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1 Thymidylate synthase (TS), the key enzyme in de novo synthesis of thymidine, is an important
target for antitumour chemotherapy. It was hypothesized that antisense oligonucleotide down-
regulation of TS mRNA would decrease TS levels and enhance the cytotoxicity of inhibitors of TS,
including the pyrimidine analogues 5-¯uorouracil (5-FU) and 5-¯uorodeoxyuridine (5-FUdR), and
the folate analogue Tomudex (ICI D1694; N-(5-[N-(3,4-dihydro-2-methyl-4-oxoquinazolin-6-
ylmethyl)-N-methylamino]-2-theonyl-L-glutamic acid).

2 2'-Methoxyethoxylated, phosphorothioated 20-mer oligodeoxynucleotides (ODNs), complemen-
tary to various sequences in TS mRNA, were synthesized, along with control oligomers consisting of
the same, respective bases in randomized order, against which all the biological e�ects were
compared. Following a 6-h transfection of HeLa cells using polycationic liposome at 3 mg ml71,
ODN 83 (50 nM), complementary to a region in the 3'-untranslated region of the TS mRNA,
decreased TS mRNA levels by approximately 70% within 24 h. ODN 83 also decreased TS enzyme
activity, as measured by binding of TS to radiolabelled 5-¯uorodeoxyuridine monophosphate. In
addition to inhibiting proliferation by up to approximately 40%, ODN 83 enhanced the cytotoxicity
of Tomudex or 5-FU, added 1 day following transfection, by 50 ± 60%. ODN 83 also enhanced
sensitivity to 5-FUdR by 70%, but did not a�ect the toxicity of cisplatin, chlorambucil, melphalan,
doxorubicin, ionizing radiation, paclitaxel, or irinotecan.

3 These data indicate that antisense ODN down-regulation of TS can inhibit human tumour cell
proliferation and enhance the e�cacy of TS-targeted drugs.
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MEM, Dulbecco's modi®ed Eagle's medium; GAPDH, glyceraldehyde-3-phosphate-dehydrogenase; IC50 and
IC90 values, concentrations of drug that inhibited proliferation by 50 and 90%, respectively; LFA,
Lipofectamine1; Me-FH4, 5, 10-methylene-tetrahydrofolate; ODN, oligodeoxynucleotide; PBS, phosphate-
bu�ered saline (0.15 M NaCl+0.67 mM KH2PO4, pH 7.4); RT ±PCR, reverse transcriptase ± polymerase chain
reaction; Tomudex, N-(5-[N-(3,4-dihydro-2-methyl-4-oxoquinazolin-6-ylmethyl-N-methylamino]-2-thenoyl)-L-
glutamic acid, ICI D1694; TSS, translational start site; TS, thymidylate synthase (5,10-methylenetetrahy-
drofolate:dUMP C-methyltransferase; EC 2.1.1.45); UTR, untranslated region

Introduction

Thymidylate synthase (5,10-methylenetetrahydrofolate:dUMP
C-methyltransferase; EC 2.1.1.45) (TS) is a highly conserved
homodimer of 35 kDa subunits which catalyzes the synthesis
of thymidylate from deoxyuridylate and 5,10-methylenetetra-

hydrofolate (Me-FH4) (Chu & Allegra, 1996a; Danenberg,
1977). The activity and expression of TS are tightly controlled
throughout the cell cycle, particularly at the translational level

(Johnson, 1994). The TS protein itself binds to the TS mRNA
both at the translational start site (TSS) and in the coding
region, inhibiting translational processing of the message (Chu

et al., 1991; 1993b). TS can also bind to the mRNA of at least
nine other important gene products, including those of p53
(Chu et al., 1996b) and c-myc (Chu et al., 1994). Therefore,
manipulating the level of the TS protein could induce a cascade

of consequential e�ects on cell growth.

Because of its importance in DNA precursor synthesis and
repair, TS has proved to be an important target for anticancer
chemotherapy. Direct inhibitors of TS include the nucleoside
analogue 5-¯uorodeoxyuridine monophosphate (5-FdUMP) [a

derivative of 5-¯uorouracil (5-FU) and 5-¯uorodeoxyuridine
(5-FUdR) produced within mammalian cells], and folate
analogues such as N-(5-[N-(3,4-dihydro-2-methyl-4-oxoquina-

zolin-6-ylmethyl-N-methylamino]-2-thenoyl)-L-glutamic acid,
(Tomudex, ICI D1694) (Jackman et al., 1991). In drug-selected
cell lines, a common mechanism of resistance to both these

classes of drugs is increased cellular expression of TS (Zhang et
al., 1992). However, in drug-sensitive cells, induction of
increased TS expression is also a potential impediment to
antitumor activity. 5-FdUMP, as well as Me-FH4, relieve the

repression of TS mRNA translation by the TS protein (Chu &
Allegra, 1996a; Chu et al., 1991), resulting in a transient
increase in TS protein levels, a phenomenon observed in vitro

(Chu et al., 1990; 1991; 1993a; Keyomarsi et al., 1993; Van der
Wilt et al., 1992), in animals (Van der Wilt et al., 1992), and in
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patients (Peters et al., 1994; Swain et al., 1989). This induction
of TS synthesis [upwards of 3 ± 5 fold (Chu et al., 1990; 1993a;
Van der Wilt et al., 1992)] would serve to at least partially

circumvent the cytotoxic e�ect of the drug (Berne et al., 1986).
In view of the importance of regulation of mRNA in TS
production, a protocol was designed to reduce the cellular
levels of TS mRNA through the use of speci®c antisense

oligodeoxynucleotides (ODNs). By choosing TS mRNA as a
target to reduce the synthesis of TS protein, it is potentially
possible to: (a) inhibit cellular proliferation, a process

dependent on thymidylate availability; (b) enhance the
cytotoxicity of TS inhibitors by decreasing the amount of
protein target against which they act; and (c) inhibit TS

mRNA translation and suppress the overexpression of TS in
drug-resistant cells.

