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ABSTRACT

In cancer gene therapies, it is ideal to target tumor-specific genes. Since telomerase is activat-
ed in almost all cancer cells but not most somatic cells, it is considered as one of the favorite tar-
gets for cancer gene therapies. Ribozymes are catalytic RNA molecules with site-specific
endoribonuclease activity. In the present study, we designed hammerhead ribozymes against
human telomerase RNA (hTR) and human reverse transcriptase subunit (WnTERT) to evaluate
their effect on the attenuation of telomerase in the pancreas cancer cell line, PK-8.
Hammerhead ribozyme targeting hTR depressed the level of telomerase activity in PK-8 cells.
pRc-hTR vector with ribozyme targeting hTR and pRc-hTERT vector with ribozyme targeting
hTERT mRNA were transfected into PK-8 cells and depressed telomerase activity and target
RNA, but in pRc-hTR transfectant, A”TERT mRNA expression was slightly upregulated and in
PRc-hTERT transfectant hTR expression was also slightly upregulated. These findings indicate
the co-regulation of hTR and A”TERT mRNA expression in cancer cells. Extrachromosomal repli-
cational vector, pCEP4, containing ribozyme targeting A TERT mRNA showed the most effective
inhibition of telomerase activity, suggesting that the continuous effect of ribozyme is necessary
to inhibit telomerase activity. Since the level of A”TERT mRNA expression is less than that of
hTR expression in cancer cells, ribozyme targeting A”TERT mRNA might be a more useful thera-
peutic strategy for cancer gene therapy. Moreover, the co-regulation of h'TR and A”TERT mRNA
expression in cancer cells to maintain the levels of telomerase activity suggested that the strate-
gy of inhibiting ATERT mRNA and hTR simultaneously has a powerful potential as a gene ther-
apy for targeting human telomerase.
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Generally, normal somatic cells lose telomeric
repeats (5-TTAGGG-3") at a rate of 50—200 bp at
each cell division, and when telomeres become
critically short, the cells become senescent. In
almost all cancer and germ cells, maintenance of
telomere length has been acquired with the activa-
tion of telomerase, which maintains telomere
length by de novo synthesis of tandem telomeric
repeats. This function of telomerase for the main-
tenance of telomeres has been identified as one of
the most important requirements for immortality
and infinite growth of cancer cells. Telomerase is a
large ribonucleoprotein enzyme complex, com-
posed of human reverse transcriptase (hTERT),
human telomarase RNA (hTR), that serves as a
template of telomeric repeats, telomerase-associat-
ed protein 1 (TEP1), hsp 90 (heat shock protein
90), and p23. In theory, inhibition of any of these

components might be useful to attenuate telom-
erase activity and cause telomere shortening and
senescence in cancer cells, as is the case in normal
somatic cells.

Infiltrating ductal carcinoma of the pancreas
remains one of the most aggressive and lethal can-
cers31415 We reported a large up-regulation of
telomerase activity in 95% of resected pancreatic
cancer specimens, but we found no such up-regula-
tion in benign tumors?. Suehara et al also report-
ed that telomerase activity was detectable in 80%
of specimens from surgical resected tissues of
pancreatic cancer and in 75% of pancreatic juice
samples of patients with infiltrating ductal
carcinoma??. On the basis of these findings, telom-
erase has been proposed as a new target for anti-
cancer therapies of pancreatic cancer. Reverse
transcriptase inhibitors, such as azydothymidine®
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and dideoxyinosinel:16:19  antisense oligodeoxynu-
cleotides!®®  ribozyme®'? and short-interfering
RNA1D have been shown to be effective agents for
the attenuation of telomerase activities in tumor
cells in vivo and in vitro.

In this study, we set out to inhibit telomerase
activity in human pancreatic cancer cells using
hammerhead ribozymes. The hammerhead
ribozyme, one of the smallest types of ribozyme, is
a catalytic RNA molecule with site-specific endori-
bonuclease activity. Yokoyama reported that ham-
merhead ribozyme targeting of hTR and ATERT
mRNAs could attenuate telomerase activity in
human endometrial carcinoma cells?223®, and
Folini also demonstrated inhibition of telomerase
activity by a hammerhead ribozyme targeting hTR
in human melanoma cells¥. We transfected
human pancreatic cancer cells with hammerhead
ribozymes targeting either h'TR or A”TERT mRNA.
Following expansion of the transfected cells, we
measured their levels of telomerase activity and
quantified their levels of hTR and A”TERT mRNA.

