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Because the expression level of hTERT, a catalytic
ubunit of human telomerase, is a rate-limiting deter-
inant of telomerase activity, hTERT mRNA would be

n excellent target of hammerhead ribozymes for the
egulation of telomerase activity. We studied the effi-
iency of several hammerhead ribozymes targeting
TERT mRNA by transient and stable transfection
rocedures. To screen the potency of the ribozymes,
ransient ribozyme transfection and telomerase deter-
ination were performed. The ribozyme targeting 13
ucleotides downstream from the 5*-end of hTERT
RNA (13-ribozyme) exhibited the strongest telomer-

se-inhibitory activity, and the ribozyme to target 59
ucleotides upstream from the poly(A) tail showed
lear activity. A stable transfection study confirmed
hat the 13-ribozyme suppressed telomerase. These ob-
ervations suggest that the 13-ribozyme can regulate
elomerase activity and may possess potential for can-
er therapy. © 2000 Academic Press

Key Words: hammerhead ribozyme; endometrial car-
inoma; transient transfection; catalytic subunit of te-
omerase; RT–PCR.

Telomerase is a ribonucleoprotein enzyme that
aintains the protective structures at the ends of eu-

aryotic chromosomes, called telomeres (1). In most
uman somatic cells, telomerase expression is re-
ressed, and telomeres shorten progressively with
ach cell division (2). In contrast, most human tumors
xpress telomerase, resulting in stabilized telomere
ength (3). These observations indicate that telomere

aintenance is essential to the proliferation of tumor
ells and that telomerase is an important target for the
evelopment of anti-neoplastic therapies.
Telomerase is composed of an RNA molecule and

roteins (4). The RNA component of human telomer-

1 To whom correspondence should be addressed. Fax: 81-58-265-
006. E-mail: yokoyama@cc.gifu-u.ac.jp.
316006-291X/00 $35.00
opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
eaction of the telomere repeat. It is expressed even
n normal tissues, and the expression level is not
roportional to the telomerase activity (5). To date,
wo proteins were identified as the protein compo-
ents of human telomerase. Telomerase-associated
rotein 1 (TEP-1) interacts with hTR (6). It has been
emonstrated that the expression level is not pro-
ortional to the telomerase activity of tissues and
ells (7). Human telomerase reverse transcriptase
hTERT), the other protein component of the telo-
erase, is a catalytic subunit of telomerase, and it
as been repeatedly shown that its expression level
arallels telomerase activity (8, 9). In addition, in
itro reconstitution studies have shown that the es-
ential components of telomerase are the hTR and
TERT (10, 11). These observations indicate that
TERT is the best molecule for telomerase targeting
nticancer strategy.
Hammerhead ribozymes are catalytic RNA mole-

ules. They are being increasingly considered and uti-
ized as human gene therapeutic agents for human

alignancies (12, 13). These ribozymes utilized as gene
herapeutic agents are, in most cases, trans-acting
ammerhead ribozymes based on the model of Haseloff
nd Gerlach (14). The ribozymes efficiently catalyze
he phosphodiester bond following GUC GUA, and
UU sequences (15). Due to the broad distribution of

uch triplet sequences in RNAs, the ribozymes can
arget most RNA molecules. However, it is very diffi-
ult to predict the potency of the ribozymes, because a
umber of factors are involved in the action of the
ibozymes. To obtain a very potent ribozyme, the con-
truction of a ribozyme vector and gene transduction
tudies are usually performed. We report here that
creening of the activity of the ribozymes by a ribozyme
ransfection procedure resulted in the discovery of a
otent ribozyme to suppress telomerase activity in en-
ometrial carcinoma cells.



M

c
E
u

p
u
T
p
t
o
e
s
5
2
s
f
r
r
l
s
h

s
t
q
p
o
t
T

fi
m
e
M
R
T
t
H
d
t
w
w
a

1
m
(
k

Fifteen mg of the ribozyme was mixed with 30 ml N-[1-(2,3-
d
B
H
t
d
1

b

s
t
r
c
3
c
p
I
T
p

a
o
p
w
l
f
m

s
I
m
t
c
w

g
t
u

A
g
w
T
l
r

r
m
t

o
h
r

Vol. 273, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ATERIALS AND METHODS

Cell culture. Ishikawa and AN3CA cells, endometrial carcinoma
ell lines, were used in this study. The cells were maintained in
agle’s MEM supplemented with 10% fetal bovine serum (FBS)
nder an atmosphere of 95% air/5% CO2 at 37°C.