A 422-base TS-antisense expression vector was shown to

down-regulate TS enzyme by inhibiting translation, thus
enhancing toxicity of 5-FUdR (Ju et al., 1998). However, 18-
base phosphodiester ODNs antisense to various parts of the
TS mRNA only transiently down-regulated TS, and after 24 h

led to a 2 fold increase in TS with a resultant resistance to 5-
FUdR (Ju et al., 1998). However, preliminary results from this
laboratory using stable phosphorothioester ODNs suggested

that down-regulation of TS was possible. The transfection
e�ciency of ODNs would also be expected to be much higher
than that of an expression vector, enabling sensitization of

many more (if not all) cells.
The use of antisense ODNs has proven to be a speci®c

method to down-regulate a number of desired targets (Bennett,

1998; Citro et al., 1998; Dean et al., 1994a; 1996). Antisense
ODNs are most commonly directed against short, speci®c
mRNA sequences, resulting in a variety of biochemical
consequences. When antisense ODNs associate with mRNA

the complex becomes a substrate for RNase H, resulting in
cleavage of the mRNA (Bennett, 1998; Binder et al., 1994;
Stein et al., 1988). In addition, ODNs associated with the

mRNA TSS prevent the normal processing of mRNA by
ribosomes, at least in vitro (Bennett, 1998). However, the 3',
untranslated region (UTR) of mRNA is often a superior target

for down-regulation compared with the 5'-region and/or the
TSS (Stein & Cheng, 1993). Phosphorothioated ODNs are
more stable than their phosphodiester counterparts, and are
degraded less rapidly by S1 and P1 nucleases (Dean et al.,

1996; Shaw et al., 1991; Stein & Cheng, 1993; Stein et al.,
1988). Because antisense ODNs can be made highly speci®c to
a target of choice, they provide a promising approach to

modulation of many cellular targets and biochemical
processes. We report here that a 20-base ODN (ODN 83),
complementary to a sequence in the TS mRNA 3' UTR,

transiently down-regulated the level of TS mRNA and protein
in HeLa cells, inhibited cell proliferation, and enhanced the
cytotoxicity of TS-directed chemotherapy drugs.

Materials and methods

Oligonucleotides

Fully phosphorothioated 20-base oligonucleotides were

synthesized by ISIS Pharmaceuticals (Carlsbad, CA, U.S.A.),
as described (Dean et al., 1996). The six nucleotides on either
end of the oligomer were methoxyethoxylated in the 2'-
position, enhancing hybridization as well as resistance to
exonucleation (Dean et al., 1994a,b). The middle eight
nucleotides were not methoxyethoxylated to allow RNase H
endonucleation and degradation of mRNA hybridized to the

oligomer (Dean et al., 1994b). ODN 83 is complementary to
TS mRNA, starting from a position 136 bases downstream of
the translational stop site (5'-GCCAGTGGCAACATCCT-

TAA-3'). ODN 32 is a randomized sequence of ODN 83 (5'-
ATGCGCCAACGGTTCCTAAA-3'), with the same base
constituents in random order. A search of available mRNA
sequences using the NCBI BLAST search tool revealed that

ODN 83 had sequences of ten or more complementary bases to
only human TS mRNA, while ODN 32 had sequences of ten or
more complementary bases to no known mRNAs.

Radioisotopes

[6-3H]5-dUMP (speci®c activity 18.6 Ci mmol71) was pur-
chased from Moravek Biochemicals (Brea, CA, U.S.A.). This
isotope was 99.98% pure upon initial production, with a

degradation rate of 0.5 ± 1% per month at 7208C, and was
used within 3 months of manufacture. [a32P]-dCTP (speci®c
activity 3000 Ci mmol71) was purchased from Amersham
Pharmacia Biotech (Oakville, Ontario, Canada).

Chemotherapy reagents

Tomudex was generously provided by Zeneca Pharmaceuti-
cals, Inc. (Maccles®eld, Cheshire, U.K.). Doxorubicin was a
gift from Adria Laboratories (Mississauga, Canada). 5-FUdR

was purchased from Sigma Chemical Co. (St. Louis, MO,
U.S.A.). 5-FU and irinotecan (CPT-11) (Pharmacia & Upjohn,
Inc.), chlorambucil and melphalan (Glaxo Wellcome, Inc.),

and cisplatin and paclitaxel (Bristol-Myers Squibb Co.) were
purchased from the London Regional Cancer Centre
pharmacy.

Other supplies

Cell culture chemicals and nutrients were obtained from

Canadian Life Technologies (GIBCO/BRL) (Burlington, ON,
Canada). All other chemicals were obtained from commercial
sources. Plasticware was purchased from VWR Canlab

(Mississauga, ON, Canada) and Fisher Scienti®c (Uniondale,
ON, Canada).

