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ABSTRACT

Translation of thymidylate synthase (TS) mRNA is
controlled by its own protein end-product TS in a
negative autoregulatory manner. Disruption of this
regulation results in increased synthesis of TS and
may lead to the development of cellular drug resist-
ance to TS-directed anticancer agents. As a strategy
to inhibit TS expression, antisense 2′-O-methyl RNA
oligoribonucleotides (ORNs) were designed to
directly target the 5′ upstream cis-acting regulatory
element (nucleotides 80–109) of TS mRNA. A 30 nt
ORN, HYB0432, inhibited TS expression in human
colon cancer RKO cells in a dose-dependent manner
but had no effect on the expression of β-actin, α-tubulin
or topoisomerase I. TS expression was unaffected by
treatment with control sense or mismatched ORNs.
HYB0504, an 18 nt ORN targeting the same core
sequence, also repressed expression of TS protein.
However, further reduction in oligo size resulted in
loss of antisense activity. Following HYB0432 treat-
ment, TS protein levels were reduced by 60% within
6 h and were maximally reduced by 24 h. Expression
of p53 protein was inversely related to that of TS,
suggesting that p53 expression may be directly
linked to intracellular levels of TS. Northern blot
analysis demonstrated that TS mRNA was unaffected
by HYB0432 treatment. The half-life of TS protein was
unchanged after antisense treatment suggesting that
the mechanism of action of antisense ORNs is mediated
through a process of translational arrest. These find-
ings demonstrate that an antisense ORN targeted at
a critical cis-acting element on TS mRNA can specifi-
cally inhibit expression of TS protein in RKO cells.

INTRODUCTION

Thymidylate synthase (TS) catalyzes the conversion of deoxy-
uridine monophosphate (dUMP) and 5,10-methylenetetra-
hydrofolate (CH2THF) to thymidine monophosphate (dTMP)
and dihydrofolate (FH2) (1). Because this enzymatic reaction
provides for the sole de novo intracellular source of dTMP, TS
is a critical therapeutic target in cancer chemotherapy (2–5).

In addition to its role in enzyme catalysis, there is evidence
that TS also functions as an RNA binding protein (6,7). Studies
from this laboratory have demonstrated that TS binds with
relatively high affinity to two different regions on its own mRNA.
The first site is a putative stem–loop structure corresponding to
nucleotides 80–109 and contains the translational start site (8).
The second binding site is located in the protein-coding region
within a 70 nt sequence between nucleotides 480–550 (9).
Binding of TS to either of these elements results in translational
repression. However, when TS is bound by its physiologic
nucleotide substrate dUMP or the 5-fluorouracil (5-FU)
nucleotide metabolite FdUMP, it is no longer able to bind to its
own mRNA, thereby allowing for synthesis of new TS protein
(7). This interaction between TS and its cognate TS mRNA
represents an efficient mechanism to control the intracellular
levels of TS. Disruption of this normal autoregulatory process
may result in the acute induction of TS and the rapid development
of cellular resistance in response to exposure to inhibitor
compounds of TS such as 5-FU and Tomudex (TDX). In
support of this model, studies in an in vitro and in vivo setting
have observed induction of TS protein with no corresponding
change in TS mRNA levels upon exposure to various TS
inhibitor agents (10–12).

The ability to increase the expression of TS protein reduces
the efficacy of traditional anticancer agents targeting TS
protein. Our laboratory has attempted to circumvent the trans-
lational induction of TS by designing antisense RNA mole-
cules that inhibit the process of TS mRNA translation (13).
Using a rabbit reticulocyte lysate in vitro translation system, we
demonstrated that a native 2′-OH antisense oligoribonucleotide
(ORN), targeting nucleotides 80–109 on human TS mRNA,
was able to effectively repress translation of TS mRNA in a
concentration-dependent manner. This effect was specific in
that the native antisense ORN was unable to inhibit translation
of control mRNAs including Escherichia coli TS and p53. One
major drawback of native 2′-OH ORNs is their enhanced
sensitivity to nuclease degradation by RNases (14,15). This
limitation has been overcome, to a large extent, by chemically
modifying the ORN on the ribose ring or the phosphate back-
bone which stabilizes the ORN against nuclease activity (14).
With this in mind, antisense 2′-O-methyl ORNs with either
phosphodiester (PO) (HYB0432) or phosphorothioate (PS)
(HYB0431) backbones were tested in the in vitro translation
system. Using these modified RNA oligos, we observed greater
repression of TS mRNA translation than the native 2′-OH ORN.
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However, non-specific effects on mRNA translation were
observed with the 2′-O-methyl PS ORN. In vitro translation
experiments showed that TS mRNA, in the presence of anti-
sense ORNs, remained intact suggesting a mechanism of trans-
lational arrest (13). These preliminary in vitro experiments
revealed that antisense ORNs targeted at the 5′ cis-acting
binding element of TS mRNA are effective inhibitors of TS
mRNA translation.