Ribozyme design and synthesis. The hTERT mRNA sequence was
ublished as hEST2/hTRT (8, 9), and the sequence of the 59-
ntranslated region of hTERT mRNA was revised by Horikawa and
akakura (16, 17). Because trans-acting hammerhead ribozymes
referentially recognize and cleave the GUC sequence, we studied
he GUC sequence as possible cleavage sites. Within hTERT mRNA
f approximately 4.0 kb long, there are 57 GUC-sequences. Consid-
ring the complementarity between the upstream and downstream
equences from each GUC, we chose seven target sites (from the
9-end of hTERT, 11–13, 277–279, 1017–1019, 1871–1873, 2477–
479, 3366–3368, 3948–3950). The target sites of the ribozyme are
hown in Fig. 1. The ribozymes were named after the cleavage site
rom the 59-end of the RNA (13-ribozyme, 279-ribozyme, 1019-
ibozyme, 1873-ribozyme, 2479-ribozyme, 3368-ribozyme, and 3950-
ibozyme, respectively). All the ribozymes are comprised of a cata-
ytic core sequence and the franking 10 nucleotides antisense
equences. The structure of the 13-ribozyme and the target region of
TERT mRNA are shown in Fig. 2.
To produce the ribozymes, the bacteriophage T7 RNA polymerase

ystem was used. A set of oligomers was designed to make the DNA
emplate. One primer contains a T7 RNA polymerase promoter se-
uence followed by the 59-half of the ribozyme sequence; the other
rimer contains the anti-sense sequence of the ribozyme. Seventeen
ligonucleotides from the 39-end of both primers were complimentary
o each other. The sequences of the oligonucleotides are shown in
able 1.
The primers were mixed to form a hemiduplex, and a PCR ampli-

cation of 25 cycles was performed under the conditions of 94°C, 1
in; 40°C, 1 min; and 72°C, 1 min. Unincorporated dNTP was

liminated with a Sephadex G25 Quick Spin Column (Boehringer
annheim Biochemica, Inc., Tokyo, Japan). The transcription of
NA from the synthetic DNA template was carried out using a
7-MEGAshortscript kit (Ambion, Inc., Austin, TX). The transcrip-
ion reaction mixture contained 200 ng template DNA, 40 mM Tris–
Cl, pH 7.5, 6 mM MgCl2, 10 mM NaCl, 2 mM spermidine, 10 mM
ithiothreitol, 30 mM NTP, 1 U/ml recombinant ribonuclease inhibi-
or, and 1.0 U/ml T7 RNA polymerase in a 20-ml volume. The reaction
as carried out at 37°C for 2 h. The reaction mixture was treated
ith RNase-free DNase, followed by phenol-chloroform extraction
nd ammonium acetate ethanol precipitation.

Introduction of ribozymes into Ishikawa cells. Ishikawa cells (5 3
04) were seeded in a 6-well plate and incubated for 2 days. The
edium was replaced with serum-free Dulbecco’s modified MEM

DMEM). Ribozymes were synthesized using a T7-MEGAshortscript
it (Ambion, Inc.) as described above.

FIG. 1. Target sites of the designed ribozymes. Seven ribozymes
f 44 nucleotides long were designed to target different sites of
TERT mRNA. The target sites of the 179-ribozyme to the 3368-
ibozyme are inside the open reading frame of hTERT mRNA.
317
ioleoyloxy)propyl]-N,N,N-trimethylammonium methylsulfate (DOTAP,
oehringer Mannheim, Inc., Tokyo) in a total volume of 75 ml of
epes buffer (20 mM, pH 7.4) and incubated for 15 min at room

emperature. The mixture was suspended in 2.0 ml of DMEM me-
ium. Cells were exposed to the ribozyme/DOTAP mixture every
2 h.
Cells were harvested at 48 h after the first exposure to the ri-

ozyme and submitted to telomerase detection assay.