Cell culture

Cell lines Human cervical carcinoma HeLa cells were main-
tained in Dulbecco's modi®ed Eagle's medium (D-MEM) plus

10% foetal bovine serum and penicillin (50 units ml71)/strep-
tomycin (50 mg ml71) (growth medium). Cultures were in-
cubated in a humidi®ed atmosphere of 5% CO2 at 378C.
Rapidly proliferating cells were utilized for establishing cul-
tures of experimental cells, which were allowed to plate over-
night prior to manipulation.

Transfection of ODNs Transfection was performed using
Lipofectamine1 (LFA) (GIBCO/BRL), a polycationic lipo-
some formulation. Cells to be used for proliferation

experiments were plated at a starting cell number of between
0.6 and 16105 cells per 25-cm2 tissue culture ¯ask, and LFA
was used at 3 mg ml71. For cells in 75-cm2 ¯asks, to be

harvested and extracted for assay of mRNA or TS content, the
starting cell number was approximately 8 ± 106105, and the
LFA concentration was 4 mg ml71. Prior to transfection,

adherent HeLa cells were washed once with phosphate-
bu�ered saline (0.15 M NaCl+ 0.67 mM KH2PO4, pH 7.4)
(PBS) and then treated with antisense or scrambled control
ODN (50 nM) in the appropriate concentration of LFA in
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serum-free D-MEM, at 378C for 6.0 h. The cells were then
washed once with PBS and cultured in the presence of growth

medium. They were harvested for RNA isolation, TS protein
binding assay, and cell number measurement (by numeration
with a particle counter [Coulter Electronics, Hialeah, FL,

U.S.A.]) at 1 ± 6 days following ODN transfection. Prolifera-
tion was assessed as the increase in cell number at various
times, as a percentage of the increase in cells treated with LFA
in the absence of ODNs.

Cytotoxicity assays Cells treated with both ODNs and
cytotoxic agents were ®rst exposed to anti-TS ODN or control

ODN, and then to cytotoxic agent 24 h later. Drug exposure
was initiated by addition of 0.2-volume of growth medium
containing the agent at six times the ®nal concentration. At the

time of addition of drug or treatment with ionizing radiation,
and after 4 days of incubation, cell numbers were determined
in three separate ¯asks by enumerating with a particle counter

or, alternatively, by lysing cells in 0.1% sodium dodecyl
sulphate and measuring absorbance at 260 nm by ultraviolet
spectrophotometry: absorbance was proportional to, and an
indicator of, cell number. The proliferation of drug-treated

cells (fold-increase in cell number) was calculated in two ways:
(1) as a percentage of that of the control cells treated with LFA
plus ODN only, to observe the e�ect of ODN on drug

sensitivity isolated from the e�ect of ODN plus LFA alone on
proliferation (Figure 5), and (2) as a percentage of that of
control cells untreated with ODN, LFA, or cytotoxic drug, to

observe the combined e�ect of ODN as a single agent on cell
proliferation plus its e�ect on sensitivity to cytotoxic drugs.
IC50 and IC90 values (concentrations of drug that inhibited

proliferation by 50 and 90%, respectively) were determined by
interpolation of plotted data.

Ionizing radiation treatment HeLa cells, in sealed tissue

culture ¯asks containing growth medium under normal
atmospheric oxygen, were treated with g radiation using a
60Co source (Theratron Eldorado 6) at a dose rate of

160 cGy min71. Exposure times were from 0 to 10 min.
Control cells were left in the exposure chamber for 10 min
with the radiation source sealed o�. Flasks were returned to

CO2 incubators immediately following radiation.

Figure 2 Antisense TS ODN 83 suppresses HeLa cell growth after
transfection, followed by recovery to control proliferation rate after
48 h. HeLa cells were transfected with 50 nM antisense TS ODN 83
or 50 nM scrambled control ODN 32 as described in the legend to
Figure 1C. Values derived from cells transfected with ODN 32 were
normalized to 100%. Each bar indicates the di�erence from that
value induced by treatment with ODN 83 (mean+s.d. of four
independent experiments). Asterisks (*) indicate data signi®cantly
di�erent from cells treated with scrambled control ODN 32 (P40.02,
Student t-test).

Figure 1 Antisense TS ODN 83 inhibits HeLa cell proliferation. (A)
Cells were transfected with 0, 25, 50 or 100 nM antisense TS ODN 83
or scrambled control ODN 32 in the presence of 2 mg ml71 LFA,
and counted 4 days later as described in Materials and methods. The
mean number of cells in three independent growth chambers+s.e. is
plotted. Where error bars are not apparent, they are smaller than the
symbol. Asterisks (*) indicate data signi®cantly di�erent from that
obtained from cells treated with LFA alone, or scrambled control
ODN 32 plus LFA (P40.02, Student t-test). (B) Cells were
transfected as for A, except that 4 mg ml71 LFA transfection reagent
was used. (C) Cells were transfected with 50 nM antisense TS ODN
83 or 50 nM scrambled control ODN 32 in the presence of 3 mg ml71

LFA. They were counted 1,2,5 and 6 days later. Control cells were
plated without exposure to LFA or DNA. As in A and B, data
points indicate the mean cell number in three independent growth
chambers+s.e. Error bars are smaller than the symbols in every case.
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Reverse transcriptase ± polymerase chain reaction
(RT ±PCR) to measure TS mRNA