In the present study, we demonstrate that antisense
HYB0432 inhibits expression of TS protein in the human
colon cancer RKO cell line as well as in a TDX-resistant
RKO-TDX cell line, which expresses 16-fold higher levels of
TS protein. We also show that treatment with HYB0432 does
not alter the expression of TS mRNA nor the stability of TS
protein. Our studies suggest that an antisense 2′-O-methyl
ORN directed against a key cis-acting sequence in human TS
mRNA exerts its regulatory effects through a process of trans-
lational arrest. The potential therapeutic implications of these
antisense ORNs on inhibition of TS expression are discussed.

MATERIALS AND METHODS

Cell culture

The human colon cancer RKO cell line was maintained in
75 cm2 plastic tissue culture flasks (Falcon Labware) in growth
medium containing RPMI 1640 medium (Gibco BRL) with
10% dialyzed fetal bovine serum (dFBS, Gibco BRL). The
characteristics of the RKO-TDX cell line have been previously
characterized (16), and was a kind gift from Dr Peter Danenberg
(Norris Cancer Center, USC, Los Angeles, CA). The human
colon cancer RKO-TDX cell line was grown under identical
conditions and maintained in 10 nM TDX.

Oligonucleotides

All ODNs were complementary to the sequence corresponding
to nucleotides 80–109 of TS mRNA. This sequence includes
the translational start site, and is as follows: 5′-CCG-CCC-GCC-
GCG-CCA-UGC-CUG-UGG-CCG-GCU-3′. A 30 nt DNA anti-
sense PS oligonucleotide (ODN) was synthesized by the
Department of Pathology, Yale University. 2′-O-methyl RNA
antisense ORNs were synthesized by Hybridon, Inc. TSAS18-
MM and TS18 ORNs were synthesized by the Keck Core
Facility at Yale University. The purity of the ODNs was
confirmed by electrophoresis on a 20% acrylamide/8 M urea
gel followed by detection with methylene blue dye. The
sequences of the ORNs and ODN are as follows, and the bold
nucleotides indicate PS linkages. The mismatched nucleotides
are underlined.
HYB0432 5′-AGC-CGG-CCA-CAG-GCA-UGG-CGC-GGC-GGG-CGG-3′
ODN 5′-AGC-CGG-CCA-CAG-GCA-UGG-CGC-GGC-GGG-CGG-3′
HYB0848 5′-CCG-CCC-GCC-GCG-CCA-UGC-CUG-UGG-CCG-GCU-3′
HYB0503 5′-CGG-ACA-CAU-GCA-UAG-CGC-GUC-GGG-3′
HYB0504 5′-CCA-CAG-GCA-UGG-CGC-GGC-3′
TSAS18-MM 5′-ACA-CAU-GCA-UAG-CGA-GUC-3′
TS18 5′-GCC-GCG-CCA-UGC-CUG-UGG-3′

Western immunoblot analysis

Human colon cancer RKO cells were plated in 25 cm2 flasks at
a density of 2.0 × 105 cells per flask. ODNs were complexed with
the cationic lipid Eufectin 7 (JBL Scientific Inc.) in OPTI-MEM
medium (Gibco). All flasks were washed with OPTI-MEM
medium prior to addition of the oligo–lipid complexes. After

6 h, the medium was replaced with fresh RPMI 1640 medium
containing 10% dFBS. After 24 h, RKO cells were trypsinized
and washed twice with ice-cold PBS. Cell pellets were stored
at –80°C until needed.

RKO cell pellets were resuspended in RIPA buffer (1× PBS
pH 7.4, 1.0% IGEPAL, 0.5% deoxycholic acid, 0.1% SDS)
containing freshly added PMSF (300 µg/ml) and Protease
Inhibitor Cocktail (containing AEBSF, pepstatin A, bestatin,
leupeptin, E-64 and aprotinin; Sigma). Suspensions were
incubated at 4°C for 15 min and centrifuged for 30 min at 4°C.
Protein concentration was determined using the DC Protein
Assay (Bio-Rad Laboratories). Equivalent amounts of protein
(30 µg) from each cell lysate were resolved on SDS–PAGE
(15% acrylamide) using the method of Laemmli (17). Gels
were electroblotted onto nitrocellulose membranes (Bio-Rad),
and filter membranes were then incubated in blocking solution
(1× PBS, 0.2% Tween-20, 5% non-fat dry milk powder) for 2 h
at room temperature. Membranes were incubated overnight at
4°C with primary antibodies at the following dilutions: anti-
TS106 monoclonal antibody, 1:2000; anti-p53 monoclonal
antibody (Santa Cruz), 1:500; anti-β-actin monoclonal antibody
(Amersham Life Sciences), 1:30 000; anti-α-tubulin monoclonal
antibody (Amersham), 1:60 000; anti-topoisomerase I mono-
clonal antibody, 1:1000 (a gift from Dr Yung-chi Cheng, Yale
University). After four 15 min washes in PBST (1× PBS, 0.2%
Tween-20), membranes were incubated with a dilution of
1:2000 of horseradish peroxidase-conjugated secondary anti-
bodies (IgG goat anti-mouse, Bio-Rad) for 1 h at room temperature.
After an additional four 15 min PBST washes, membranes
were processed by the enhanced chemiluminescence method
(SuperSignal Substrate, Pierce) and protein bands were visualized
by autoradiography. Quantitation of signal intensities was
performed by densitometry on a Hewlett-Packard ScanJet 4p
using NIH IMAGE 1.59 software.