Construction of ribozyme expression vector and transfection. Two
ingle-stranded oligodeoxynucleotides were synthesized such that
he 44-base pair ribozyme contained the flanking SalI and HindIII
estriction sites on both ends: 13-ribozyme, tcgagcgcagcagctgatgagtc-
gtgaggacgaaacgcagcgcagctgcgctgcgtttcgtcctcacggactcatcagctgctgcgc;
950-ribozyme, tcgaccccaatttctgatgagtccgtgaggacgaaacc-
acaggagctcctgtgggtttcgtcctcacggactcatcagaaattgggg. They were 59-
hosphorylated by T4 polynucleotide kinase (New England Biolabs,
nc., Beverly, MA), annealed and cloned into the pHbAPr-1-neo (18).
he constructed vectors were designated as pHbAPr-1-neo-13RZ or
HbAPr-1-neo-3950RZ, respectively.
Lipofection of Ishikawa cells with these plasmid vectors was done

ccording to the protocol which the manufacturer(GIBCO-BRL) rec-
mmended. As a vector control, transfection with pHbAPr-1-neo was
erformed In brief, approximately 5 3 104 cells were transfected
ith 10 mg of the vector DNA that had been complexed with 50 ml of

ipofectin (GIBCO-BRL, Rockville, MD). Three days after the trans-
ection, G418 was added to the medium to a final concentration of 1
g/ml. The transfected cells were exposed to G418 for 4 weeks.

Quantitative RT–PCR for hTERT expressions and ribozyme expres-
ion. Total RNA was extracted from the transfectants and parental
shikawa cells using Isogene (Nippongene, Inc., Tokyo, Japan). One
icrogram of total RNA from each transfectant was reverse-

ranscribed with a random hexamer to generate the first-strand
DNA mix. Each cDNA mix was equally divided into three parts, in
hich each served as a template for an independent PCR.
For hTERT mRNA and beta-actin, primer sets (ggatgaagcggagtct-

ga and cggaagagtgtctggagcaa, and ggacctgactgactacctaatgaa and
gatccacatctgctggaaggtgg, respectively) were designed. PCR prod-
cts were analyzed by electrophoresis on 2.0% agarose gel.
To detect expression of the ribozyme, a set of primers (59-
GCACAGAGCCTCGCCTTT from the b-actin 59-untranslated re-
ion and 59-TGGATCCCTCGAAGCTT from a plasmid polylinker)
as designed on the basis of the sequence of pHbAPr-1-neo plasmid.
he RT–PCR was performed and PCR products were further ana-

yzed by Southern blot with a 32P-labeled probe derived from the
ibozyme catalytic core sequence (59-CCTCACGGACTCATCAG).

FIG. 2. Structure of 13-ribozyme. The 13-ribozyme is designed to
ecognize from 4 nucleotides downstream from the 59-end of hTERT
RNA through the 22-nucleotide and to cleave between the 13th and

he 14th nucleotide.
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Telomerase detection assay. Cultured cells were washed once
ith phosphate-buffered saline and were scraped into a buffer (10
M Hepes–KOH, pH 7.5, 1.5 mM MgCl2, 10 mM KCl, and 1 mM

ithiothreitol). The cells were washed in the buffer and then homog-
nized in 200 ml of a cell lysis buffer (10 mM Tris–HCl, pH 7.5, 1 mM
gCl2, 1 mM ethylene glycol-bis (b-aminoethyl ether)-N,N,N9,N9-

etraacetic acid (EGTA), 0.1 mM benzamidine, 5 mM b-mercapto-
thanol, 0.5% 3-((3-cholamidopropyl) dimethylammonio)-1-propane-
ulfonate (Chaps, WAKO Chemical Industries, Inc., Osaka, Japan),
nd 10% glycerol) and incubated on ice for 30 min. Cell homogenates
ere then centrifuged at 12,000g for 20 min at 4°C. The supernatant
as recovered, and snap-frozen in liquid nitrogen and stored at
80°C. The concentration of protein was measured with protein
ssay dye (Bio-Rad Laboratories, Hercules, CA).
The TRAP assay was performed using a TRAPEZE Telomerase

etection kit (Oncor, Inc., Gaithersburg, MD). In brief, 2 ml of tissue
xtract and 48 ml of TRAP reaction mixture consisting of the 59-end-
abeled TS primer (59-AATCCGTCGAGCAGAGTT) with [g-32P]ATP,
0 mM of dNTP mix, a TRAP primer mix (RP primer, K1 primer, and
SK1 template) and 2 IU Taq DNA polymerase in 20 mM Tris–HCl,
H 8.3, 1.5 mM MgCl2, 63 mM KCl, 1 mM EGTA, 0.05% Tween 20,
nd 0.01% BSA were mixed and incubated at 30°C for 30 min. PCR
as then performed as follows: 94°C, 30 s; 60°C, 30 s; 25 cycles. PCR
roducts were electrophoresed on 12% acrylamide gel and autora-
iographed.