Measurement of TS and glyceraldehyde-3-phosphate-dehy-
drogenase (GAPDH) mRNA in the same ODN-transfected
cell populations at 1 ± 4 days post-transfection required a
method that would allow accurate quantitation of mRNAs

isolated from the small numbers of cells available 1 ± 2 days
after transfection. Therefore, RNA was isolated from
transfected cells using Trizol1 (GIBCO/BRL). Complemen-

tary DNA was synthesized from 1 mg of total RNA using
200 U of Moloney Murine Leukaemia Virus reverse tran-
scriptase (GIBCO/BRL) (in mM): Tris-HCl (pH 8.3) 50, KCl

75, MgCl2 3, mixed dNTP 1, 100 pmol random primers and
10 mM dithiothreitol at 378C for 1 h. The enzyme was
inactivated at 958C for 5 min. The resulting cDNAs (in a

volume of 2.5 ml) were ampli®ed by PCR using 1.25 U of Taq
DNA polymerase in 50 ml of (mM) Tris-HCl (pH 8.4) 20, KCl
50, MgCl2 2, mixed dNTP 0.2, and 50 pmol of primers speci®c
for TS and GAPDH cDNAs. TS and GAPDH cDNAs were

ampli®ed together in the same reaction tube so that the level of
housekeeping GAPDH cDNA could be used to determine the
relative level of TS mRNA. Twenty-four to 27 cycles of PCR

ampli®cation (948C, 45 s; 558C, 30 s; 728C, 90 s) produced
fragments of 208 bp and 752 bp using primer sets for TS
(forward 5'-CACACTTTGGGAGATGCACA-3'; reverse 5'-
CTTTGAAAGCACCCTAAACAGCCAT-3') and GAPDH
(forward 5'-TATTGGGCGCCTGGTCACCA-3'; reverse 5'-
CCACCTTCTTGATGTCATCA-3'), respectively. PCR pro-

ducts were separated on a 1.2% agarose gel, and transferred to
Hybond nylon membrane (Amersham Pharmacia Biotech) by
Southern blotting (Sambrook et al., 1989). Blots were
hybridized (Church & Gilbert, 1984) to [a-32P]-dCTP random

primer-labelled probe: pcHTS-1 [a generous gift from Dr K.
Takeishi, University of Shizuoka, Shizuoka, Japan (Takeishi
et al., 1985)]; or a cDNA insert recognizing GAPDH

(Denhardt, 1992). Hybridization signals were quantitated
using a PhosphorImager and ImageQuant (Molecular
Dynamics, Sunnyvale, CA, U.S.A.).

TS binding assay

Cellular content of TS was assayed by binding of [6-3H]-5-

FdUMP, as described previously (Spears & Gustavsson,
1988). This method labelled total TS unless the cells were
pretreated with 5-FU or 5-FUdR (Chu et al., 1990), and

correlated well with an in situ activity assay (Ju et al., 1998).

The assay was performed using cells that were treated with
antisense ODN 83 or the scrambled control ODN 32.
Brie¯y, cells were harvested by scraping into PBS and

resuspending the subsequent pellet in 100 mM KH2PO4

(pH 7.4). Cells were disrupted by freezing and thawing,
followed by sonication. The total protein concentration was
determined using Coomassie staining (BioRad reagent)

(Bradford, 1976) in order to express results as pmol 5-
FdUMP bound per mg total protein. FdUMP binding was
assessed in lysates from cells transfected with ODN 83 or

ODN 32, extracted at the times indicated post-transfection.
Extracts from three sets of transfections were assayed a total
of ®ve times, and pairs (e.g., ODN 83 versus ODN 32 on

day 1) were always assessed together under the same
reaction conditions. On each occasion, the incubation vessel
contained 50 mg of total protein, 75 mM Me-FH4, 100 mM

mercaptoethanol, 50 mM KH2PO4 (pH 7.4), and 15 nM
[6-3H]-5-FdUMP in a ®nal volume of 200 ml. After 30 min
at 378C, the incubation was stopped by addition of 5
volumes of albumin-coated, acidi®ed charcoal. After 10 min

(room temperature), this slurry was centrifuged (30006g,

Figure 4 TS protein levels (inferred by measurements of 5-FdUMP
binding) are diminished by antisense TS ODN 83 but not scrambled
control ODN 32. 5-FdUMP binding was measured in cells
transfected with ODN 83 (hatched bars) or ODN 32 (open bars) at
di�erent times following transfection. (A) Results are plotted as a per
cent of 5-FdUMP binding in cells transfected with control ODN
32+s.e. (n=5). The values for ODN 32 (n=5) were normalized to
100% and are shown without error bars. (B) Results are plotted as
pmol 5-FdUMP bound per mg total protein (61073) to reveal that
transfection with control ODN 32 had no signi®cant e�ect on TS
protein levels. Error bars indicate s.e.mean calculated according to a
Student t-test, and indicate error due to di�erences in experimental
conditions in four measurements taken on di�erent days, as well as
di�erences due to transfection with di�erent ODNs. The asterisks
indicate signi®cant di�erences (P40.02) according to a paired
Student t-test, which controls for di�erences in experimental
conditions.

Figure 3 Treatment of HeLa cells with ODN 83 leads to decreased
TS mRNA levels. HeLa cells were transfected with ODN 83 or
scrambled control ODN 32, or treated with LFA alone (LF) as
described in Material and methods. Cells were harvested at 1, 2, and
4 days post-transfection and total cellular RNA isolated, reverse-
transcribed, and TS and GAPDH cDNA ampli®ed by 24 PCR cycles,
in the same reaction vessel. TS (208 b.p.) and GAPDH (752 b.p.)
RT±PCR products were con®rmed by Southern blotting and
hybridization to speci®c radioactively-labelled probes.
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30 min, 228C), and the supernatant re-centrifuged to
completely remove particulate matter. Two aliquots of
300 ml each were removed from the ®nal, clari®ed super-

natant for scintillation counting.

