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ABSTRACT. The telomere hypothesis postulates stabilization of telomere length and telomerase activation
as key events in cellular immortalization and carcinogeneses. Accordingly, telomerase has been suggested
as a novel and highly selective target for design of antitumor drugs. Screening of a chemical library
including 16 000 synthetic compounds yielded six that strongly inhibited telomerase activity in extracts
of cultured human cells, including four isothiazolone derivatives and two unrelated compounds. The most
potent inhibitor was 2-[3-(trifluoromethyl)phenyl]isothiazolin-3-one (TMPI), a concentration of:l10
inhibited telomerase activity by 50% according to a telomere repeat amplification protocol (TRAP) assay.
Analysis using partially purified telomerase from AH7974 rat hepatoma cells demonstrated noncompetitive
inhibition with the telomere-repeat primer and mixed inhibition with the dNTPs; the inhibition constant
was 2.5uM. TMPI did not inhibit eukaryotic DNA polymerase, 3, or human immunodeficiency virus
reverse transcriptase (HIV RT). Thus, inhibition by TMPI was highly selective for telomerase. Inhibition
by TMPI was quenched by 1 mM of dithiothreitol or glutathione, suggesting that TMPI inhibits telomerase
by acting at a cystein residue. TMPI inhibition of this enzyme may find application as an antineoplastic
agent.

Telomerase is an RNA-dependent DNA polymerase that MATERIALS AND METHODS
adds telomeric repetitive DNA to thé 8nds of eukaryotic
chromosomes. The enzyme includes an RNA subunit that Chemicals and EnzymeSligodeoxyribonucleotide prim-
functions as a templatel), In most human somatic cells, €rs were synthesized by Takara-Shuzo, Kyoto, Japan. Deoxy-
telomerase activity is low or undetectable and telomere lengthfibonucleoside triphosphates also were obtained from the
progressively shortenes with successive cell divisi@n8)( same source. Other reagents were of the highest obtainable
On the other hand, telomerase activity can be detected ingrade and were purchased from commercial sources. The
immortalized cell lines and in cells of over 90% of human chemical library screened for telomerase inhibiton in this
tumors. In these cells, telomere lengths are stabilide8)( study was composed of organic compounds synthesized in
These findings suggest that telomerase is required for theChugai Pharmaceutical Co. and those obtained from May-
ongoing proliferation of neoplastic cells and that telomerase bridge Chemical Co. (Cornwall, UK), including 16 000
inhibition represents a new therapeutic approach againstcompounds with molecular weights of approximately 400.
cancer {, 6, 7). In the present study, we set out to identify Calf thymus DNA polymerase. was purified by immu-
inhibitors of telomerase using a modification of the telomeric noaffinity-column chromatography as described previously
repeat amplification protocol (TRAPEY to permit perfor-  (10). DNA polymerase8 was purified from rat liver using a
mance of a large number of assays in a short time. The TRAPconventional method1(l) or was purified fromE. coli
was combined with a scintillation proximity assay (SP8) (  carrying a rat DNA polymerasgg-cDNA recombinant
using PH]dTTP and scintillator beads as described by plasmid (a gift from Dr. Akio Matsukage, Aichi Cancer
Savoysky et al.9). We identified six chemicals as telomerase Center Research Institute). HIV RT was obtained com-
inhibitors. Further studies were performed to characterize mercially from Seikagaku Kogyo Co. (Tokyo, Japan).
the activity of the most potent of these. Animals and Cancer Cell$\ll animals received humane
care in compliance with the Guidelines for Animal Experi-
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Extraction of Telomerasé&ells were washed twice in ice-
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evident as incorporation of radioactive substrate in ladders

cold phosphate-buffered saline (PBS) by centrifuging at 3800 of product DNA in multiples of six bases corresponding to