ESULTS AND DISCUSSION

The ribozymes that we used in the transient trans-
ection study were 44 nucleotides long, and such a
ength of RNA can be synthesized in large quantities at
very low cost in vitro. For the screening of potency of

he ribozymes, direct ribozyme transfection would be
ore advantageous than that of a ribozyme vector,

ecause the construction of the ribozyme vector re-
uires much labor and expense. First, we studied the in
ivo activity of the ribozymes by this method. Fifteen
icrograms of ribozymes was administered to Ishi-

awa and AN3CA cells every 12 h. The 13-ribozyme
howed the highest inhibitory activity, and the 3950-
ibozyme, which targeted 59 nucleotides upstream
rom the poly(A) tail, showed clear activity in both cell
ines (Fig. 3). No other ribozymes showed any telomer-

Primer Sets for the

13-ribozyme 59GGATC
59CAGCG

279-ribozyme 59GGATC
59GCCAG

1019-ribozyme 59GGATC
59ACGCC

1873-ribozyme 59GGATC
59AGCAG

2479-ribozyme 59GGATC
59CTTCG

3368-ribozyme 59GGATC
59CAGCT

3950-ribozyme 59GGATC
59CCTGT
318
se inhibitory activity. Both sites are located near the
nd of the hTERT mRNA, so it is likely that they had
scaped the self-folding.
Next, we constructed two kinds of expression vec-

ors. The 13-ribozyme or 3950-ribozyme sequence was
ubcloned into the SalI and HindIII sites of the
HbAPr-1-neo vector. The constructed vectors were
ntroduced into Ishikawa cells. Tens of clones resistant
o G418 were obtained from each transfectant. In 10
rbitrarily chosen clones and a pooled clone, the telo-
erase activity was screened. The 13-ribozyme reduced

elomerase activity in most clones (Fig. 4), whereas in
he 3950-ribozyme transfectant, no clones exhibited
ny reduced telomerase activity (data not shown).

ibozyme Synthesis

AATACGACTCACTATAGGGCGCAGCAGCTGAT39
GTTTCGTCCTCACGGACTCATCAGCTGCTGCG39
AATACGACTCACTATAGGTTCAGGCAGCTGAT39
GTTTCGTCCTCACGGACTCATCAGCTGCCTGA39
AATACGACTCACTATAGGACACCGGGGCTGAT39
GTTTCGTCCTCACGGACTCATCAGCCCCGGTG39
AATACGACTCACTATAGGATGCTGCCTCTGAT39
GTTTCGTCCTCACGGACTCATCAGAGGCAGCA39
AATACGACTCACTATAGGGCGTAGGAACTGAT39
GTTTCGTCCTCACGGACTCATCAGTTCCTACG39
AATACGACTCACTATAGGGGAGCTTCCCTGAT39
GTTTCGTCCTCACGGACTCATCAGGGAAGCTC39
AATACGACTCACTATAGGCCCCAATTTCTGAT39
GTTTCGTCCTCACGGACTCATCAGAAATTGGG39

FIG. 3. Telomerase activity by transient transfection of the ri-
ozymes. 15 mg of ribozymes was administered with DOTAP, a
ationic liposome. The telomerase activity was determined at 48 h.
pper AN3CA cells, lower Ishikawa cells. Lane 1, parent cells; lane
, liposome only; lane 3, 13-ribozyme; lane 4, 279-ribozyme; lane 5,
019-ribozyme; lane 6, 1873-ribozyme; lane 7, 2479-ribozyme; lane 8,
368-ribozyme; lane 9, 3950-ribozyme. Note that the 13-ribozyme
xhibits the strongest telomerase-inhibitory activity in both cell
ines. In the 3950-ribozyme, obvious suppression of telomerase is
bserved.
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In the clones exhibiting attenuated TA(clones 1, 3, 5,
, 8, 9, and the pool, the expression of hTERT mRNA
as quantified by RT–PCR. The expression level was

learly decreased in the clones showing attenuated
elomerase activity. In clones 5 and 6, the signal of the
TERT transcript was faint. The expression level of
TERT mRNA was mostly correlated with telomerase
ctivity. In these clones, the expression of the ribozyme
as studied by RT–PCR and subsequent Southern blot
nalyses. In all cases transfected with pHbAPr-1-neo-
3RZ, a steady state expression of the ribozyme was
bserved (Fig. 4).
Besides catalytic activity, the ribozymes possesses

n antisense property. For these antisense se-
uences of the ribozymes to recognize a target re-
ion, a number of factors influence its feasibility
e.g., the accessibility of target site, the specificity of
he ribozyme, etc.) (19). The base number for the
ecognition sequence determines the specificity of
he ribozyme, but affects its kinetics (20). We de-
igned a total of 20 antisense nucleotides for target
ite recognition, and such a length will be sufficient
o recognize the target region (21). However, the
ntire ribozyme sequence including the recognition
equences will have a chance for non-Watson Crick
ase pairing with other molecules (22). Such base-
airings will reduce the potency of the ribozyme.