MATERIALS AND METHODS

Cell line

The PK-8 human pancreatic ductal cancer cell
line was kindly provided by the Cell Resource
Center for Biomedical Research, Institute of
Development, Aging and Cancer, Tohoku
University, and was maintained in the logarithmic
growth phase at 37°C in 5% COz humidified
atmosphere in RPMI 1640 with 10% fetal calf
serum.

Design of ribozyme targeting hTR

A hammerhead ribozyme, which recognizes a
GUC sequence located 34-36 bp from the 5’ end of
hTR, was designed using the following DNA tem-
plates, which contain the sequences of the ham-
merhead ribozyme to target hTR and the T7 RNA
polymerase promoter:

5-ATTTTTTGTTTCGTCCTCACGGACT-
CATCAGTAACCCTAACCTAT

AGTGAGTCGTATTAGGATCC-3

5-GGATCCTAATACGACTCACTATAGGT-
TAGGGTTACTGATGAGTC

CGTGAGGACGAAACAAAAAAT-3

Using T7-MEGAshortscript kit (Ambion Inc.,
Austin, Texas, USA), 500 ng of annealed DNA
template was mixed with 20 gl of the transcription
reaction mixture provided with the kit, and was
incubated overnight at 37°C. The transcriptional
products were treated by phenol-chloroform
extraction followed by ammonium acetate ethanol
precipitation.

Transfection of PK-8 cells with ribozyme tar-
geting hTR

Prior to transfection, the ribozyme was com-
plexed with DOTAP by mixing 20 ug of ribozyme

with 15 gl N-[1-(2,3-Dioleoyloxy) propyl]l-N,N,N-
trimethyl-ammonium methylsulfate (DOTAP,
Roche Molecular Biochemicals, Mannheim,
Germany) and enough HBS buffer (20 mM
HEPES, cell culture grade, 150 mM NaCl, pH 7.4)
to make a final volume of 75 pl. PK-8 cells were
seeded in 6-well plates (5 x 10° cells / well). 75 ul
of the ribozyme-DOTAP complex was added to
each well at 0, 12, 24 and 36 hours after cell seed-
ing. The cells were harvested 48 hours after seed-
ing. For negative controls, DOTAP in HBS buffer,
and HBS buffer only, was added in place of the
ribozyme-DOTAP complex.

Radiolabelled assay for Telomerase activity
detection

The telomerase activity of cells infected with
ribozyme targeting hTR was measured by the telo-
meric repeat amplification protocol (TRAPeze®,
Intergen Company, NY, USA). According to
the manufacturer’s protocol, 105 cells were resuspended
in 200 yl CHAPS lysis buffer and kept on ice
for 30 min. After centrifugation at 12000 g at 4°C
for 20 min, the supernatants were immediately
frozen on dry ice and stored at —80°C. 2 ul of the
extract was mixed with 48 ul of TRAPeze reaction
mixture provided with the kit and 2 gl
y-32P-ATP and Taq polymerase. After incubation
at 30°C for 30 min, 2-step PCR was performed for
27 cycles (30 sec at 94°C; 30 sec at 59°C). The
PCR products were electrophoresed in a 10%
acrylamide gel and autoradiographed.

Construction of pRc/CMV2 vectors expressing
ribozyme targeting hTR and ribozyme target-
ing hTERT mRNA

The oligonucleotide sequences encoding the
ribozyme to target hTR (Fig. 1) were designed as
follows:

5-AGCTGTTAGGGTTACTGATGAGTCCGT-
GAGGACGAAACAAAAAATG-8

5-GGCCCATTTTTTGTTTCGTCCTCACG-
GACTCATCAGTAACCCTAAC-3’

hTR

5 —— GCAUUUUUUGUCUAACCCUAACUGAG ——— 3
UAAAAAACA AUUGGGAUUG

PO QQP
a
Q

Fig. 1. Structure of hammerhead ribozyme targeting
human telomerase RNA

The specific cleavage site localized in the RNA tem-
plate is the underlined GUC sequence.
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The oligonucleotide sequences encoding the
ribozyme to target ATERT mRNA (Fig. 2) were
designed as follows:

5-AGCTTGCGCAGCAGCTGATGAGTCCGT-
GAGGACGAAACGCAGCGCT-3

5-GGCCAGCGCTGCGTTTCGTCCTCACG-
GACTCATCAGCTGCTGCGCA-3

KTERT mRNA

5 —— GCAGCGCUGCGUCCUGCUGCGCACGU —— &

CGCGACGCA GACGACGCG
Us
cat
U
oG
C
%G
G
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Fig. 2. Structure of hammerhead ribozyme targeting
hTERT mRNA

As with hTR, the specific cleavage site localized in
hTERT mRNA is the underlined GUC sequence.

The annealed oligonucleotides, with HindIII and
Notl protruding ends, were inserted into
pRc/CMV2 vectors (Invitrogen Corp., Carlsbad,
CA, USA), previously digested with HindIII and
Notl restriction enzymes and dephosphorylated of
5’-terminal phosphate groups. The presence and
the correct orientation of ribozyme sequence was
verified by DNA sequencing, and the resulting
vectors were named pRc-hTR and pRe-hTERT.

Transfection of pRc/CMV2 vectors into PK-8
cells

To complex pRc-hTR and pRe-hTERT with
DOTAP, 5 ug of vector was mixed with 25 ul N-[1-
(2,3-Dioleoyloxy)propyl]-N,N,N-trimethyl-ammo-
nium methylsulfate (DOTAP, Roche Molecular
Biochemicals, Mannheim, Germany) and enough
HBS buffer (20 mM HEPES, cell culture grade,
150 mM NaCl, pH 7.4) to make a final volume of
100 ul. PK-8 cells were seeded in Petri dishes at a
density of 30% confluency. At four days after seed-
ing, 25 ul of vector—-DOTAP complex was added to
the medium and cultured for 2 days.

Culture of transfectants

The transfectants were cultured in a selection
medium containing G418. G418, when added to
the medium, killed normal PK-8 cells, but not
when the PK-8 cells were transfected with
pRc/CMV2, Because PK-8 cells died in the medi-
um with 0.4 mg/ml G418, we selected the pRc-hTR
transfectants in the medium by adding 0.6 mg/ml
G418 to the medium. The cells were cultured for 2
weeks, transfected with the vector once again and
then cultured for 2 more weeks. Finally, pRe-hTR

transfectant cells were harvested and telomerase
activity was measured by fluorometry- based
TRAP (telomeric repeat amplification protocol)
assay, and hTR and ATERT mRNA expression
was assessed. For comparison, normal PK-8 cells
cultured without G418, and PK-8 cells transfected
with pRc/CMV2 vector not expressing a ribozyme,
were evaluated.

Quantitative detection of hTR and hTERT
mRNA

Total RNA was extracted using TRIZOL®
Reagent (Invitrogen Corp., Carlsbad, CA, USA).
Quantitative detections of hTR and ATERT mRNA
were performed with a LightCycler Telo TAGGG
hTR Quantification Kit® (Roche Molecular
Biochemicals, Mannheim, Germany) and a
LightCycler Telo TAGGG hTERT Quantification
Kit® (Roche Molecular Biochemicals, Mannheim,
Germany) using LightCycler® instruments (Roche
Molecular Biochemicals, Mannheim, Germany) for
real-time RT-PCR and all subsequent quantifica-
tion steps according to the manufacturer’s instruc-
tions. Total RNA (200 ng) was mixed with 20 ul of
RT-PCR reaction mixture provided with the kit,
and was reverse-transcribed for 10 min at 60°C.
PCR amplifications of hTR were performed for 45
cycles (0.5 sec at 95°C; 10 sec at 60°C; 10 sec at
72°C) and PCR amplifications of A TERT mRNA
were performed for 40 cycles (0.5 sec at 95°C; 10
sec at 60°C; 10 sec at 72°C) using manufacturer-
supplied reaction mixtures specific for hTR and
ATERT mRNA or the housekeeping gene PBGD,
respectively. The PBGD reaction product served
as a reference for relative quantification of hTR
and ATERT mRNA. Each sample was normalized
on the basis of PBGD content according to the for-
mula hTR ratio = (TR copies sample / PBGD
mRNA copies sample) x 1000 and the formula
ATERT mRNA ratio = (W TERT mRNA copies sam-
ple / PBGD mRNA copies sample) x 100000.