Statistical analysis

Data for cell proliferation after treatment with ODNs alone, or

in combination with cytotoxic drugs, are presented as the

Figure 5 Antisense TS ODN 83 sensitizes HeLa cells to the toxic e�ects of 5-FU, 5-FUdR, and Tomudex, but not cisplatin or
chlorambucil. HeLa cells were transfected with ODN 83 or control ODN 32, and then continuously exposed to various
concentrations of 5-FU (A), 5-FUdR (B), Tomudex (C), cisplatin (D) or chlorambucil (E) for 4 days, beginning 24 h after
transfection, as described in Materials and methods. Data points indicate the number of cells (mean+s.e. of four independent
cultures) at the 4 day time point, as a percentage of the number of cells in cultures treated with ODN 83 or 32 (as appropriate) but
unexposed to drug. Where error bars are not apparent, they are obscured by the symbol. Asterisks (*) indicate signi®cant di�erences
(P40.02, Student t-test).
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mean+standard error or standard deviation as determined by
Student t-test. For determinations of FdUMP binding,
di�erences between paired samples from cells transfected with

di�erent ODNs were assessed using a paired t-test. This
controlled for di�erences in experimental conditions on each of
the ®ve occasions that FdUMP binding was assessed. In all
cases, signi®cance was chosen a priori to be indicated by

di�erences at a con®dence level of P40.02.

Results

Growth inhibition by ODN 83

The primary objective of the study was to determine whether
an antisense ODN targeted against TS could alter human

tumour cell proliferation and/or enhance the cytotoxicity of
TS-directed drugs. As a necessary preliminary investigation,
various combinations of di�ering cell density, LFA concentra-
tion, and ODN concentration were evaluated to determine

optimal conditions. The selected conditions induced minimal
non-speci®c toxicity due to the transfection conditions alone
(LFA plus scrambled control antisense ODN 32, 50 nM).

These transfection conditions allowed us to observe the e�ect
of ODN 83 alone, or ODN 83 plus cytotoxic drug, on cell
proliferation. The optimal conditions to measure ODN-

induced alterations in HeLa cell proliferation were 50 nM
ODN in 3 mg ml71 LFA, at a starting cell density of between
0.6 and 16105 cells per 25-cm2 ¯ask. Under these conditions,

transient transfection of a b-galactosidase expression vector
revealed that greater than 50% of cells successfully took up
vector and synthesized active b-galactosidase enzyme. Because
the modi®ed, single-stranded ODNs used in this study enter

cells more e�ectively than large, double-stranded DNA vectors
(Dean et al., 1996), this is likely a low estimate of transfection
e�ciency of ODNs 83 and 32.

HeLa cells treated with antisense TS ODN 83 grew
signi®cantly more slowly than cells transfected with scrambled
control ODN 32. Compared to cells treated with LFA alone,

scrambled control ODN 32 had no signi®cant e�ect on cell
growth at concentrations as high as 100 nM, at two di�erent
LFA concentrations (Figure 1A and B). In contrast, antisense
TS ODN 83 reduced proliferation by a maximum of 20% at

2 mg ml71 LFA (Figure 1A), and nearly 100% at 4 mg ml71

LFA (Figure 1B). Because 4 mg ml71 LFA alone a�ected cell
viability non-speci®cally (data not shown), we assessed the

e�ect of 50 nM ODN 83 or 32 plus 3 mg ml71 LFA on cell
proliferation. Compared to untreated cells, control ODN 32
plus LFA had no e�ect, while antisense TS ODN 83 decreased

proliferation by approximately 50% at 5 days post transfection
(Figure 1C, representative data from one of 16 experiments).
Growth inhibition was most evident in the ®rst 48 h following

ODN 83 transfection, with growth rate returning to the same
level seen in cells transfected with control ODN 32 in the 48 ±
144 h period following transfection (Figure 2). This early
inhibition translated to a signi®cant di�erence in cell number

at the end of 5 or 6 days. There was no evidence of enhanced
cell death (decreased cell number) in the ODN 83-treated cells
compared with cells treated with control ODN 32.

E�ect of ODN 83 on TS mRNA and protein

To determine whether inhibition of proliferation was due to a
direct e�ect of the antisense oligomer on its intended target, TS
mRNA levels (relative to GAPDH mRNA) were measured by
RT±PCR at various times following HeLa cell transfection

with ODNs 83 or 32. A representative blot of PCR products
from one independent experiment of two performed (Figure 3)
revealed that TS mRNA levels were lower in cells transfected

Figure 6 Overall e�ect of antisense TS ODN 83 on cell proliferation
in the absence or presence of 5-FU, 5-FUdR, and Tomudex. As
described in the legend to Figure 5, HeLa cells were transfected with
ODN 83 or control ODN 32, and then continuously exposed to
various concentrations of 5-FU (A), 5-FUdR (B), or Tomudex (C)
for 4 days, beginning 24 h after transfection. Data points indicate the
number of cells (mean+s.e. of four independent cultures) at the 4
day time point, as a percentage of the number of cells in cultures left
untreated with DNA, LFA or toxic drug. Where error bars are not
apparent, they are obscured by the symbol. Asterisks (*) indicate
signi®cant di�erences (P40.02, Student t-test).
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with ODN 83 than in cells transfected with control ODN 32.
Antisense ODN 83 treatment reduced the TS:GAPDH ratio,
at 24 h, to 30% of that seen in cells transfected with control