TS catalytic assay

RKO cells were treated with HYB0432–Eufectin complexes
for 6 h, and allowed to grow for an additional 24 h. RKO cells
were harvested as described previously (18), and cell pellets
were resuspended in 0.1 M KH2PO4 (pH 7.4). Cell lysis was
accomplished by sonication using three 2–3 s bursts. The
extracts were centrifuged and the supernatants were assayed
immediately. The TS catalytic assay was performed in a total
volume of 200 µl containing 10 µM [5-3H]dUMP (specific
activity, 20 Ci/mmol), 100 mM 2-mercaptoethanol, 50 mM
KH2PO4 (pH 7.4), 150 µM 5,10-methylenetetrahydrofolate
and cytosolic extract (30–60 µg total protein) (18). Samples
were incubated at 37°C for 30 min, and the reaction was
stopped with the addition of 100 µl of 20% trichloroacetic acid.
Residual [5-3H]dUMP was removed by the addition of 200 µl
of an albumin-coated activated charcoal solution. The charcoal
was removed by centrifugation, and a 250 µl sample of the
supernatant was assayed for tritium radioactivity.

Isolation of total RNA and northern blot hybridization
analysis

After antisense treatment, RKO cells were harvested and
washed twice with ice-cold 1× PBS buffer. Total RNA was
isolated from cell pellets using the RNeasy kit from Qiagen.
RNAs were resolved on a 1% agarose/formaldehyde gel to verify
integrity and size. The concentration of RNA was determined by
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UV spectrophotometry. For northern blot analysis, RNAs
(5 µg) were resolved on a 1% agarose/formaldehyde gel and
then transferred to a positively charged BrightStar-Plus nylon
membrane (Ambion) by capillary transfer. Antisense RNA
probes were synthesized in vitro using the MEGAshortscript
T7 kit (Ambion, cat. no. 1354). The TS antisense probe was
derived from a PCR-generated template complementary to
nucleotides 520–1216 of the human TS cDNA. A 28S anti-
sense probe was generated from a template purchased from
Ambion. RNA probes were gel-purified and biotin-labeled
using the BrightStar Psoralen-Biotin non-isotopic labeling kit
(Ambion, cat. no. 1480). The membrane was pre-hybridized
for 2 h at 65°C followed by probe hybridization overnight at
65°C. The BrightStar BioDetect kit (Ambion, cat. no. 1930)
was then used for detection of cellular mRNAs. Quantitation of
signal intensities was performed by densitometry on a Hewlett-
Packard ScanJet 4p using NIH IMAGE 1.59 software.

Determination of TS protein half-life

RKO cells were treated for 6 h in the absence or presence of
Eufectin–oligo complexes. After the transfection medium was
removed, cells were incubated for 30 min with methionine-free
RPMI 1640 medium to deplete intracellular pools of methio-
nine. Cells were then incubated with 1 ml of methionine-free
medium containing 10% dFBS and 150 µCi/ml 35S-methionine
(EasyTag EXPRE35S35S protein labeling mix; specific activity,
1000 Ci/mmol; NEN Life Sciences). Radiolabel was removed
after a 2 h incubation, and fresh methionine-containing
medium (RPMI 1640) was added to the cell cultures. Cells
were then harvested at the following time points: 0, 6, 12, 18
and 24 h, washed twice with ice-cold 1× PBS, lysed in ice-cold
RIPA buffer, placed on ice for 15 min and centrifuged for
30 min at 4°C. Immunoprecipitation of TS protein was
performed using an anti-TS polyclonal antibody bound to
Protein-A agarose beads (Gibco BRL) according to previously
described methods (10). Equivalent amounts of trichloroacetic
acid-insoluble radioactivity (20 × 106 d.p.m.) from each cell
extract were resolved on a 15% SDS–PAGE gel. The relative
amounts of 35S-labeled TS protein were determined by auto-
radiography followed by densitometric scanning.

RESULTS

Previous studies from this laboratory have demonstrated in a
cell-free in vitro translation system that a 30 nt antisense RNA,
HYB0432, targeted to the 5′ upstream binding site of human
TS mRNA, is able to repress translation in a concentration- and
sequence-specific manner (13). To extend these studies to an
intact biological system, we investigated the ability of antisense
HYB0432 to repress translation of TS mRNA and subsequent TS
expression in the human colon cancer RKO cell line. Given the
charged nature of ORNs, a cationic lipid carrier was used to
transport the oligo across the cellular membrane. The ability of
a lipid carrier to bind and transport the ORN into cells depends
on several factors including: (i) the charge of the lipid and the
ORN, (ii) ORN base and backbone modifications, (iii) ORN
length and (iv) cell line specificity (19). With this in mind,
several commercially available lipids including Lipofectin,
Lipofectamine, Fugene6 and Eufectin were initially tested for
their ability to transfect antisense HYB0432 into RKO cells.
While most of these preparations were able to transport

HYB0432 to some extent, the intrinsic cytotoxicity of each
lipid preparation precluded their subsequent use. Eufectin 7
was selected as the carrier lipid given its lack of intrinsic cyto-
toxic effects. Various ratios of Eufectin:HYB0432 were then
tested as the carrier to oligo ratio has been shown to play a
critical role in determining transfection efficiency. A weight
ratio (µg:µg) of 5:1 Eufectin:HYB0432 was observed to be the
most effective at inhibiting TS protein expression (Fig. 1, lane 4).
Eufectin alone, at this concentration, had no effect on the
expression of TS (Fig. 1, lane 7). All subsequent experiments
with HYB0432 employed a ratio of 5:1 Eufectin:HYB0432.