Construction and transfection of extrachro-
mosomal replicative vector expressing
ribozyme targeting hTERT mRNA

pCEP4 (Invitrogen Corp., Carlsbad, CA, USA),
an extrachromosomal replicative vector containing
CMYV promoter and HindIIl and Notl protruding
ends, was combined with the ribozyme targeting
AhTERT mRNA using the same oligonucleotide
sequences as for pRe-hTERT. The new vector was
named pCEP-hTERT. pCEP-hTERT was com-
plexed with DOTAP and transfected into PK-8
cells in the same way as were the pRe/CMV2 vec-
tors. The transfected cells were subsequently
exposed to a selection medium containing
hygromycin B for 4 weeks. Because the minimum
concentration of hygromycin B required to kill PK-
8 cells was 0.4 mg/ml, the pCEP-hTERT transfec-
tant was selected in 0.6 mg/ml of hygromycin B.
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Finally telomerase activity was measured by fluo-
rescence-based TRAP assay.

Fluorometric detection TRAP assay

TRAPeze® XL (Intergen Company, NY, USA) is
a non-radioactive, fluorescent method of determin-
ing telomerase activity, adapted from the original
TRAP assay. According to manufacturer’s protocol,
10° cells were resuspended in 200 ul CHAPS lysis
buffer and kept on ice for 30 min. After centrifuga-
tion at 12000 g at 4°C for 20 min, the super-
natants were immediately frozen on dry ice and
stored at —80°C. 2 ul of the extract was mixed with
48 pl of TRAPeze® XL reaction mixture provided
with the kit and 2 ul Taq polymerase. After 30
min of incubation at 30°C, PCR amplifications of
the reaction mixture were performed for 36 cycles
(30 sec at 94°C; 30 sec at 59°C; 1 min at 72°C) fol-
lowed by an extension step for 3 min at 72°C. The
PCR products were determined by Fluorescence
Plate Readers (ARVO multilabel counter, Wallac
Oy, Turku, Finland).

C D RZ

Fig. 3. Inhibition of telomerase activity by ribozyme
targeting hTR delivered to PK-8 cells through cation-
ic liposome-meditated transfer

Control and DOTAP showed a high level of telom-
erase activity, but the ribozyme transfectant showed
less activity of telomerase. C, control; D, exposed
DOTAP only; RZ, introduced ribozyme.

RESULTS

A hammerhead ribozyme, which recognizes a
GUC sequence located 34—36 bp from the 5’ end of
hTR, was designed. We introduced the ribozyme,
considered to be unstable in medium supplement-
ed with fetal calf serum, into PK-8 cells using a
liposomal transfection method. For negative con-
trols, the ribozyme-DOTAP complex was replaced
with DOTAP in HBS buffer, and HBS alone. 48
hrs after initial exposure to the ribozyme, telom-
erase activity was significantly reduced in the
ribozyme transfected cells (Fig. 3), but not in the
cells exposed to DOTAP and HBS buffer or HBS
buffer alone.

PK-8 cells were transfected with vectors
expressing ribozymes targeting hTR or ATERT
mRNA. Subsequent to transfection, the cells were
cultured in a selection medium containing G418.
pRc-hTR and pRe-hTERT transfectants were har-
vested and telomerase activity was detected by
fluorometry, and hTR and ATERT mRNA levels
were assessed. pRc-hTR transfectant cells
expressed less telomerase activity than control
pRc/CMV2 transfectant cells (Fig. 4). Subse-
quently, we changed the target site of ribozyme
from hTR to A”TERT mRNA. pRc-hTERT transfectant
cells showed a greater inhibition of telomerase
activity than control pR¢/CMV2 transfectant
cells (Fig. 5).