(xg) for 5 min at 4°C and then washed once with a buffer
containing 10 mM N-2-hydroxyethyl-piperazinéd-7-2-
ethanesulfonic acid (HEPES) (pH 7.5), 1.5 mM Mg
mM KCI, and 1 mM dithiothreitol (DTT). Then cell pellets

the telomere repeat unit. Signal intensity was quantified with
a BAS 2000 image analyzer (Fuji Film, Tokyo, Japan). Lysis
buffer with no additions and RNase-treated telomerase were
used as negative controls. For the RNase contorol, cell

were suspended in three volumes of 3-[(3-cholamidopropyl) extracts with 6.4ug protein were incubated with 0.64g
dimethylammonio]-1-propanesulfonate (CHAPS) lysis buffer RNase during the first extension reaction.

(5), containing 10 mM Tris-HCI (pH 7.5); 1 mM Mggl
1 mM ethylene glycold,0'-bis(2-aminoethylN,N,N',N'-
tetraacetic acid (EGTA); 0.1 mM phenyl methylsulfonylfluo-

For the screening of telomerase inhibitors, TRAP was
combined with a scintillation proximity assay (SPA&) (ising
[BH]dTTP and scintillator beads as described by Savoysky

ride (PMSF); 5 mM 2-mercaptoethanol; 0.5% CHAPS; and et al., designated TRAPSPA @©).
10% glycerol. Homogenates were maintained on ice for 30  Assay of DNA Polymerases and:@ese Transcriptase.

min and then centrifuged at 10000<q) for 30 min.
Supernatants were collected and stored & °C until used
as CHAPS extract.

Partial Purification of Rat Telomerasdhe extract from
30 g of AH7974 cells (30 mL) was subjected to (NSO,
fractionation. The precipitate following 30 to 60% saturation
with (NH,4).SO, was dissolved in 5 mL of a buffer containing
20 mM Tris-HCI (pH 7.5), 1 mM ethylenediamine tetra-

Effects of telomerase inhibitors on 0.2 units of DNA
polymerasea (10) were measured using activated calf
thymus DNA (200ug/mL) as a template-primer at pH 7.2,
with or without 4 mM dithiothreitol. Effects of inhibitors
on DNA polymerases (0.2 units) were assayedl) using
activated calf thymus DNA (2008g/mL) at pH 8.8, without
dithiothreitol. Effects of inhibitors on human inmmunode-
ficiency virus reverse transcriptase (HIV RT, 0.1 or 0.2 units)

acetate (EDTA), 1 mM 2-mercaptoethanol, 1 mM sodium Were assayed in a reaction mixture (26) containing 40
bisulfite, 0.01% Nonidet P-40, 1 mM benzamidine, and 10% MM Tris-HCI (pH 7.5); 200ug/mL activated calf thymus

glycerol and then was applied to a gel filtration column of
Sephacryl S-500 (4.5 90 cm). Fractions (10 mL each)

DNA; 8 mM MgCly; 40 uM [3H]dTTP (240 cpm/pmol); 40

uM concentration of each of the other three dNTPs; 100 mM

containing peaks of telomerase activity were collected, and KCl; 200g/mL BSA, and an aliquot of the enzyme solution,
to these a 0.25 volume of glycerol was added. Fractions thenWith or without dithiothreitol. Alternatively, 20Qug/mL

were divided into aliquots and stored-a80 °C until used.
The protein concentration of extract was adjusted tqud.6
protein/mL as determined by the method of Bradfatd)(

Assay of Telomeras@he telomere repeat amplification
protocol (TRAP) b) was used for analysis of telomerase

activated calf thymus DNA and four dNTPs (each4@)
were replaced by 4@g/mL poly(A)-oligo(dT)12-18, and
40 uM [PH]dTTP (240 cpm/pmol), respectivelyji4). One
unit of enzyme activity was defined as the amount which
catalyzing incorporation of 1 nmol of deoxyribonucleotides
for 60 min at 37°C under the conditions employed. In all

inhibition, with minor modifications. The assay was per- cases, incubation was carried out at°& for 30 min and