We next investigated the effect of HYB0432 on expression
of TS in human colon cancer RKO cells by means of western
immunoblot analysis. As seen in Figure 2, treatment with this
antisense ORN for 6 h inhibited the expression of TS protein in
a dose-dependent manner, with maximal inhibition (>90%) at
250 nM (Fig. 2, lanes 2–5). This reduction in the level of TS
protein was accompanied by a significant decrease, of up to 80%,
in TS catalytic activity after treatment with 250 nM HYB0432
(data not shown). In contrast, a sense 30 nt, 2′-O-methyl RNA,
HYB0848 (Fig. 2, lane 6), and a 4-base mismatch 24 nt RNA,
HYB0503 (Fig. 2, lane 7), at a concentration of 250 nM, had
absolutely no effect on levels of TS protein. To provide

Figure 1. Effect of ratio of Eufectin to HYB0432 on TS expression. RKO cells
were incubated with different Eufectin:HYB0432 combinations. After 6 h,
complexes were removed and fresh RPMI medium was added. After an
additional 24 h, cells were harvested and processed for western blot analysis as
described in Materials and Methods. Lane 1 contains cell extracts from
untreated RKO cells. Lanes 2–6 contain 190 nM HYB0432 complexed with
Eufectin in weight ratios of 1:1 (lane 2), 1:3 (lane 3), 1:5 (lane 4), 1:7 (lane 5)
and 1:9 (lane 6). Lane 7 contains cell extracts treated with Eufectin alone
(10 µg/ml).

Figure 2. Western blot analysis of RKO cells after treatment with HYB0432.
Cells were incubated in the absence (lane 1) or presence (lanes 2–8) of
Eufectin–ORN complexes (5:1 ratio; µg:µg) for 6 h, grown for an additional
24 h and then harvested and processed for western blot analysis as described in
Materials and Methods. Extracts in lanes 2–5 were treated with complexes
containing 63, 126, 190 and 250 nM HYB0432, respectively. Cells were
treated with various control ORNs: lane 6, sense ORN HYB0848 (250 nM);
lane 7, mismatch ORN HYB0503 (250 nM). Lane 8 contains cell extracts
treated with Eufectin alone (13 µg/ml).
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evidence for the specificity of effect of the antisense ORN on
TS expression, the levels of several other cellular proteins were
analyzed after antisense treatment (Fig. 2). Expression of two
housekeeping proteins, α-tubulin and β-actin, was not affected
by HYB0432. However, since the half-lives of these house-
keeping proteins are significantly longer than that of TS, the
effect of antisense RNA treatment on the expression of a
protein with a half-life similar to that of TS was also determined.
The half-life of topoisomerase I, which is normally 10–16 h
(20), remained unchanged with antisense treatment. These
experiments demonstrate that an antisense ORN directed at the
5′-upstream cis-acting element of TS mRNA can specifically
inhibit the expression of TS protein.

To determine the duration of the antisense effect, levels of
TS protein were monitored as a function of time following
antisense therapy (Fig. 3). HYB0432 effectively decreased
levels of TS protein almost immediately upon transfection.
During the 6 h incubation period, TS protein levels were
reduced by 60% from pre-treatment levels (Fig. 3, lane 2
versus lane 1). Maximal antisense effect occurred by 24 h
(Fig. 3, lane 5) with TS protein levels slowly returning to base-
line by 72 h. As an important control, the expression of two
control proteins, α-tubulin and β-actin, remained unaffected
over this same time course. Our laboratory has previously
shown that TS protein binds to other cellular mRNAs
including p53 (21). Recent studies have demonstrated that TS
can control p53 expression at the translational level (22,23). As
seen in Figure 3, treatment with HYB0432 resulted in a signifi-
cant increase in the expression of p53 by up to 7-fold (Fig. 3,
lane 3 versus lane 1). As the effect of antisense treatment on TS
expression diminished and TS protein levels increased, levels of
p53 returned to baseline (Fig. 3, lanes 6–8). These experiments
provide further evidence that TS expression is specifically
controlled by the antisense ORN. In addition, they lend further
support to the theory that p53 expression may be directly
linked to the cellular levels of TS protein.