ODN 32, rising to 57% at 48 h, and 64% at 96 h following
transfection (as measured by phosphorimage analysis of
Southern-blotted PCR products). The rise in TS mRNA levels
over time was in agreement with the recovery in proliferation

seen over time following transfection with ODN 83 (Figure 2).
Therefore, transfection of HeLa cells with antisense TS ODN
83 decreased TS mRNA levels, relative to GAPDH mRNA, at

1 ± 4 days following ODN transfection.
Antisense down-regulation of TS mRNA was re¯ected in

decreased TS protein levels. As measured by [3H]-5-FdUMP

binding, transfection with ODN 83 reduced TS protein to
approximately 25% of the level seen in control cells within
24 h, followed by a gradual recovery in TS levels up to

approximately 80% of control levels by 4 days post-
transfection (Figure 4). The FdUMP-binding assay was chosen
in preference to another method (tritium release assay) to
assess TS activity, as the latter assay yielded inconsistent

results in cells with known high and low TS activity (results not
shown). The FdUMP-binding assay employed here potentially
measures enzymatically inactive TS, thereby, if anything,

underestimating the e�ect of the ODN.

E�ect of ODN 83 on cytotoxicity of chemotherapy drugs

Tomudex is a potent inhibitor of TS activity and cell
proliferation and is active in the nanomolar range (Keyomarsi

et al., 1993). It is transported into cells by the reduced folate
transporter and polyglutamated, resulting in extended reten-
tion by cells (McGuire et al., 1997). Treatment of HeLa cells
with antisense TS ODN 83 sensitized the cells to the cytotoxic

e�ect of Tomudex, added to cells 24 h post-transfection, as
demonstrated in a representative dose-response assay (Figure
5). The proliferation rates shown re¯ect the e�ect of the drug

alone, since cells treated with ODN 83 or ODN 32 were
assigned a proliferation value of 100% and all data points
showing proliferation in the presence of drug after ODN

treatment are relative to that 100% value. Therefore, the data
presented in Figure 5 and Table 1 indicate ODN enhancement
of drug toxicity, and do not include the growth inhibitory
e�ect of ODN 83 shown in Figures 1 and 2. In summarizing

the results of multiple experiments, ODN 83 treatment
enhanced sensitivity to 5-FU by between 40% (at 8 mM 5-FU)
and 67% (at 1 ± 2 mM 5-FU), and sensitivity to 5-FUdR (the

active metabolite of 5-FU) by between 10% (at 8 nM 5-FUdR)
and 73% (at 4 nM 5-FUdR). In other terms, ODN 83 reduced
the IC50 of 5-FUdR by approximately 70% (Table 1 and data
not shown), and the IC90 by approximately 66%. Cellular

resistance to Tomudex was also reduced by ODN 83, albeit to
a lesser degree. Among six separate experiments, the mean
reduction in the IC50 of Tomudex was 44+7% (s.e.mean). The

enhancement of sensitivity to cytotoxic drugs was separate
from, and additional to, the cytostatic e�ect of ODN 83 alone
(all values in Figure 5 and Table 1 are relative to values

obtained from cells transfected with ODN alone, without
added cytotoxic drug). In contrast, ODN 83 did not sensitize
HeLa cells to the toxic e�ects of cisplatin or chlorambucil,

neither of which is known to target the TS complex (Figure 5).
Further experiments to test the capacity of ODN 83 to

enhance, in HeLa cells, the toxicity of a variety of agents acting
through di�erent mechanisms (Table 1) con®rmed and

extended the data shown in Figure 5. There was no signi®cant
di�erence in the capacity of CPT-11 (a topoisomerase I
inhibitor), doxorubicin (a topoisomerase II inhibitor), mel-

phalan (an alkylating agent), paclitaxel (a tubulin-targeting
agent), or ionizing radiation (a generator of reactive oxygen
and other radical species) to inhibit the growth of HeLa cells

transfected with control ODN 32 or antisense TS ODN 83
(Table 1). In this separate series of experiments, the e�ect of
TS-targeting agents (5-FUdR, Tomudex), but not other drugs,

was enhanced by antisense TS ODN 83, similar to the data
shown in Figure 5.

Data shown in Figures 1 and 2 revealed the capacity of
ODN 83 to exert a cytostatic e�ect in the absence of cytotoxic

drugs, and data in Figure 5 and Table 1 indicate an additional
capacity of ODN 83 to enhance the ability of cytotoxic drugs
to inhibit cell proliferation. To visualize the overall inhibition

of cell proliferation caused by the combination of treatments,
proliferation of cells treated with ODN 83 or 32 followed by
cytotoxic drug treatment was plotted as a percentage of

proliferation of cells not treated with drug or ODN (Figure 6).

