exposed to the
extracellular environment [22], therefore, the exposed PS
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A B

Fig. 9. Comparison of TUNEL assay of NCI-H358 cells infected
with Ad-CMV (A) and Ad-OA (B).

The nuclei of the apoptotic cells were darkly stained, indicating DNA
fragmentation. The cells were also counterstained with methyl green
(magnification 200x).

can easily be detected with Annexin V, a 35.8-kDa protein
that has a strong affinity for PS. In the experiment shown
in Fig. 8, the Amnexin V binding was coupled with propidium
iodide staining to quantify the early stage apoptotic events
(i.e., Annexin V'/propidium iodide’). The dual parameter
analysis using PI and Annexin V showed that about 50%
of the Ad-OA treated cancer cells had undergone apoptosis
(Fig. 8). Namely, the NCI-H358 cells infected with Ad-OA
for 6 days exhibited 55.91% Annexin V'/propidium iodide
apoptotic events and less than 1.14% Annexin V'/propidium
iodide’ events that represented dead cells. To confirm the
apoptotic events by Ad-OA, the NCI-H358 cells infected
with Ad-OA were also analyzed by a TUNEL assay. As
shown in Fig. 9, a large number of darkly stained nuclei,
indicating apoptosis, were detected. Consequently, all the
experiments clearly showed that the hTR was eliminated
in the NCI-H358 cells infected with Ad-OA, which then
underwent cell death by apoptosis.
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Fig. 8. Flow cytometry analysis of Ad-OA-treated apoptotic NCI-H358 cells stained with AnnexinV-FITC and propidium iodide (PI).
The NCI-H358 cells were infected with Ad-CMV (A) or Ad-OA (B) at a MOI of 100. After 6 days, the cells were stained with AnnexinV-FITC/ PI and

analyzed.
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DISCUSSION

Gene therapy using an antisense sequence would appear
to be an attractive approach for the treatment of viral
infections, cancers, and genetic disorders [13]. One of the
major advantages of this approach is that it inhibits the
expression of the disease-associated gene in a sequence-
specific manner. Ever since the first attempt to inhibit gene
expression by an antisense sequence [32], there have been
numerous studies on the structure of an antisense sequence
[14] or tumor vaccine [31] to modulate gene expression.

There are two kinds of antisense sequences; synthetic
antisense oligomers and expressed antisense sequence. For
drug development, synthetic antisense oligomers have been
more commonly used due to the ease of dose control
and advantages in clinical trials. However, synthetic antisense
oligomers also have certain disadvantages, including instability
against nuclease, toxicity, and ineffective infusion into
cells [26]. On the other hand, an expressed antisense
sequence has a few advantages over synthetic antisense
oligomers; for example, it can easily be delivered by a viral
vector and has a low toxicity. There have already been
several approaches that use expressed antisense sequences,
including inhibition of human telomerase by a retrovirus
expressing telomeric antisense RNA [2], suppression of
established human prostate cancer by antisense c-myc
retroviral vector [29], and antitumor effects of adenovirus
expressing antisense insulin-like growth factor on human
lung cancer cell lines [21].

Although telomerase activity is undetectable in most human
somatic tissues, it is generally present in highly replicative
tissues and in most human cancers. Therefore, its exclusive
expression in most tumor cells makes it a very strong
candidate for targeted cancer gene therapy. As a result,
there have been several attempts to inhibit telomerase activity;
for example, inhibitors of retroviral reverse transcriptase,
peptide nucleic acid, hammerhead ribozyme, hTR antisense
RNA and hTR gene deletion.

Adenoviral vectors have many advantages over other
gene therapy vectors, including high transduction efficiency,
extremely high viral titers, and infectivity in both replicating
and differentiated cells. Also, since they lack integration,
they do not cause any mutagenic effects due to random
integration into the host genome.

The present study attempted to inhibit the “open” part of
the human telomerase RNA (hTR) using an antisense sequence-
expressing adenovirus. After infection, the morphology of
the majority of the Ad-OA-infected cells changed into apoptotic
cells, with rounded-up shapes and detachment from the
culture dishes, and undergoing cell death (Fig. 5). The
growth of Ad-OA-infected cells was significantly suppressed
(Fig. 6). Although the telomerase activity of the Ad-OA-
infected cells was about 40% lower than that of the mock-

infected cells, the effect was not significant (Fig. 7).
Kondo et al. reported that it took about | month to induce
50% apoptosis in U251-MG cells by telomere shortening
following telomerase inhibition [19]; however, after treatment
with the 2-5A-anti-hTR to activate caspase function, the
apoptosis was induced in 70% of U251-MG cells in only 4
days [18]. Accordingly, they suggested that the effect of the
2-5A-anti-hTR (antisense OA) was due to active induction
of caspase-dependent apoptosis, which was independent of
the telomere length [17]. Therefore, it is possible that the
cytotoxic effects of Ad-OA are mainly due to caspase-
dependent apoptosis. Telomerase mainly consists of hTR
and hTERT, and the expression of hTERT is closely
associated with telomerase activity [12]. Consequently, for
the treatment of tumors with a long telomere, antisense OA
would appear to be more attractive, whereas for higher
telomerase activity, hTERT inhibition would be better
[20]. Using an FACSCalibur flow cytometer, the apoptotic
cells within the Ad-OA infected cells were analyzed, and it
was found that about 50% of the Ad-OA treated cancer
cells had undergone apoptosis (Fig. 8). Also, TUNEL
assay confirmed that the cytotoxic effect of Ad-OA was
mainly due to apoptotic events. In conclusion, the antisense
telomerase adenovirus suppressed tumor cell growth and
induced apoptosis; therefore, it may be a useful in suppressing
tumor growth in targeted cancer gene therapy.
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