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ABSTRACT

The bcl-2 proto-oncogene is overexpressed in a
variety of human cancers and plays an important role
in programmed cell death. Recent reports implied
that the 3′-untranslated region (3′UTR) functions
effectively in the regulation of gene expression. Here,
we attempt to assay the ability of triplex forming
oligonucleotides (TFOs) to inhibit expression of a
target gene in vivo and to examine the potential of the
3′UTR of the bcl-2 proto-oncogene in the regulation
of bcl-2 gene expression. To do this, we have developed
a novel cellular system that involves transfection of a
Doxycyclin inducible expression plasmid containing
the bcl-2 ORF and the 3′UTR together with a TFO
targeted to the 3′UTR of the bcl-2 proto-oncogene. Phos-
phorothioate-modified TFO targeted to the 3′UTR of
the bcl-2 gene significantly downregulated the
expression of the bcl-2 gene in HeLa cells as demon-
strated by western blotting. Our results indicate that
blocking the functions of the 3′UTR using the TFO
can downregulate the expression of the targeted
gene, and suggest that triplex strategy is a promising
approach for oligonucleotide-based gene therapy. In
addition, triplex-based sequence targeting may
provide a useful tool for studying the regulation of
gene expression.

INTRODUCTION

Triplex forming oligonucleotides (TFOs) have attracted a great
deal of attention because of their ability to specifically bind
double-stranded DNA and their potential use in gene therapy
(1). Purine and pyrimidine oligonucleotides targeted to purine–
pyrimidine-rich sequences form pur*pur.pyr and pyr*pur.pyr
intermolecular triple helices. The oligonucleotide third strand
occupies the major groove of the duplex, forming Hoogsteen
hydrogen bonds with the purine bases of the duplex. Both
pur*pur.pyr and mixed pur/pyr*pur.pyr triplexes can be
formed at physiological pH with predominantly G*G.C triplets

along with A*A.T and T*A.T triplets (2–5). Many groups have
attempted to take advantage of this high degree of binding
specificity in the development of ‘antigene’ TFOs to block the
expression of clinically important genes (6–13). A TFO can
prevent the formation of the transcription initiation complex by
binding to a polypurine–polypyrimidine tract in a gene
promoter; another mechanism may result from inhibiting tran-
scription elongation (10,11,13).

TFOs have been shown to inhibit both transcription in vitro
and the expression of target genes in cell culture by binding to
a polypurine–polypyrimidine tract in several human gene
promoters and in chromatin (6–17). There is evidence to
suggest that the 3′-untranslated region (3′UTR) plays an
important role in the regulation of gene expression. However,
it is difficult to study the functions of the 3′UTR because it is
not under the same rigid structural constraints as the 5′UTR,
which has to accommodate transcriptional machinery (18–20).
Triplex strategy may provide a useful approach to investigate
the role of 3′UTR in the regulation of gene expression.

The Bcl-2 gene product is a 25 kDa membrane protein that
functions to prevent cell apoptosis (21,22) and plays a central
role in inducing resistance to radiotherapy and chemotherapy
(23). This gene was first discovered by its involvement in
t(14;18) translocation, commonly found in human follicular
lymphoma (24). Deregulated expression of bcl-2 results from
the translocation of bcl-2 to the immunoglobulin heavy chain
(IgH) locus (25,26). The bcl-2 proto-oncogene has three exons
with an untranslated first exon. The major transcriptional
promoter, P1, is located 1386–1423 bp upstream of the translation
start site. Trancripts initiating at a minor promoter, P2, located
1.3 kb downstream from P1, have been identified in some
tissues (27,28). The expression of bcl-2 is regulated at both
transcriptional and post-transcriptional levels (29–34). In this
study, a triplex strategy was used to investigate the functions of
the 3′UTR as a potential additional regulatory site of bcl-2
expression. Our results showed that the expression of bcl-2 is
apparently downregulated by blocking the 3′UTR functions
with TFO, suggesting that the 3′UTR of bcl-2 may represent a
further target structure for modulating the expression of the
bcl-2 gene. Furthermore, downregulating the anti-apoptotic
Bcl-2 protein by this approach might open a new avenue for
anticancer therapy.
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MATERIALS AND METHODS