hTR expression, analyzed by real time RT-PCR,
was low in the hTR transfected cells compared

telomerase activity

(TPG unit) p=0.0002

120

4 T
100 T
80 -

| e jallh
60 —
40 —
20 —
0

PK-8 pRc-hTR
PRc/CMV2

Fig. 4. Detection of telomerase activity of ribozyme
targeting hTR transfectant by fluorometric method
refined TRAP assay

pRc-hTR transfectant slightly depressed telomerase
activity compared with original pRe/CMV2 transfec-
tant. TPG; total product generated.
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Fig. 5. Detection of telomerase activity of ribozyme
targeting A”TERT mRNA transfectant by fluorometric
method refined TRAP assay

PRc-hTERT mRNA transfectant expressed less
telomerase activity than pR¢/CMV2 transfectant.

hTERT mRNA ratio

hTR ratio 140} T

400 - l I 120 4 I
100 5

300+
80 —

200+ 60 —
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20

0
PRUCMV2 pRe-hTERT PRYCMV2 pRe-hTERT
pRc-hTR pRe-hTR

Fig. 6. Quantification of hTR and ATERT mRNA by
real-time RT-PCR

hTR expression was low in the hTR transfected cells
compared with the pRc/CMV2 transfectant cells, but
in the pRc-hTERT transfectant was slightly
increased. hTERT mRNA expression level in pRe-
hTERT transfectant decreased in comparison with
the control, but in pRc-hTR transfectant was slightly
increased.

hTR ratio: (WTR expression / PBGD mRNA expression)
x 100

hTERT mRNA ratio: (ARTERT mRNA expression / PBGD
mRNA expression) x 10000

with the pR¢/CMV2 transfectant cells, but in the
pPRc-hTERT transfectant, interestingly, hTR
expression was slightly increased compared with
the control, and the ATERT mRNA expression

telomerase activity
. <0.0001
(TPG unit) b
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Fig. 7. Detection of telomerase activity of extrachro-
mosomal replicative vector transfectant by fluoro-
metric method refined TRAP assay.

pCEP-hTERT transfectant expressed significantly
low telomerase activity.

level in pRc-hTERT transfectants decreased in
comparison with the control, while in the pRe-hTR
transfectants ATERT mRNA expression was
slightly increased (Fig. 6). This was unexpected as
the expression level of A TERT mRNA normally
correlates with the level of telomerase activity.

Finally, the extrachromosomal replicational
vector, pCEP4, was used to transfect a ribozyme
targeting ATERT mRNA into PK-8 cells.
pCEP-hTERT transfectant cells were selected in a
medium containing hygromycin B. Four weeks
after transfection, pCEP-hTERT transfectants
were harvested and detected for telomerase activi-
ty. Strong inhibition of telomerase activity was
shown at pCEP-hTERT transfectant cells (Fig. 7),
exceeding the inhibition achieved by either pRe-
hTR or pc-hTERT.

DISCUSSION

In cancer gene therapies, it is ideal to target
tumor-specific genes. However, few cancer-specific
genes which are activated in the majority of
human cancers have been identified. Telomerase,
which is neither oncogenic nor anti-oncogenic,
is repressed in most human somatic cells, and
generally upregulated in almost all cancer cells,
including pancreatic cancer cells?-1%1820)  Thus,
suppression of telomerase is considered as a new
strategy for anticancer therapy. By taking advan-
tage of understanding the composition and func-
tion of telomerase, a number of potential
inhibitors have been developed, including anti-
sense oligodeoxynucleotides against the template
region of hTR and traditional reverse tran-
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scriptase inhibitors. Telomerase consists of two
essential components, the catalytic reverse
transcriptase subunit (hTERT), and the template
RNA of telomeric repeats (hTR). hTR and hTERT
are considered suitable targets for anticancer ther-
apies.

We tried to inhibit telomerase activity using
ribozymes, catalytic RNA molecules, targeting the
two RNA components associated with telomerase.
A major advantage in using ribozymes compared
with conventional antisense oligodeoxynucleotides
and reverse transcriptase inhibitors-mediated
strategies is considered to be its specific catalytic
potential. One molecule of hammerhead ribozyme
can cleave several of the chosen RNAs, which
implies that, theoretically, very low concentrations
are required to obtain a significant biological
effect.