To gain insight into the potential mechanism(s) by which the
antisense ORN was exerting its effects on TS expression,
Northern blot analyses were performed. Figure 4A presents the
results of a representative experiment in which the effect of
HYB0432 on TS mRNA expression was examined. The

corresponding effects of antisense treatment on protein expression
are presented in Figure 4B. HYB0432, at a concentration of
190 nM, had no effect on levels of TS mRNA (Fig. 4A, lane 3).
However, this same concentration was able to significantly
inhibit TS protein expression by nearly 90% (Fig. 4B, lane 3).
Sense 30 nt ORN HYB0848, at the same concentration of
190 nM, did not alter the expression of either TS mRNA
(Fig. 4A, lane 5) or TS protein (Fig. 4B, lane 5). As an important
control, a 30 nt PS DNA oligo targeting the same sequence on
TS mRNA was used. Treatment with this antisense DNA oligo
significantly reduced TS mRNA expression (Fig. 4A, lane 4)
and TS protein expression by 80% (Fig. 4B, lane 4). This
finding confirmed that the antisense DNA oligo exerts its
effect through degradation of the target mRNA, presumably
through activation of RNase H. These experiments, taken
together, suggest that the mechanism by which HYB0432
represses TS expression is through a process of translational
arrest and not by an RNase-mediated pathway.

Since TS mRNA levels remained unaffected by HYB0432
treatment, this finding suggested that the regulation of TS
expression was controlled at the post-transcriptional level. To
rule out the possibility of a post-translational mechanism,
pulse-labeling immunoprecipitation studies were performed to
determine the half-life of TS protein. As seen in Figure 5, the
half-life of TS protein in untreated RKO cells was 12 ± 2 h.
While the level of radiolabel incorporated into TS protein was
significantly decreased (by 55%) after treatment with
HYB0432 (190 nM), the half-life of TS protein remained
essentially unchanged (14 ± 1 h). Thus, the decreased levels of
TS protein after treatment with HYB0432 did not appear to be
due to alterations in half-life of the protein.

We next investigated the minimal length of the ORN
required for efficient translational repression of TS mRNA in
the RKO cell line. The rationale for this set of experiments was
that a shorter ORN should be able to cross the cellular
membrane and transport into cells more efficiently. In addition,
shorter ORNs should, in theory, display less non-specific inter-
actions with other unrelated cellular mRNAs. Our previous

Figure 3. Duration of effect of HYB0432 on expression of TS protein in RKO
cells. After a 6 h transfection with HYB0432–Eufectin complexes (190 nM),
cells were harvested prior to transfection (lane 1) and at the following times: 0
(after transfection, lane 2), 6 (lane 3), 12 (lane 4), 24 (lane 5), 36 (lane 6), 48
(lane 7) and 72 h (lane 8). Cell extracts were processed for western blot
analysis as described in Materials and Methods.

Figure 4. Effect of antisense treatment on expression of TS mRNA and TS
protein. RKO cells were treated for 6 h in the absence (lane 1) or presence of
oligo–Eufectin complexes (190 nM), grown for an additional 24 h, harvested
and processed for northern (A) and western (B) blot analysis as described in
Materials and Methods. Lanes 2–5 contain cell extracts treated with Eufectin
alone (lane 2) or complexed with either HYB0432 (lane 3), a TS antisense
30mer PS-DNA oligo (lane 4) or TS sense 30mer RNA HYB0848 (lane 5).
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cell-free studies revealed that a 14 nt antisense ORN was as
equally effective for inhibition of TS mRNA translation as the
30 nt HYB0432 ORN (13). To address this issue, a series of
control experiments were initially performed to determine the
optimal Eufectin:ORN ratio for transfecting the 18 nt antisense
ORN, HYB0504. In contrast to the 30 nt HYB0432, a ratio of
9:1 Eufectin:HYB0504 was found to be the optimal condition
for repressing TS protein expression (data not shown). Using
this ratio of 9:1, we observed that the antisense HYB0504
significantly inhibited expression of TS protein in a dose-
dependent fashion (Fig. 6). At a concentration of 210 nM, this
antisense ORN inhibited TS protein expression by nearly 80%
while the expression of control proteins, α-tubulin and β-actin,
remained unchanged (Fig. 6, lane 5). Further reduction in oligo
size to either 16 or 14 nt, however, resulted in complete loss of
in vivo inhibitory activity (data not shown).

In addition to the parent RKO cell line, we investigated the
activity of the 18 nt HYB0504 in the TDX-resistant RKO cell

line, RKO-TDX. This cell line was established by exposing
parent RKO cells to a gradual stepwise increase in TDX
concentration in the cellular growth medium resulting in a cell
line 5000-fold resistant to TDX (16). Western blot analysis
revealed that RKO-TDX cells express 16-fold more TS protein
than parent RKO cells (Fig. 7, lane 2 versus lane 1). Treatment
of RKO-TDX cells with HYB0504 for 12 h resulted in a dose-
dependent inhibition of TS protein expression (Fig. 7, lanes 3–6).
At the highest concentration of HYB0504 tested (318 nM), TS
protein levels were reduced by 85% when compared to control,
untreated cells (Fig. 7, lane 6 versus lane 2). In contrast, treat-
ment with a 5-base mismatch 2′-O-methyl RNA, TSAS18-MM
(Fig. 7, lane 7), and a sense 18 nt RNA, TS18 (Fig. 7, lane 8),
had absolutely no effect on levels of TS protein. Furthermore,
expression of two housekeeping proteins, α-tubulin and β-actin,
as well as topoisomerase I, was not affected by HYB0504 or any
of the RNA control oligos (data not shown). These findings
provide evidence that antisense ORNs can inhibit expression of
TS even in cells that significantly overexpress TS protein.
Further studies will be necessary to determine whether repeat
or prolonged treatments with this antisense ORN can reduce
the levels of TS protein in RKO-TDX cells to those expressed
in the parent RKO cell line.