Oligonucleotide design

The human bcl-2 3′UTR contains an 18 bp purine–pyrimidine-
rich sequence located +1946 to +1963 from the translation start
site. The sequence of this region is not strictly homopurine–
homopyrimidine, but contains one C.G interruption. The bcl-2
3′UTR targeted TFO, TFO1, which is a GT motif, was
designed using guanine to recognize GC (G*GC triplets),
thymidine to recognize AT (T*AT triplets) and thymidine
along with the interruption CG (T*CG triplet). GA motif TFO2
was designed using guanine to recognize GC (G*GC triplets),
adenine to recognize AT (A*AT triplets) and thymidine along
with the interruption CG (T*CG triplet). TFO3 and 4 were
almost the same as TFO1, except that TFO3 was not phos-
phorothioated at its 5′- and 3′-ends and amino-linked at its 3′-
end, and TFO4 was designed using cytosine to recognize inter-
ruption CG instead of thymidine. TFO1–4 targeted to the
3′UTR of the bcl-2 gene and control oligonucleotides (INV, SCR
and PUR2) were commercially obtained (Interactiva Biotech).
All oligonucleotides (ODNs), except for TFO3 and 4, were
phosphorothioated at their 5′- and 3′-ends and amino-linked at
their 3′-ends to prevent rapid degradation. For fluorescence
microscopy, ODNs were additionally labeled with FITC. All
ODNs were purified by polyacrylamide gel electrophoresis
and HPLC. The TFO target site within the 3′UTR of the bcl-2
gene and the sequence of oligonucleotides used in this study
are shown schematically in Figure 1.

Electrophoretic mobility shift assay (EMSA)

Double-stranded oligonucleotides were prepared by heating
equal amounts of complementary single strands at 75°C for
15 min and cooling slowly to room temperature. Duplex oligo-
nucleotides were end-labeled with [γ-32P]ATP using T4 poly-
nucleotide kinase and purified through a Sephadex G25
column. Approximately 1 pmol of duplex oligonucleotides
was incubated with increasing concentrations of specific TFOs
in 10 µl of binding buffer (TFO-BB; containing 50 mM MOPS
pH 7.2, 50 mM NaCl, 10 mM MgCl2) and incubated at room
temperature for 2 h. Products were analyzed on a 20% non-
denaturing polyacrylamide gel. To stabilize triplexes, the
running buffer was the same as TFO-BB.

Plasmid construction

The 3′UTR of the bcl-2 gene containing the TFO binding site
from +1760 to +2328 (569 bp) was amplified by reverse tran-
scriptase-polymerase chain reaction (RT–PCR) and cloned
into EcoRI and XbaI sites of vector pSPT18 to get plasmid pSPT-
tri. The sequence of this cloned 3′UTR was confirmed by
sequencing. Plasmid pSPT-bcl-2 containing the ORF of the
bcl-2 proto-oncogene was linearized with EcoRI by partial
digestion and ligated to a 3′UTR fragment cut from the EcoRI–
XbaI digested plasmid pSPT-tri. After being cut with XbaI, the
4500 bp fragment was self-ligated to give the plasmid pSPT-
bcl2-tri. The 1500 bp fragment containing bcl-2 ORF and
3′UTR was cut away from pSPT-bcl-2-tri and subcloned into
vector pTRE (Clontech), the resulting plasmid was pTRE-
bcl2-tri (Fig. 2).

Cell line

The HeLa human cervical carcinoma cell line was obtained
from Clontech. This is a Tet-On cell line, which is stably trans-
fected with plasmid pTet-On (35). It was grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal calf serum (FCS) and 100 µg/ml G418. Cells were
cultured at 37°C with 85% humidity and 5% CO2.

Triplex formation in plasmid
32P-labeled TFO2 (1.2 pmol) was mixed with different concen-
trations of supercoiled plasmid pTRE-bcl2-tri in TFO-BB
(containing 50 mM MOPS pH 7.2, 50 mM NaAc and 10 mM
MgAc2) and incubated at room temperature for 6 h. Samples
were analyzed in a 2% agarose gel using TAE buffer
containing 3 mM MgAc2 as running buffer for 20 min at 80 V.