formed in two steps. The first step was telomerase-mediated " : O .
. . ) acid-insoluble radioactivity was measured as described
extension of the first primer. The second step was polymerasepreviously )

chain reaction (PCR) amplification oft aliquots, contain-
ing 6.4ug protein, of products from the first reaction. These
were added to 46L of reaction mixture containing 20 mM
Tris-HCI (pH 8.3); 1.5 mM Mg, 63 mM KCI, 0.005%
Tween 20; 1 mM EGTA; 5tM each of dATP, dTTP, and
dGTP; 0.1 mg/mL bovine serum albumin (BSA); and 0.1
ug of TS (forward) primer%). This mixture was incubated
for 40 min at 30°C. After the reaction mixture containing

RESULTS

Chemical Structures of Telomerase Inhibitdgereening
of the library of the chemical compounds for telomerase
inhibition was performed by the TRAPSPA method as
described in Materials and Methods. Among 16 000 com-
pounds, six were selected as candidate telomerase inhibitors

the telomerase-generated extension product was heated foon the basis of a 50% inhibition concentration fC< 10

10 min at 85°C, 5uL of this mixture was mixed with PCR
reaction mixture (45:L) containing 20 mM Tris-HCI (pH
8.3); 1.5 mM MgC}; 63 mM KCI; 0.005% Tween 20; 1
mM EGTA; 50 uM each of dATP, dTTP, and dCTP; 10
uM of dGTP; 0.1 mg/mL BSA; 0.09«g of TS primer; 2
units of Taq DNA polymerase; 2Ci of [a-*?P]dGTP; and
0.1 ug of ACX (reverse) primer 3). An internal PCR

standard (ITAS) was routinely added to the PCR reaction

mixture. The ITAS consisted of 0.Qzg of NT primer (3-
ATCGCTTCTCGGCCTTTT-3 and 0.005 amol of TSNT
primer (B-AATCCGTCGAGCAGAGTTAAAAGGCCGA-
GAAGCGAT-3) as described by Kim et all1B). After the
mixture were heated at 94 for 60 s, it was subjected to
28 cycles of PCR amplification (cycle steps, 94 for 30 s
and 58°C for 45 s). PCR products (50L) were analyzed

uM. As indicated by structural formula in Figure 1, they

were 2-[3-(trifluoromethyl) phenyllisothiazolin-3-one (TMPI),
2-(2,3,4-trifluorophenyl)isothiazolin-3-one (TFPI), ethyl 4-(3-
ox0-3H-2-isothiazol-2-yl)benzoate (EOIB), 2-methylthio-4-
(3-ox0-H-isothiazol-2-yl)benzonitrile (MOIB), 3,5-diert-
butylbenzene-1,2-diol (DBBD), and 1-[(5-methoxyquinoline-
8-ylimino)methyllnaphthalen-2-ol (MQMN).

Inhibition of Telomerase by Various Chemical Compounds.
Since the TRAP method involved a PCR protocol, we first
tested dose-dependency of the PCR employed. Various
amounts of products of the extension by telomerase in the
first reaction were amplified by PCR in the second reaction.
Incorporation of 2P]JdGTP into product DNA increased in
a linear manner with increasing amounts of initial first
reaction products (Figure 2). Thus, the assay was nearly

by electrophoresis on a 12.5% nondenaturing polyacrylamidelinear up to 6.4ug protein in Sephacryl S-500 fractions of
gel (PAGE; thickness, 1 mm). Telomerase activity was rat telomerase. The assay was validated using ddGTP, a
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Ficure 1: Chemical structures of telomerase inhibitors identified
by screening a chemical library. A, 2-[3-(trifluoromethyl)phenyl]-
isothiazolin-3-one (TMPI);B, 2-(2,3,4-trifluorophenyl)isothiazolin- 0 7 T T T T
3-one(TFPI);C,ethyl 4-(3-oxos-2-isothiazol-2-yl)benzoate(EOI-
B):D, 2-methylthio-4-(3-oxo-B-isothiazol-2-yl)benzonitrile(MOIB)E, 0 16 32 48 64
3,5-ditert-butylbenzene-1,2-diol(DBBD);F, 1-[(5-methoxyquino-
line-8-ylimino)methyllnaphthalen-2-ol (MQMN). Enzyme (MQ)
Table 1: IC° of Telomerase Inhibitofs U 27 CyCIeS
telomerase inhibition —— 28 cycles
telomerase inhibitors ICso (M)
T™PI 10 —0— 29 cycles
TFPI 2.0
EOIB 2.0 B
MOIB 35 125
DBBD 15.0
MQMN 22.0 28 cycles