DISCUSSION

In the present study, we investigated the effect of a 30 nt antisense
ORN (HYB0432), targeted to the 5′ upstream cis-acting element
on TS mRNA, on expression of TS protein in the human colon
cancer RKO cell line. Based on our studies, expression of TS
was repressed by this antisense RNA in both a dose- and time-
dependent manner. This inhibitory effect on TS expression
appeared to be specific as no alterations were observed in the
expression of several important housekeeping proteins such as
β-actin, α-tubulin and topoisomerase I. Treatment with a
shorter 18 nt ORN (HYB0504) also resulted in significant
repression of TS expression with no effect on control proteins.

With regard to the mechanism of action of the ORN, the
levels of TS mRNA remained unaffected by ORN treatment
suggesting a post-transcriptional mechanism. Further studies
revealed that the reduction in TS protein expression was not
associated with alterations in protein half-life, indicating that
the effect of HYB0432 on TS expression was not at the post-
translational level. It should be noted that the RKO cells were
treated with antisense ORNs for 6 h prior to incubation with

Figure 5. Effect of antisense treatment on the half-life of TS protein in RKO
cells. Cells were incubated with Eufectin alone (squares) or Eufectin complexed
with HYB0432 (190 nM) (circles) for 6 h, followed by a 2 h incubation with
35S-labeled methionine-containing medium. After removal of the radiolabel,
cells were harvested at the indicated times and processed as described in
Materials and Methods. The amount of radiolabeled TS protein (treated with
Eufectin alone) at 0 h equals 100%. Points represent the mean ± SD from three
separate experiments.

Figure 6. Effect of 18 nt HYB0504 on expression of TS protein in RKO cells.
Cells were incubated in the absence (lane 1) or presence of Eufectin–ORN
complexes (9:1 ratio, µg:µg) for 3 h, grown for an additional 24 h and then
harvested and processed for western blot analysis as described in Materials and
Methods. Lanes 2–5 were treated with complexes containing 53, 106, 159 and
212 nM HYB0504, respectively.

Figure 7. Effect of HYB0504 on expression of TS protein in TDX-resistant,
RKO-TDX cells. Cells were treated for 12 h with increasing concentrations of
HYB0504–Eufectin complexes: untreated (lane 2), 53 nM (lane 3), 105 nM
(lane 4), 158 nM (lane 5), 315 nM (lane 6). Lanes 7 and 8 contain extracts from
cells treated with 315 nM TSAS18-MM, a 5-base mismatch 18mer RNA and
210 nM TS18, a sense 18mer RNA, respectively. Lane 9 contains cell extracts
treated with Eufectin alone (18 µg/ml). Lane 1 contains protein extract from
the parent RKO cell line. After 24 h, cells were harvested and processed for
western blot analysis as described in Materials and Methods.
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35S-methionine. Thus, after antisense treatment, our labeling
studies did not suggest an effect of the antisense RNA on the
half-life of TS protein. However, during the 6 h antisense treat-
ment, the western blot analysis (Fig. 3) revealed a decrease by
60% in the levels of TS protein. This reduction in TS expression is
significantly greater than that expected based on the calculated
half-life of the protein (14 h). During the 6 h treatment, a
maximal decrease of 20–25% in the levels of TS protein would
have been predicted. This finding suggests then that an effect
of the antisense molecule on the stability of the TS protein
cannot be ruled out entirely. The effect on protein stability
appears to occur during antisense treatment since decreased
expression of TS protein at later time points does not appear to
be due to enhanced protein degradation based on the deter-
mined half-life of TS. Since TS is an RNA binding protein, it
is conceivable that TS directly binds to the antisense ORN
itself or to the TS mRNA–ORN complex resulting in activation of
a protein degradation pathway. At this time, the mechanism by
which this interaction occurs remains unclear and studies are
currently on-going to determine the mechanism by which the
antisense ORN might result in enhanced degradation of TS.
Taken together, these experiments suggest that the antisense
ORN controls the expression of TS at the post-transcriptional
level, most likely through a combination of translational arrest
of TS mRNA and post-translational processes that may involve
enhanced degradation of TS protein.