Discussion

Natural eukaryotic antisense transcripts have been demon-
strated to modulate the function of speci®c mRNAs through

interactions that inhibit RNA splicing, transport, and
translation, and enhance speci®c mRNA degradation (Knee
& Murphy, 1997). Antisense expression vectors and ODNs

introduced experimentally into cells act in a similar fashion to
speci®cally down-regulate a wide variety of gene products
(Citro et al., 1998; Dean et al., 1994a; 1996; Denhardt, 1992; Li

et al., 1997; Woolf et al., 1992). Although antisense expression
vectors can be very speci®c for the target against which they
are directed, and reduce speci®c protein levels by up to 90%,
the use of this technology in vivo may be limited by the low

transfection rate usually associated with such treatments.
However, speci®c ODNs, 15 ± 21 bases in length, have been
reported to be taken up very e�ciently into tissues in mice

untreated with transfection-enhancing agents (Dean et al.,
1994a; 1996).

An optimal length of 15 ± 21 nucleotides for phosphor-

othioated ODNs has been demonstrated to balance speci®city
of targeting and cellular accumulation (Bennett, 1998). Many
e�ective antisense ODNs target regions at or near the TSS, or
in the 3' UTR, while those targeting the coding region tend to

Table 1

IC50+s.d.a

Treatment
Control
ODN 32

Antisense
TS ODN 83

Signi®cance
(P)b

5-FUdR
Tomudex
Cisplatin
Chlorambucil
Melphalan
Doxorubicin
Ionizing

radiation
Paclitaxel
Irinotecan

(CPT-11)

2.3+0.2 (nM)
6.1+1.1 (nM)
0.53+0.09 (nM)
61.5+1.3 (mM)
4.8+0.2 (mM)
41.4+0.9 (nM)
501+36 (cGy)

2.8+0.2 (nM)
4.0+0.3 (mM)

0.7+0.1 (nM)
2.9+0.2 (nM)
0.51+0.07 (nM)
66.7+3.6 (mM)
4.6+0.1 (mM)
38.7+1.3 (nM)
438+53 (cGy)

2.7+0.2 (nM)
4.4+0.4 (mM)

50.001*
0.008*
0.776
0.077
0.123
0.196
0.164

0.573
0.238

aPopulation size determined by A260 of lysed cells in 0.1%
SDS, 4 days after growth in the presence of drug or after
irradiation (n=3, mean+standard deviation), as a fraction
of proliferation of cells exposed to ODN without drug.
Note: These IC50 values do not include the approximately
50% decrease in proliferation induced by ODN 83 alone.
bDetermined by Student's t-test. The asterisk (*) indicates
P50.05.
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be least e�ective (Dean et al., 1994b). Binding of ODNs to the
TSS is believed to block translation (Bennett, 1998; Dean et al.,
1994b), while hybridization with the 3' UTR may initiate

degradation of the entire mRNA (Binder et al., 1994). We
found that a 20-mer ODN (ODN 83) antisense to the 3' UTR
of TS mRNA speci®cally down-regulated TS expression, and,
when used as a single agent, inhibited HeLa cell proliferation.

A scrambled control ODN (ODN 32) had no e�ect on TS
expression or cell proliferation. In addition, ODN 83 enhanced
cell sensitivity to Tomudex, 5-FU, and 5-FUdR, compared to

cells treated with the control ODN. Sensitivity to drugs that do
not target TS (cisplatin, chlorambucil, melphalan, doxorubi-
cin, ionizing radiation, paclitaxel, CPT-11) was una�ected,

indicating that toxicity enhancement was a speci®c response.
Down-regulation of other speci®c gene products using

antisense ODNs targeted to 3' UTRs of mRNAs has been

reported. A phosphorothioated 20-mer antisense to the 3'
UTR of protein kinase C-a mRNA speci®cally inhibits
expression of that isozyme, both in vitro and in vivo (Dean et
al., 1994a; 1996). In mice, this antisense ODN inhibited

proliferation of human xenografts at doses not toxic to the
animal (Dean et al., 1994a; 1996). With respect to altering drug
sensitivity, an antisense ODN directed against c-myc was

synergistic with cisplatin in treating human melanoma
xenografts in nude mice (Citro et al., 1998).

The most important step in natural regulation of TS

expression is at the mRNA translational level. In synchro-
nized MCF-7 breast tumour cells, the half-life of TS protein
is 5 ± 8 h, ¯uctuating 4 ± 9 fold throughout the cell cycle, even

though TS mRNA levels remain unchanged over the course
of three cell cycles (Keyomarsi et al., 1993). TS regulates
translation of its own mRNA by binding to the 5'-UTR
(Kaneda et al., 1987). Although antisense ODNs targeted to

this mRNA region may block translation (Bennett, 1998;
Dean et al., 1994b), it is also suspected that such ODNs may
bind to TS itself, at the polynucleotide binding site (Ju et al.,

1998). This could relieve the repression of translation, as an
antisense ODN targeted to the TSS of TS mRNA increased
the cellular level of TS protein after 24 h (Ju et al., 1998). A

TSS-targeted antisense nucleic acid can also have other e�ects
on TS expression, including induction of TS gene transcrip-
tion (DeMoor et al., 1998). In light of the potentially
antagonistic responses which accompany the intended

suppression of TS expression by antisense ODNs targeted
to the TSS region, it is more appropriate to target the 3'
region of the mRNA.