Transient transfection

Three micrograms of plasmid pTRE-bcl2-tri containing the
3′UTR sequence were incubated with 4.6 µg phosphorothioate
oligonucleotide in TFO-BB at room temperature for 2 h, then
diluted in 500 µl serum-free DMEM. At the same time, 12 µg
of liposome (Dosper, Roche) was added to 500 µl serum-free
DMEM. The DNA and liposome solutions were mixed gently
and incubated at room temperature for 30 min. The day before
transfection, 1 × 106 cells were plated in each well of 6-well
plates. Immediately prior to transfection, cells were washed
twice with Ca2+ and Mg2+ free sterile PBS. Following a 30 min
incubation, the 1 ml liposome–DNA complexes were added to
each well (35 mm). The plates were incubated for 6 h at 37°C,
then 1 ml of DMEM containing 20% FCS and 10 µg/ml Doxy-
cyclin was added. After 24, 48 and 72 h incubation, cells were
trypsinized, washed with PBS and lysed in 200 µl cell lysis
buffer (containing 150 mM NaCl, 50 mM Tris–HCl, 2 mM
EDTA and 1% NP-40). To protect the protein from proteases,
a tablet of protease inhibitor (Boehringer Mannheim) was
dissolved in 10 ml lysis buffer. Protein concentration was
determined using the Bradford method (Bio-Rad).

Western blot analysis

Total proteins (25 µg per lane) were resolved on a 10% SDS–
polyacrylamide gel at 180 V for 60 min and transferred onto
nylon membrane (Amersham) using semi-dry transferring
(Bio-Rad) at 100 mA for 60 min. Thereafter, the membrane
was blocked with 1% BSA in TBS for 30 min, Bcl-2 and actin
proteins were detected using a 1:500 dilution of mouse mono-
clonal anti-Bcl-2 antibody (Dako) and a 1:5000 dilution of
mouse monoclonal anti-actin antibody (Sigma). HRP-conjugated
anti-mouse IgG secondary antibody (Jackson ImmunoResearch
Laboratories) was used at a 1:10 000 dilution, and was visualized
using the enhanced chemiluminescence (ECL) system
(Pierce).

RESULTS

Triplex formation with the 3′UTR target

Triplex formation was demonstrated by EMSA (Fig. 4).
Because of its decreased charge density, triplex DNA migrates
more slowly than duplex DNA in gel mobility shift assay. The
results indicated that TFO2 formed an extraordinarily stable
triplex, with a Kd of ∼60 µM at physiological pH 7.2. TFO1, 3
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and 4 also formed stable triplexes with Kds similar to that of
TFO2 (data not shown). Phosphorothioated oligonucleotides
are more resistant to degradation by nucleases and therefore
provide advantages over phosphodiester TFOs for in vivo
application. In our studies, we used TFOs phosphorothioated at
both the 5′- and 3′-ends, and amino-linked at the 3′-end (Fig. 1).
This phosphorothioated TFO is stable in cells at least 48 h after
transfection as shown in experiments of cellular uptake of
FITC-labeled TFO in HeLa cells (Fig. 3). Triplex formation in
supercoiled plasmid was also confirmed by incubating TFO2
with different concentrations of supercoiled plasmid pTRE-
bcl2-tri (Fig. 5). Furthermore, specific binding of TFO to the
target was checked by a luciferase reporter gene system, and
we found no unspecific binding of TFOs (TFO1–4) to non-
target plasmid DNA (data not shown).

Effect of triplex on bcl-2 gene expression

Transient transfection experiments were done to evaluate the
effects of phosphorothioate TFOs on the expression of the bcl-2
gene in the HeLa cell line. By using FITC-labeled ODNs, we

could estimate a transfection efficiency of >90% in HeLa cells
(Fig. 3). We used a Tet-On inducible expression system (Fig. 2)
(35). The 569 bp of the 3′UTR containing a TFO binding site
is located between the bcl-2 ORF and the SV40 polyA tail of
the response plasmid pTRE-bcl2-tri. Bcl-2 is under the control
of the promoter PhCMV-1, which consists of a Tetracyclin
response element (TRE), and Pmin CMV. HeLa cells that have

Figure 1. Schematic diagram of the human bcl-2 proto-oncogene showing the 18 bp purine–pyrimidine-rich motif at the 3′UTR, the triplex target sequence relative
to the translation start site (+1946 to +1963) and the TFOs and control oligonucleotides used in this study. Except for TFO3 and 4, all ODNs are phosphorothioated
at their 5′- and 3′-ends and amino-linked at their 3′-ends. TFO3 is a pure phosphodiester ODN without any modifications and TFO4 is only amino-linked at its 3′-end.