o
o
|

a|Csp values are shown for telomerase inhibition by six chemical
compounds (names and structures Figure 1). Inhibition of telomerase
activity was measured using a partially purified rat telomerase as in
Materials and Methods. Concentrations showing 50% inhibition of the
telomerase activity (16;) were obtained by scanning the ladders of
product DNA in the presence of various concentrations of inhibitors.
None of these chemical compounds inhibited the PCR reaction when
assessed by ITAS bands (data no shown).

PCR products (%)

known inhibitor of reverse transcriptase and human telom-
erase 16). The IG, for ddGTP, estimated to be 68/ with

our assay system, was similar to a previously reported value
(4 uM) obtained with human telomerasgg).

Having validated the assay system, we further analyzed
the effect of the inhibitors using partially purified rat
telomerase because purification is much easier for the rat
enzyme than for the human enzyme. Reaction products
obtained with the rat ascites hepatoma telomerase were
exactly the same to those with human telomerase, indicating
that the rat enzyme was processive like the human enzyme
(Figure 3). Table 1 summarizes thesjGralues. Among
candidate inhibitors, TMPI (Figure 1A) inhibited telomerase
most strongly, with an 1€ of 1.0 uM. Concentrations of
TMPI exceeding 2QuM completely inhibited telomerase
activity (Figure 5). Three other compounds, TFPI (Figure
1B), EOIB (Figure 1C), and MOIB (Figure 1D), also strongly
inhibited telomerase, showing with the sfgof 2—3 uM.
Notably, the first four compounds include an isothiazolone
structure conjugated to modifications of benzene (Figure 1).
The other inhibitors, DBBD (Figure 1E) and MQMN (Figure strongest inhibition (Table 1). Inhibition was measured as a
1F), were unrelated to the first four and had only moderate function of concentration of TS (forward) primer, or of the

O I i I I I I
0 1 2 3 4 5

Telomerase-mediated

6

extension product (ulL)

Ficure 2: Linearity of the telomerase reaction. A, linearity of the
overall reaction. Telomerase activity was measured with various
amounts of partially purified rat telomerase as indicated. Number
of polymerase chain reaction (PCR) cycles was 27, 28, or 29 as
indicated. Amounts of PCR products, determined with a radio
labeling image analyzing system, are represented in arbitrary units.
B, linearity of the PCR reaction. Various amounts of the products
of the reaction catalyzed by telomerase (extension of TS primer
by reverse transcription) were then subjected to PCR for 28 cycles.
Results were shown to be reproducible in three separate experi-
ments.

effects with 1Ggs of 15—22 uM, respectively.
Mode of Inhibition by TMPI.We studied the mode of
inhibition by TMPI, the isothiazolone derivative showing the

dNTPs. LineweaverBurk plots of these data showed
inhibition by TMPI to be noncompetitive with the TS primer
(Figures 3A and 3B) and of mixed type with the dNTPs
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Ficure 3: Kinetic analysis. A, gel electrophoresis pattern of telomerase inhibition by TMPI. Inhibition of telomerase activity was measured
using partially purified rat telomerase as described in Materials and Methods. Various concentrations of TMPI were added before extension
of TS (forward) primer by telomerase. The concentration of TS primer also was varied as indicated. B, noncompetitive inhibition with TS
primer. Telomerase activity was measured by image analysis of radioactive bands on gel shown in panel A. Reactions were carried out with
the indicated concentrations of TS (forward) primer in the absenyer presence of TMPI at concentrations of 1<9)(and 5.0uM (O).