These findings are consistent with our previous work in
which we demonstrated, in an in vitro rabbit reticulocyte lysate
translation system, that 2′-O-methyl ORNs with a natural PO
backbone were able to effectively suppress TS mRNA translation
(13). In both studies, we observed that ORNs inhibited TS
mRNA expression more effectively than ODNs. However,
treatment with ORNs containing PS backbones resulted in
non-specific effects on unrelated mRNAs. There are several
theoretic advantages of ORNs over their corresponding ODNs.
First, ORNs bind to their target RNA with markedly greater
affinity, resulting in a more thermally stable ORN–RNA
complex than the corresponding ODN–RNA (15,24). Second,
RNA–RNA duplexes do not serve as substrates for RNase H.
For this reason, the antisense ORN approach does not utilize an
RNase H-dependent mechanism. As presented in the Results,
HYB0432 did not affect the levels of its target mRNA in
contrast to the PS ODN which caused significant degradation
of TS mRNA. Thus, the antisense ORN mediates its effect on
TS mRNA most likely through translational arrest by inhibiting
the process of ribosomal scanning. Finally, because ORNs do
not induce cleavage of their target sequence, non-specific
effects may be limited, as interaction of the ORNs with an
unrelated cellular mRNA would result in only temporary
inhibition of translation. In contrast, non-specific binding of
ODNs may result in irreversible degradation of critical cellular
mRNAs. In fact, it was recently suggested that 5 bp are sufficient
to induce RNase H activity (25). Thus, the potential is quite high
for an ODN to possess non-specific effects on expression of
cellular genes involved in metabolism and proliferation.

Several groups have developed an antisense approach with
ODNs to inhibit the expression of TS. Mader et al. used PS
ODNs to target the 3′-UTR of TS mRNA, but they were unable
to demonstrate a cytotoxic effect in eight different colon tumor
cell lines (26). Ju et al. designed several PO ODNs targeting
various sequences on the human TS mRNA (27). ODNs

directed at the 5′-UTR had inhibitory activity in an in vitro
rabbit reticulocyte lysate translation system. However, none
demonstrated biological activity in the human colon cancer
HT-29 cell line. While in situ TS catalytic activity was signifi-
cantly repressed within 4 h of treatment with ODN AS-1, the
total amount of TS protein, as determined by the [3H]FdUMP
binding assay, remained unchanged and actually increased >2-fold
by 36 h. Increased levels of TS may explain why the sensitivity
of the cells to FdUrd was decreased 12-fold after AS-1 treat-
ment. DeMoor et al. used PS ODNs containing 6 nt meth-
oxyethoxylated ends to target either the translational start site
or stop site (28). While neither the levels of expression of TS
mRNA nor TS protein were affected by antisense therapy,
treatment with ODNs targeting the translational start site
resulted in increased transcription of TS whereas ODNs
targeting the stop site had no effect on transcription. Ferguson
et al. targeted the 3′-UTR of human TS mRNA with PS ODNs
containing 6 nt methoxyethoxylated ends (29). Treatment of
human cervical cancer HeLa cells with these ODNs resulted in
decreased expression of both TS mRNA and TS protein levels,
with resultant inhibition of cell proliferation. They also
observed that antisense treatment sensitized cells to FUdR.
Clearly, significant differences have been observed regarding
the efficacy of these various antisense molecules. This finding
may be explained by several factors including transfection
reagent, cell type and intracellular accessibility to the target
sequence. In addition, the specific chemistry of the ODNs is a
critical factor that affects intracellular stability, affinity for its
complementary mRNA sequence and non-specific inter-
actions. One further limitation of these previous studies is that,
in each case, the expression of other cellular proteins was not
investigated to confirm that these ODNs were indeed specific
for controlling TS expression. This is an especially important
issue as ODNs with PS backbones are well-documented to
have a variety of non-specific interactions with unrelated
mRNAs and proteins (25).

Previous studies from our laboratory have documented that,
besides its role in enzyme catalysis, TS also functions as an
RNA binding protein (6,7). In addition to interacting with its
own mRNA, there is now evidence that TS is complexed in
intact human colon cancer cells with other cellular mRNAs,
such as the p53 tumor suppressor gene (21). Recent studies
from our laboratory, using both in vitro and in vivo model
systems, have demonstrated that TS regulates p53 expression
by binding directly to a sequence in the coding region of p53
mRNA and repressing translation (22,23). In this report, we
provide further evidence that p53 expression may be linked to
the cellular levels of TS protein. Within 6 h of treatment with
antisense HYB0432, the level of TS protein was significantly
reduced with a rapid rise in the levels of p53 protein. As the
antisense effect diminished, TS protein levels returned to base-
line levels with a corresponding reduction in p53 levels.
Experiments are ongoing to determine whether elevation of
p53 is directly related to reduction in TS or whether increased
levels of p53 arise as a result of an adaptive response to depletion
of essential deoxynucleotides.