Figure 2. Schematic diagram of Tet-On expression system. The 569 bp of the 3′UTR containing the TFO binding site is located between the bcl-2 ORF and SV40
polyA of the response plasmid pTRE-bcl2-tri. The bcl-2 gene is under the control of the promoter PhCMV-1, which consists of TRE, and Pmin CMV. HeLa cells that
have been stably transfected with regulatory plasmid pTet-On constitutively express rtTA which is a fusion of the wild-type Tet repressor (TetR) to the VP16 AD
of herpes simplex virus. When HeLa cells are transfected with pTRE-bcl2-tri, rtTA binds to the TRE and activates transcription in the presence of Doxycyclin.

Figure 3. EMSA showing triplex formation of phosphorothioate ODN with a
3′UTR duplex (29 bp). The reaction was carried out in TFO-BB (see Materials
and Methods); the duplex DNA concentration was 1 µM. TFO2 concentrations
in each reaction are shown below the corresponding lane. NS, non-specific
ODN; T, triplex; D, duplex.
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been stably transfected with regulatory plasmid pTet-On
constitutively express Tet-controlled transcriptional activator
(rtTA) which is a fusion of the wild-type Tet repressor (TetR)
to the VP16 activation domain (AD) of the herpes simplex
virus. When HeLa cells are transfected with pTRE-bcl2-tri,
rtTA binds to the TRE and activates transcription in the presence
of Doxycyclin. When TFO binds to the 3′UTR and inhibits
transcription elongation, the transcribed RNA will lack the
polyA tail and will be rapidly degraded in cells. When plasmid
pTRE-bcl2-tri was incubated with TFO and control oligo-
nucleotides, the amount of plasmid DNA remained constant in
each triplex binding reaction to ensure that the same amounts
of plasmid DNA were transfected. As shown in Figure 6, when
plasmid DNA incubated with equal amounts of different
oligonucleotides, GA motif TFO2 but not control ODNs, can
significantly downregulate bcl-2 expression. However, the GT
motif TFO1 can partially inhibit the expression of bcl-2. The
data shown in Figure 7 indicate that, at low TFO2:plasmid
DNA ratios, the expression of bcl-2 can be inhibited (12.5:1) or
even partially repressed (1.25:1). TFO4, which recognizes CG
interruption with a cytosine base also significantly downregulates
bcl-2 expression and even works better than TFO2; while
TFO3, which is a phosphodiester TFO, has almost no effect on
bcl-2 expression (Fig. 8). Moreover, as shown in Figure 8, the
effect of TFO on bcl-2 expression can last for 72 h after trans-
fection. These results clearly demonstrate a downregulation of

the 3′UTR functions of bcl-2 by TFO, and indicate that 3′UTR
may play a significant role in the regulation of bcl-2
expression.

DISCUSSION

The overall objective of this study was to develop a TFO-based
gene silencing strategy that could downregulate the expression
of the bcl-2 proto-oncogene. The choice of 3′UTR as a triplex
target was based on the following considerations. (i) The
3′UTR may play a significant role in the regulation of gene
expression; (ii) the triplex may inhibit the transcriptional
elongation and the truncated mRNA lacking a polyA tail is
unstable and is rapidly degraded in cells; (iii) we aimed to
expand TFO target sites to the transcribed and 3′UTR regions
of genomes.

Figure 4. Cellular uptake of FITC-labeled ODN in HeLa cells 24 h after
transfection. FITC-labeled TFO2 was transfected into HeLa cells with the help
of liposome (Dosper). At different time points post-transfection cells were
detected under fluorescence microscope.

Figure 5. Triplex formation in supercoiled plasmid. 32P-TFO2 (1.2 pmol) and
different concentrations of supercoiled plasmid pTRE-bcl2-tri (∼0–500 pM)
were incubated at room temperature for 6 h. Arrows indicate positions of
triplex and TFO.