A Lineweaver-Burk plot was then constructed. C, mixed type inhibition with dNTPs. Telomerase activity was assayed with indicated
concentrations of three dNTPs (dATP, dTTP, and dGTP), in the absElaa presence of TMPI at the concentrations of X and 5.0

uM (O). A Lineweaver-Burk plot was constructed. D, Dixon plots. Telomerase was assayed with indicated concentrations of TS (forward)
primer in the absenceéd) or presence of TMPI at 0.4, 1.0 ©), and 5.0uM (2). TheK; was estimated as 2/M.
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Ficure 4; Effects of thiol reagents. A, reversal of TMPI inhibition by thiol reagents. Assay of telomerase was carried out in the presence
or absence of 1 mM of DTT or glutathione (GSH), and q@fM TMPI, as indicated at the top of each lane (lanes2 Control represents

the reaction without these additions (lanes8). Other conditions were as described in Materials and Methods. B, inhibition of telomerase
by N-methylmaleimide (NEM). Assay was carried out in the presence of NEM (0.1, 1.0, and 2.0 mM; ta6ps ®ith (lanes 5-7) or

without DTT (lanes t4), as indicated at the top of each lane. C, effects of glutathione and DTT on telomerase activity. Glutathione (GSH;
lanes 2-5) and DTT (lanes 69) at concentrations of 0.1, 0.5, 1.0, and 2.0 mM were added to the assay system as indicated at the top of
each lane. Control (lanes 1 and 10) represent the assays without thiol reagents.

(Figure 3C). TheK, value for telomerase was 180 nM for
the TS primer and 1.4M for the dNTPs considered together.
Km values for individual dNTPs were difficult to obtain given
limitations of the assay procedure. TKevalue for telom-
erase inhibition by TMPI was estimated as 28 from a
Dixon plot (Figure 3D). It was noted that the inhibition by

TMPI or other inhibitors reduced the overall rate of reaction
of telomerase, not affecting the relative length of product
DNA (Figure 3A and data not shown).

Effects of Thiol Reagents on the Inhibitory Aty of
TMPI. As shown in Figure 4A, addition of thiol reagents, 1
mM of DTT or glutathione, completely quenched telomerase
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Ficure 5: Effects of TMPI on activities of DNA polymerases and 8 and on that of HIV reverse transcriptase. Activities of DNA
polymerasex with (W) or without DTT (), those of HIV reverse transcriptase witk)(or without DTT (a), and that of DNA polymerases

B (O) were assayed as described in Materials and Methods. TMPI was added to the reaction mixtures at concentrations of 0, 20, 40, and
80 uM. For comparison, inhibition of partially purified rat telomeras® py TMPI (0, 0.1, 1.0, 2.0, 5.0, 10, and 2®1) without DTT also

is shown.