The p53 tumor suppressor protein plays an essential role for
preserving the integrity of the genome and for maintaining
regulation of cell-cycle progression. Expression of p53 has
been associated with arrest of the G1 and G2 checkpoints. This
arrest of the cell cycle allows sufficient time for cells to repair
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DNA damage before DNA synthesis and replication can
continue. Several investigators have shown that the levels of
p53 are acutely increased in both normal and malignant cells in
response to DNA-damaging agents (30–33). It appears that
induced expression of p53 after DNA damage is regulated by
both translational and post-translational regulatory processes
(34–36). Recent studies from our laboratory have demonstrated
that overexpression of human His-tag TS protein results in a 5-fold
reduction in the level of p53 protein (23). Our findings suggest
that the synthesis of p53 in cells overexpressing TS is regulated
at the translational level and mediated by direct binding of TS
protein to p53 mRNA. Following treatment with γ-irradiation
or various anticancer agents, TS-overexpressing cells, which
express considerably reduced p53 protein levels, are significantly
impaired in their ability to arrest in G1 and to undergo apoptosis
when compared to parent cells expressing normal levels of TS
and wild-type p53 protein. In the absence of intact checkpoint
controls and an intact apoptotic mechanism, these TS over-
expressing cells are less sensitive to the cytotoxic effects of
DNA-damaging agents and thus develop resistance to such
agents. Since p53 expression appears to be controlled, in part,
by the cellular levels of TS protein, antisense ORNs, as
described in the present report, may provide a novel strategy to
circumvent drug resistance in TS-overexpressing cells. The
goal would be to use antisense ORNs to reduce intracellular
levels of TS protein below an apparent ‘threshold’ value in
which TS inhibitors have been found to be clinically effective
(37,38). We have shown that HYB0504 can inhibit expression
of TS by 85% in the TS-overexpressing cell line, RKO-TDX.
Reduction in TS protein would allow restoration of p53 levels
which, in turn, would aid in facilitating an apoptotic response
to TS inhibitors. Furthermore, the induction of p53 may
enhance the cytotoxic effects of other non-TS targeted DNA
damaging drugs such as the platinum analogs and the topoi-
somerase I inhibitors.

One final issue to address is whether treatment with antisense
ORNs has a specific inhibitory effect on cell proliferation. We
focused our initial efforts on determining the specificity of
effect as well as the mechanism of action of these ORNs against
TS expression. Our preliminary cytotoxicity experiments demon-
strate that the 18 nt antisense ORN HYB0504 can effectively
inhibit cell proliferation with an IC50 of 200 nM. Surprisingly,
when control oligos were tested including sense and mismatch
ORNs, IC50 values in the submicromolar range were also
achieved. As noted previously, none of the control ORNs
directly affected TS expression. A complete GenBank search
revealed that each of these ORNs show at least 66% homology
with a variety of other cellular mRNAs. For example, the anti-
sense RNA HYB0504 has sequence homology with tumor
protein p63 mRNA (83%), Shaw-type potassium channel
3 mRNA (72%) and arachidonate 5-lipoxygenase mRNA
(66%). Thus, it is conceivable that antisense and control RNAs
may target other cellular mRNAs. For this reason, the cyto-
toxic effects of HYB0504 may not be due entirely to inhibition
of TS expression. It is difficult to predict whether partial
homology with a target sequence will cause repression of
translation. However, treatment with HYB0503, a 24mer with
4 bases mismatched against TS mRNA (83% homology), had
no effect on TS expression. Furthermore, most of these ORNs

target sequences downstream from the translational start site of
these putative alternative targets. It remains to be proven
whether ORNs targeting other sites on a mRNA are effective
repressors of translation. Thus, studies are ongoing to deter-
mine whether the cytotoxic effects of the ORNs are due to
(i) repression of other cellular targets, (ii) non-specific inter-
actions with cellular proteins, and/or (iii) non-specific effects
due to free 2′-O-methyl ribonucleotides as a result of ORN
degradation.

Several limitations remain for the antisense strategy to find
direct application in the clinical setting. Because of their size
and charge, antisense oligos display poor entry into cells.
Molecules such as cholesterol have been conjugated to oligos
to aid in their cellular uptake (39). Other investigators have
encapsulated oligos in cationic liposomes to aid in their avail-
ability (40). To address tissue-specific uptake of the oligos,
Wang et al. conjugated a folic acid molecule on the outside of
a cationic liposome in order to enhance intracellular delivery
of the encapsulated oligo via a process of folate receptor-
mediated endocytosis (41). In addition, chemical modifications to
the nucleotides have helped to address the issue of stability
against nucleases, but it remains unknown whether such
modified nucleotides, once they are eventually degraded, will
affect various normal pathways of cellular metabolism.

Given these limitations, the antisense approach may be
viewed as an important tool to identify potential new lead
compounds for clinical therapy. Once a lead antisense ORN with
biological activity has been identified, structural information from
NMR or X-ray crystallography studies may allow modern drug
design applications to identify small molecules that mimic the
structural features of the antisense ORN. Such molecules could
then be designed, synthesized and tested. The theoretical
advantage of such an approach is that small ‘designer’
compounds, in contrast to nucleic acids, would have enhanced
spatial, biophysical and biochemical properties, which might
then be delivered with far greater efficiency and at higher
concentrations into the target cells.

In the present report, we show that an RNA antisense
strategy targeted against the 5′-upstream cis-acting element of
TS mRNA can specifically inhibit TS expression in human
colon cancer RKO cells. Our findings demonstrate that these
ORNs exert their effect on TS expression through translational
and post-translational processes. This approach may help to
prevent and/or overcome the acute induction of TS and the
subsequent development of cellular resistance observed with
TS inhibitor compounds now being used in the clinical setting.
Antisense ORNs may be useful as a tool to aid our under-
standing of the translational regulation of TS as well as to
provide insights into the potential downstream effects of such
a regulatory process. Finally, this antisense strategy may have
a therapeutic application to be used alone or in combination
with other established anticancer agents for the treatment of
human cancer.
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