Although the e�ect of ODN 83 treatment in enhancing drug
cytotoxicity was assessed relative to the toxicity of the drug in
ODN 32-treated cells, it was formally possible that the

enhancement of cytotoxicity was a result of a pleiotropic,
non-speci®c e�ect of ODN 83. In this scenario, the observed
down-regulation of TS could be due to a non-speci®c

inhibition of cell proliferation that results only secondarily in
down-regulation of TS expression (assuming that TS expres-
sion is diminished in cells with lower proliferation levels).
However, we observed that ODN 83 transfection inhibited

proliferation for the ®rst 48 h following transfection, but
proliferation recovered to control levels thereafter (Figure 2).
In 3-day post-transfected cells the level of TS was still less than

75% of the controls, indicating that TS was down-regulated in
response to ODN 83 even under conditions of high cell
proliferation. In addition, TS : GAPDH mRNA ratios in cells

treated with LFA alone or LFA plus control ODN 32 were
essentially the same, while LFA plus antisense ODN 83
appreciably reduced the TS : GAPDH ratio (Figure 3). These
results collectively indicate that: (a) the initial decrease in cell

proliferation was due to down-regulation of TS (and not vice
versa); and (b) the enhancement of drug cytotoxicity was due
to the decreased level of TS mRNA and TS protein. In light of

the 5 ± 8-h t1/2 of TS protein in MCF-7 cells (Keyomarsi et al.,
1993), a 100% inhibition of new TS synthesis would yield an
88 ± 97% decrease in TS levels 24 h following transfection.
Therefore, the 70% decrease in TS protein caused by ODN 83

indicates an e�ective inhibition of new TS synthesis. The
recovery of proliferation could have been due to deterioration
of the ODN, although the phosphorothioated ODNs are

generally very stable (Dean et al., 1994a; b; 1996; Shaw et al.,
1991; Stein & Cheng, 1993; Stein et al., 1988). The intracellular
ODN concentration may be diluted by the proliferation of the

cells, and there is also the possibility that it slowly di�uses out
of the cells into the ODN-free medium. In animals, potential
problems with time-dependent loss of ODN activity can be

ameliorated by using multiple (2-day) injections.
Since the greatest e�ect of ODN 83 on TS level was in the

®rst 48 h, subsequent drug treatments were conducted within
this time period. The enhanced cytotoxicity of 5-FU, 5-FUdR,

or Tomudex, added 24 h following ODN transfection (Figure
5 and Table 1), is in addition to the anti-proliferative activity
of ODN 83 on its own (Figures 1 and 2). Therefore, the

combination of ODN 83 with a TS-targeted cytotoxic drug has
even greater potential as a chemotherapy regimen (Figure 6),
particularly if ODN 83 can ultimately be directed preferentially

to tumour cells. For example, at a concentration of 5-FUdR
(4 nM) that inhibited proliferation by 40 ± 50% in the presence
of ODN 32, pretreatment with 50 nM ODN 83 decreased

proliferation by a combined total of 95% (Figure 6). Similarly,
proliferation of cells treated with 4 nM Tomudex was 39% of
control in cells pretreated with scrambled ODN 32, but only
20% of control in cells pretreated with antisense TS ODN 83.

These ODN 83-dependent increases in inhibition of cell
proliferation by cytotoxic drugs could provide a basis for
signi®cant improvement of chemotherapy regimens.

Binding of drug to TS relieves the repression of TS mRNA
translation by causing dissociation of TS from the TSS of the
mRNA (Chu & Allegra, 1996a; Chu et al., 1991). Human

mammary epithelial tumour cells treated with Tomudex or
other TS-targeted drugs in vitro exhibit a transient 10 ± 40 fold
increase in TS production, half of it in the ®rst 2 h following
exposure to the drug (Keyomarsi et al., 1993). This drug-

induced increase in TS protein (Chu et al., 1990; 1991; 1993a;
Keyomarsi et al., 1993; Van der Wilt et al., 1992) has been
observed to enhance resistance to 5-FU therapy in mice (Van

der Wilt et al., 1992), and has been reported following
treatment with TS-targeted chemotherapeutics in cancer
patients (Peters et al., 1994; Swain et al., 1989). It is an

important confounding phenomenon to be considered in
designing human treatment protocols (Berne et al., 1986; Chu
& Allegra, 1996a; Chu et al., 1990; 1991; 1993a; Keyomarsi &

Moran, 1988; Peters et al., 1994; Swain et al., 1989; Van der
Wilt et al., 1992). An antisense ODN (such as ODN 83)
targeted to TS mRNA could potentially play an important role
in preventing drug-induced derepression of TS mRNA

translation in vivo.
An issue arising from these data is the lack of e�ect of ODN

83 on the action of S phase-speci®c agents (for example, CPT-

11 and Paclitaxel) which depend upon cellular proliferation
rate for toxic e�ect. It might be predicted that the decreased
proliferation following ODN 83 exposure would enhance

resistance to these agents, at least during the ®rst 48 h
following ODN transfection. We observed a trend toward
increased resistance to CPT-11 (Table 1), and experiments are
under way to investigate this possibility.
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This report demonstrates the ability to use an antisense
ODN to down-regulate a speci®c enzyme resulting in
enhancement of cytotoxicity of a drug directed against that

enzyme. A TS antisense expression vector was shown by Ju et
al. (1998) to down-regulate TS protein and TS activity in KB31
cells, enhancing sensitivity of the cells to 5-FU by 5 fold. In the
present report, we demonstrate that down-regulation of TS

mRNA and subsequently TS protein using an ODN antisense
to a sequence in the 3' UTR can inhibit cell proliferation when

used alone, and can sensitize cells to TS-targeted chemother-
apy drugs. The e�ects of ODN 83 on human tumour growth
and drug sensitivity in vivo in immune-de®cient mice are

currently being investigated.

Financial support for this study was provided by Zeneca Pharma
Inc., Mississauga, Ontario, Canada.
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