Figure 6. Western blot analysis showing downregulation of Bcl-2 protein
expression by inhibitory effects of TFO on bcl-2 3′UTR functions. Plasmid
pTRE-bcl2-tri was incubated with specific TFOs (TFO1 and 2) and controls
(PUR2, INV, SCR, N) and transfected into HeLa cells that have been stably
transfected with plasmid pTet-On. Cells were lysed 24 (A) and 72 h (B) post-
transfection and western blots were carried out. TFO1, GT sequence; TFO2,
GA sequence; PUR2, 16 nt TFO targeted to the bcl-2 promoter P2; INV,
inverse oligonucleotide targeted to bcl-2 mRNA from +1 to +20; SCR, a 20 nt
scrambled oligonucleotide; N, plasmid pTRE-bcl2-tri incubated with no oligo-
nucleotide; DOX+, transfected just with plasmid pTRE-bcl2-tri; DOX–, trans-
fected just with plasmid pTRE-bcl2-tri and without Doxycyclin in medium;
CON, cells transfected without any DNA.

Figure 7. Western blot analysis showing the inhibitory effect of TFO2 on the
bcl-2 gene expression at differing oligonucleotide concentrations (ODN
amounts: 800, 400, 100, 10, 1 pmol). Plasmid pTRE-bcl2-tri was incubated
with different concentrations of specific TFO (TFO2) and SCR, and trans-
fected into HeLa cells that have been stably transfected with plasmid pTet-On.
Cells were lysed 24 h post-transfection and western blots were carried out.
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Triplex formation in the promoter or coding sequences of
several genes have been described previously (6–17).
However, none has been used in 3′UTR sequences. We have
found an 18 bp polypurine–polypyrimidine sequence at the
3′UTR of the bcl-2 gene. Our data demonstrated that the triplex
structure of the pur*pur.pyr motif can be formed at the bcl-2
3′UTR with the third strand being antiparalleled to the purine-rich
strand of the duplex (Fig. 4). The ability of this oligonucleotide
to inhibit expression of bcl-2 (Figs 6–8) suggests that the
plasmid is incorporated into the nucleus and, when formed, the
triplex is stable in the nucleus. To our knowledge, this is the
first example of using an oligonucleotide targeted to the 3′UTR
of a gene.

We formed the triplex in vitro by incubating supercoiled
plasmid DNA with TFO (Fig. 5), and then the entire DNA
complex was transfected into HeLa cells. As we expected,
none of the controls was able to decrease the Bcl-2 protein
level. However, TFO2 specifically decreased the Bcl-2 protein
level as shown by western blotting. The GT sequence TFO1
could partially inhibit the expression of bcl-2 (Fig. 6), this is in
agreement with the previous findings that AG TFO forms
extraordinarily stable triplexes (8). Kim et al. (10) observed
some non-specific inhibition with control oligonucleotides
unless excess oligonucleotide was removed after incubation
with plasmid. In the present study, no significant non-specific
effects of sequence unrelated TFOs were observed even
without purification after incubation.

Beal and Dervan (3) have previously shown that G*G.C,
A*A.T and T*A.T triplets stabilize a triple helix to a greater
extent than the other 13 natural triplets in a thymidine–EDTA
moiety. They also found, while oligonucleotides containing A,
C or G opposite a single C.G base pair did not provide
cleavage, T-substituted oligonucleotides gave weak but better

cleavage than other oligonucleotides (3). However, in our
experiments, the C-substituted oligonucleotide (TFO4) shows
equal or stronger inhibition of Bcl-2 protein expression than
T-substituted oligonucleotides (TFO1 and 2) (Fig. 8).

Our results also showed that expression of bcl-2 can be
repressed at the TFO:plasmid DNA ratio of 12.5:1 or even
partially inhibited at the ratio of 1.25:1 (Fig. 7). Moreover, data
presented here agree with the suggestion that the formation of
a highly stable triple helix may be capable of preventing tran-
scription elongation independent of the formation of a covalent
bond with triplex target, though modified or chemically reactive
oligonucleotides may enhance the ability of TFOs to inhibit
transcription elongation (36).