In the present study, we used pRc¢/CMV2 to
transfect pancreatic cancer cells with ribozymes.
PK-8 cells, which have a stable level of telomerase
activity, are suitable for examination of the atten-
uation of telomerase. pRc-hTERT transfectant
cells showed reduced activity of telomerase, but in
pRc-hTR transfectant cells, small attenuation of
telomerase was found. Usually, the level of
ATERT mRNA expression is lower than that of
hTR, which may account for the greater attenua-
tion by the pRc-hTERT ribozyme. The proper
three-dimensional structure of the ribozyme is
required for the ribozyme to exert catalytic activi-
ty, and the target region must be sufficiently
exposed on the outer surface of the three-dimen-
sional structure of the molecules?®. pRe-hTR and
PRc-hTERT transfectants had low attenuation of
telomerase activity, suggesting that the target
region might be hidden within the telomerase mol-
ecule.

In the examination of expression of hTR and
ATERT mRNA by real time RT-PCR, the expres-
sion level of the targeted RNA was attenuated, but
the expression of the other RNA was upregulated.
These phenomena suggested that two essential
components of human telomerase, hTR and
hTERT, work co-operatively to maintain telom-
erase activity. Thus, inhibition of the expression
level of hTR or ATERT mRNA independently is
limited to attenuating telomerase activity. For
example, the transfection of the vector expressing
the ribozyme to cleave both hTR and ATERT
mRNA, to attenuate telomerase activity more
effectively may require the inhibition of hTR and
hTERT simultaneously.

These findings also indicate the co-regulation of
hTR and h”TERT mRNA expression in cancer cells.
M. Folini reported a shortening of telomere length
in ribozyme transfectants displaying reduced
telomerase activity, but after 45 days in culture,
they were still able to proliferate®. Yokoyama also
reported that telomerase activity and hTR in the

pooled clones of ribozyme transfectant were clear-
ly diminished compared with that of the parental
cells and the naked vector transfectant, but in
some clones in which telomerase activity was
almost undetectable, hTR was still expressed at a
steady level?. One explanation for such findings is
that in tumor cells subjected to the effective inhi-
bition of telomerase associated RNA components,
there would be a strong selection pressure for the
emergence of resistant cells by the activation of
alternative lengthening of telomere mechanisms.

There are two ways to deliver the ribozyme to
its cellular target RNA. One is by endogenous
delivery, the intracellular transcription of
ribozyme coding sequence accomplished by trans-
fection/infection of ribozyme-producing vectors
into cells. This has been effective against several
targets in in vitro and in vivo experimental mod-
els, even though no data are available on its thera-
peutic potential in the clinical setting. Another
way is exogenous ribozyme delivery, in which
ribozymes are introduced directly into cells with
the aid of cationic liposome-mediated transfer, but
this way is related to multiple factors, in particu-
lar, endogenous nuclease. The ribozyme transfec-
tants grew more slowly than did the parental
cells, and the doubling time of the transfectant
became double that of the parental cells. We tried
ribozyme expression vector in other pancreatic
cancer cells but could not obtain the ribozyme
transfectant. This may be explained by the toxity
of the ribozyme in some cell lines.

In the present study, expressing the ribozyme
from an episomal replicative vector showed more
effective inhibition of telomerase activity, suggest-
ing that high and continuous expression of
ribozyme by the extrachromosomal replicative vec-
tor is required to inhibit telomerase activity. Sicne
the inhibition of telomerase by pRc¢/CMV vector is
transient, the continuous expression of ribozyme
is more effective for inhibiting telomerase activity.
Continuous inhibition by extrachromosomal
replicative vector expressing the hammerhead
ribozymes to affect both hTR and A TERT mRNA
has therapeutic potential in cancer patients, espe-
cially in pancreatic cancer patients.

Targeting telomerase by siRNA may also be
effective, so that the sites we designed for
ribozyme transfection may be effective targets for
siRNA transfectant. Like ribozyme treatment, the
effect of siRNA may be also transient. It is neces-
sary to make an additional method to maintain
the effect of ribozyme or siRNA in cells.

This study revealed that the repression of one of
the two essential components of human telom-
erase, hTR and hTERT, overexpressed the other
component. Thus, the most effective strategy for
attenuating human telomerase is to inhibit both
components simulutaneously. Moreover, a contin-
uous and high inhibitory effect such as the expres-
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sion of ribozyme by the extrachromomal replica-
tive vector is a favorite for attenuating telomerase
activity in human cancer.
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