FIG. 4. Stable transfection of 13-ribozyme. The ribozyme se-
uences were subcloned into pHbAPr-1-neo and introduced into Ishi-
awa cells. In arbitrarily chosen G418-resistant clones, the telo-
erase activity was determined (upper) and the hTERT mRNA

xpression was semi-quantified by RT–PCR (middle). The ribozyme
xpression was analyzed by RT–PCR and Southern blot (lower). Note
hat telomerase activity is suppressed in the clones in which the
3-ribozyme was introduced. In such clones, a decrease in hTERT
RNA expression and a steady expression of the ribozyme are ob-

erved. C1–C9, clones; PC, a pooled clone of 13-ribozyme transfec-
ant; VC, vector control; P, parental Ishikawa cells.
319
ivity, the proper three-dimensional structure of the
ibozyme is required (23, 24). In this context, the
ntire sequence of the 13-ribozyme would be most
avorable not only for the formation of the ribozyme’s
hree-dimensional structure, but also for its specific-
ty. Of the pHbAPr-1-neo-13RZ, the subcloned ri-
ozyme was transcribed into an approximately 200-
ucleotide RNA from the human beta actin
romoter. Of the transcript, only 44 nucleotides were
he sequence of the ribozyme. The surplus vector
equence was inevitably included in the transcript.
hese sequences might affect the specificity as well
s the cleavage activity of the ribozyme. Thus, the
iscordance of the 3950-ribozyme efficiency between
he transient and stable transfection studies might
e explained by the vector sequence.
A limited number of chemical agents are known to

egulate the telomerase activity. Retinoids reduce the
elomerase activity of leukemic cells with the induction
f cellular differentiation (25). Tamoxifen also reduces
he telomerase activity of hormone-responsive breast
arcinoma cells with cell growth retardation (26).
-Hydroxyellipticine exerts telomerase inhibitory ac-
ivity by inhibition of the protein kinases in pancreatic
ancer cells (27). These agents display clear telomerase
nhibitory effects, though the effect would be limited in
ertain cells. Therefore, such special nucleic acids are a
opeful choice for the regulation of the telomerase ac-
ivity in a broad spectrum of cancer cells. Because hTR
nd hTERT are essential elements for telomerase ac-
ivity, blocking of the hTR and/or hTERT mRNA by
hese nucleic acids is a major strategy.

Regarding hTR, a number of studies have demon-
trated that the template region is crucial for the
elomerase regulation (28, 29). Therefore, this region
s a excellent target for the ribozymes (30) and anti-
ense oligonucleotides (31). The efficient target sites
f hTERT mRNA, however, have never been demon-
trated. As described before, the hTERT mRNA is
ore ideal as a target of these molecules than hTR.
e first demonstrated the possible target site of

TERT of hammerhead ribozymes, and this will offer
ope for ribozyme-mediated anti-telomerase cancer
herapy.

We observed significant growth retardation of clones
ith suppressed telomerase activity. With respect to

he clone 6, the cell growth was maintained during the
rst 2 months after the transfection, and then gradu-
lly retarded. The doubling time of clone 6 was 48 h at
he 10th week after transfection against 27 h of paren-
al Ishikawa cells. The growth potential was further
educed and then almost disappeared within 3 months.
ll the cells of clone 6 died within 4 months. We stud-

ed the nuclear morphology of the growth-arrested cells
nd some cells showed condensed chromatin and frag-
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stic in cells undergoing apoptosis (32), we considered
hat the cells died by apoptosis.

It has been reported that telomerase inhibition by
ntisense oligonucleotide against hTR causes growth
nhibition (33, 34) and that exogenous expression of
ominant negative mutants of hTERT (35, 36), and
eptide nucleic acid and 29-O-MeRNA oligomers com-
lementary to the template region of hTR (37) induce
poptosis following strong telomerase inhibition. Our
bservations of the 3-ribozyme were in agreement with
hose reports, indicating that the 13-ribozyme could be
potential anticancer agent.
With respect to the 13-ribozyme, there is room for

mprovement of the ribozyme activity, for instance, by
ltering the length of the recognition sequence. The
rials to improve the activity of the 13-ribozyme are
rogressing
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