Several reports have demonstrated that TFOs targeted to
positive regulatory factor binding sites inhibit transcription in
cells. McShan et al. (37) demonstrated that a TFO targeted to
the Sp1 binding sites in the long terminal repeats of human
immunodeficiency virus inhibits viral transcription in infected
cells. It has been demonstrated that TFOs targeted to the
human Ki-Ras or Her-2/Neu promoter inhibit the binding of a
protein in HeLa nuclear extracts (38,39). Triplex with the
human c-myc P2 promoter also inhibits binding of the important
regulatory factor, MAZ, and blocks transcription of c-myc in a
cell free in vitro transcription system (40). It has also been
demonstrated that a triplex can prevent the binding of recom-
binant Sp1 and inhibits transcription of the cyclin D1 promoter
in stable transfected HeLa cells (9). Triplex-mediated repression
of transcription may also result from the inhibition of forma-
tion of the proximal initiation complex assembly. It has been
shown by Maher et al. (41) that triple helical complexes bound
to the promoter inhibit in vitro transcription primarily by
blocking assembly of the initiation complexes rather than by
occluding the positive regulatory factor.

Coding sequences, such as the 3′UTR, of genes remain
potential targets for triplex formation and including the coding
sequence will expand the number of triplex targets available in
genes of interest. A potential mechanism by which TFOs may
lead to a reduction in gene expression is by inhibiting tran-
scription elongation. The oligonucleotide is designed to form a
triple helix in the coding sequence, such as 3′UTR, of the gene
of interest in order to prevent the progression of RNA
polymerase in its synthesis of the mRNA. One advantage of
this approach is to increase the number of potential triplex
target sequences since the transcribed region of a gene is
generally much larger than the cis-regulatory elements of the
promoter. Another possible advantage of a target in the coding
region of a gene is a somewhat greater accessibility of the
coding sequence to triplex formation since the TFO will not be
required to displace a previously bound transcription factor (7).
As our data show, TFOs targeted to the 3′UTR can effectively
downregulate the expression of the gene of interest. The
mechanism of gene expression inhibition by TFO targeting to
the 3′UTR may lie in the fact that the triplex inhibits transcrip-
tion elongation and the truncated mRNA (lacking a polyA tail)
is very unstable and is rapidly degraded in cells. This study
provides an example for expanding the target sites of oligo-
nucleotide-based gene therapy to 3′UTR.

It has been reported that phosphorothioated TFOs with 3′-
terminal amino groups are still able to form triplexes and
partially block c-pim-1 promoter activity (8). This is also
confirmed by our data shown in Figure 6, that TFO2 repressed

Figure 8. Effects of different kinds of TFOs on the expression of the Bcl-2 pro-
tein at different time points. Plasmid pTRE-bcl2-tri was incubated with differ-
ent TFOs (TFO1–4) and controls (INV, SCR), and transfected into HeLa cells
that had been stably transfected with plasmid pTet-On. Cells were lysed 24
(A), 48 (B) and 72 h (C) post-transfection and western blots were carried out.
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the expression of the bcl-2 gene. Moreover, our results further
showed that an amino linkage at the 3′-end alone is enough to
prevent ODN from nucleases in vivo as TFO4 can significantly
downregulate the Bcl-2 protein level for up to 72 h after trans-
fection (Fig. 8).

It is well known that deregulated expression of some proto-
oncogenes, such as bcl-2 and c-myc, results from the translocation
of these genes to the IgH locus and the promoters of these
genes are under control of the IgH enhancer (25,26). However,
our data imply that deregulated expression of such translocated
genes may also be influenced by the regulation of the 3′UTR of
the hybrid, such as Bcl-2–IgH, which functions to stablize
mRNA more efficiently than that of untranslocated counterpart
genes. Further experiments are needed to investigate if TFO
targeted to the 3′UTR of the bcl-2 gene can downregulate the
expression of bcl-2 in bcl-2-overexpressing cells such as B cell
lymphoma cell lines.

In summary, our studies expanded the TFO target site to the
3′UTR of a gene of interest and demonstrated that TFOs
targeted to the bcl-2 3′UTR downregulate the expression of the
bcl-2 proto-oncogene in transiently transfected HeLa cells, and
suggest that the TFO strategy is a promising approach for
treating diseases related to bcl-2 overexpression.
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