inhibition by 5uM TMPI. A sulfhydryl-blocking reagent,  telomerase. The anti-human immunodeficiency virus (HIV)
N-ethylmaleimide (NEM), inhibited the telomerase reaction drug, 3-azidothymidine (AZT) inhibits telomerase when in
and this effect was reversed by DTT (Figure 4B). These its triphosphate form (AZT-TP), but AZT-TP also inhibits
results indicate TMPI inhibits telomerase by interacting with cellular DNA polymerases20). While telomerase activity
cysteine in the active center. However, telomerase exertedin cultured cancer cells is dramatically suppressed by a
its activity without thiol reagent and the addition of DTT or number of differentiation inducerg), the enzyme itself is
glutathione (0.£2 mM) to the reaction mixture stimulated not directly inhibited by these agents. Therefore, the specific-
only slightly (approximately 2-fold; Figure 4C). ity of inhibition by these drugs may be relatively low or
Effects of Telomerase Inhibitors on DNA Polymerases  variable. A peptide nucleic acid (PNARZ, 23) with a
f, and HIV RT Although TPMI strongly inhibited telomerase sequence complementary to the telomerase RNA or a
activity, it did not affect the activities of DNA polymerase hammer-head ribozyme targeted for telomerase RRA) (
o or 5, or that of HIV RT (Figure 5) under the assay may offer more specific inhibiton, but presently efficiency
conditions described in Materials and Methods. Under the of transduction efficiency of these oligonucleotides or their
same reaction conditions, ddGTP strongly inhibited the HIV cDNAs into cell is poor.
RT with an 1G of 0.04uM (17). Seeking more practical inhibitors, we screened a chemical
Since the inhibition of telomerase by TMPI was com- |ibrary for inhibition of mammalian telomerase using a
pletely quenched by 1 mM DTT, inhibition of other DNA  TRAP—SPA assay 9), identifying six inhibitors among
polymerases was examined both in the presence and absencgs 000 synthetic chemical compounds. Four of these inhibi-
of DTT (Figure 5). No obvious inhibition of these enzymes  tors contained an isothiazolone moiety conjugated to a
was observed under these two conditions, indicating that derivative of benzene. One of these, a compound designated
resistances to TMPI and other isothiazolone derivatives of TMPI (Figure 1A), showed the strongest inhibition &C
these enzymes were not due to the presence of the thiol1.0 uM; estimatedK;, 2.51M), which was noncompetitive
reagent in the reaction mixture. with primer DNA and of mixed type with the substrate
dNTPs. Inhibition by TMPI appeared selective for telom-
DISCUSSION erase, given its minimal effect on mammmalian DNA
As telomerase could be a novel and highly selective target polymerasesx and 8 and HIV reverse transcriptase.
for antitumor drug design, a number of reports have Isothiazolone derivatives previously have been reported
examined substances believed to inhibit telomerase. Sinceto have effects as antimicrobial agents or metabolic inhibitors.
telomerase belongs to the reverse transcriptase (RT) family,For examples, benzisothiazol-3-one (BIT) has shown lethal
inhibitors of retroviral RT have been tested. Among these, activity againstEscherichia coliand Shizosaccaharomyces
the 2,3-dideoxynucleosides undergo phosphorylation to pombe presumably by interference with initiation of DNA
triphosphate forms @NTPS) that strongly inhibit RT and  replication 5). Growth-inhibitory activity of BIT is rapidly
also inhibit telomerase from various sourceks,(18). guenched by addition of thiol-containing compounds such
However, phosphorylation of'3'-dideoxynucleosides in  as cysteine. Isothiazolone derivatives have been shown to
cells is inefficient and unfortunatelysTPs inhibit cellular interact oxidatively with thiols to form disulfides26).
DNA polymerase$3 andy (19) much more strongly than  Further, N-phenyl heteroaryl-fused isothiazolones inhibit



Isothiazolone Derivatives Inhibit Telomerase

cartilage proteoglycan breakdown in arthritd7( 28) by

blockcade of a matrix metalloproteinases activation pathway

at the IL-13 receptor 27). Other isothiazolones block the
IL-5 receptor by covalently binding at a cysteine resid2@®).(
Notably in this context, telomerase inhibition by TMPI was

quenched by thiol reagents, DTT and glutathione, as that by

NEM (Figure 4). We believe that the isothiazolone moiety
of TMPI may interact with the sulfhydryl group of one or

more cysteine residues at or near the active site of the target 12.

molecule, even though activities of both DNA polymerase
o and HIV RT, which are little affected by TMPI, are
strongly inhibited by conventional sulfhydryl-blocking re-
agents 19). The halogenated phenyl group of TMPI may
facilitate access of the isothiazolone moiety to a cysteine
residue in the active center of telomerase. Similarly, isothi-
azolone derivatives may be found to exert a variety of
biologic activities that reflect their specific conjugates, e.g.
modified phenyl or benzyl groups.
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