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ABSTRACT

The transcription factor Ets2 has a role in cancer
development and represents an attractive thera-
peutic target. In this study, we designed a triplex-
forming oligonucleotide (TFO) directed to a homo-
purine:homopyrimidine sequence in the Ets2 pro-
moter. Transcription factors of the Sp family bound
to this sequence and mutation of the Sp1 site
reduced Ets2 promoter activity. The Ets2-TFO had
high binding af®nity for the target sequence and
inhibited binding of Sp1/Sp3 to the overlapping site.
This effect occurred with a high degree of sequence
speci®city. Mismatched oligonucleotides did not
inhibit Sp1/Sp3 binding and mutations in the target
sequence that abolished triplex formation prevented
inhibition of Sp1/Sp3 binding by the TFO. The Ets2-
TFO inhibited Ets2 promoter activity and expression
of the endogenous gene in prostate cancer cells at
nanomolar concentrations. The TFO did not affect
reporter constructs with mutations in the TFO bind-
ing site and promoters of non-targeted genes.
Expression of non-targeted genes was also not
affected in TFO-treated cells. Collectively, these
data demonstrated that the anti-transcriptional
activity of the Ets2-TFO was sequence- and target-
speci®c, and ruled out alternative, non-triplex medi-
ated mechanisms of action. This anti-transcriptional
approach may be useful to examine the effects of
selective downregulation of Ets2 expression and
may have therapeutic applications.

INTRODUCTION

The human Ets family includes 25 genes that code for
positively and negatively acting transcription factors involved
in various aspects of cell proliferation and differentiation. Ets
factors share a highly conserved DNA binding domain (Ets
domain), which binds to DNA elements (Ets binding sites)
characterized by the purine-rich core sequence GGAA/T (1).

A large number of genes, including genes for transcription
factors, matrix metalloproteinases, cell cycle regulators,
extracellular matrix receptors and growth factors, are known
to contain Ets binding sites (1). Ets factors are downstream
effectors of the Ras-signaling pathway, which undergoes
oncogenic activation in many cancers (2±4). The oncogenic
potential of various Ets factors, including Ets2, has been
demonstrated in several experimental systems (5±9). Recent
studies indicate that Ets2 contributes to neoplastic transform-
ation and maintenance of the malignant phenotype in various
cancer types, including prostate, breast and thyroid cancers
(10±14). The oncogenic effects of Ets2 are likely related to its
ability to activate expression of multiple genes that promote
cell proliferation and invasion, or prevent apoptotic cell death.
Therefore, targeting this transcription factor may be a valid
therapeutic strategy for various forms of cancer.

Oligonucleotide-directed triple helix formation offers a
means to target speci®c sequences in DNA and interfere with
gene expression at the transcriptional level (15±17). Antigene
or triplex-forming oligonucleotides (TFOs) bind to homopur-
ine:homopyrimidine sequences forming a stable, sequence-
speci®c complex with duplex DNA. Recent studies have
provided convincing evidence of triplex formation at extra-
chromosomal and chromosomal sites in cells by analyzing
site-speci®c mutagenesis and covalent crosslinking of target
DNA induced by TFOs (18±22). Purine-rich sequences are
frequent in gene regulatory regions and TFOs directed to
promoter sequences have been shown to prevent binding of
transcription activators and inhibit transcription initiation
in vitro (15,16). TFOs have also been shown to downregulate
expression of targeted genes in cells by blocking transcription
initiation or elongation (16,17). This anti-transcriptional
approach could complement other gene-targeted strategies,
such as antisense, small-interfering RNA, and dominant
negative constructs, which interfere with gene expression at
post-transcriptional level. However, a clear demonstration of
triplex-mediated and sequence-speci®c inhibition of transcrip-
tion initiation by TFOs has generally been lacking in most cell
culture studies. Oligonucleotides are known to elicit non-
speci®c effects by interacting with proteins or non-target
nucleic acids both in sequence and non-sequence speci®c
manners (23±25). These effects may depend on nucleotide
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sequence, chemical composition, and tendency of oligo-
nucleotides to form particular secondary structures
(24,26±28). Therefore, one cannot always rule out that the
effects of TFOs on transcription initiation observed both in
cells and cell-free systems might be due to non-speci®c and
non-triplex mediated effects.

Our goal in the present study was to design a TFO directed
to a homopurine:homopyrimidine sequence in the Ets2
promoter with the intent to selectively inhibit transcription
of this gene. The sequence selected for triplex-mediated gene
targeting was located ~40 bp upstream of the transcription
initiation sites in the Ets2 promoter (29±31). Our data show
that transcription factors of the Sp family bound to this region
and that mutation of the Sp1 site signi®cantly reduced
promoter activity. The Ets2-targeting TFO had high af®nity
and speci®city for the target sequence, inhibited binding of
Sp1/Sp3 transcription factors to the target site in vitro and was
effective as repressor of Ets2 transcription in cells.
Experiments with mutated oligonucleotide targets and mu-
tated promoter reporter constructs provided evidence that the
effects of the TFO both in vitro and in cells were sequence-
and target-speci®c. These results demonstrated that the anti-
transcriptional activity of the Ets2-TFO was due to triplex
formation, and ruled out alternative, non-triplex mediated
mechanisms of action. The activity of the TFO combined with
a high degree of speci®city suggest that this anti-transcrip-
tional approach may be useful to analyze the effects of
selective downregulation of Ets2 expression in experimental
settings and may have potential therapeutic applications.

MATERIALS AND METHODS

Oligonucleotides

Phosphodiester (PO) and phosphorothioate (PS) oligonucleo-
tides were purchased from Genset (La Jolla, CA). PO and PS
oligonucleotides were puri®ed by polyacrylamide gel electro-
phoresis (PAGE) or high-performance liquid chromatography.
Stock solutions of oligonucleotides were made in sterile water.
Oligonucleotide concentrations were determined with a
spectrophotometer using appropriate nucleotide extinction
coef®cients (32). Immediately before each experiment,
oligonucleotide solutions were heated at 65°C for 10 min
and then chilled on ice. This heating step was performed to
eliminate self-aggregates (e.g. tetraplex and homoduplex) that
might have formed during storage of the oligonucleotides at
low temperatures. Sequences of the TFO, control oligonucleo-
tides and oligonucleotides corresponding to purine and
pyrimidine strands of the target site are shown in Figure 1.

Gel mobility shift assays

Oligonucleotides corresponding to the pyrimidine-rich strand
of the wild type or mutated targets were 5¢-end labeled with [g-
32P]ATP and T4 polynucleotide kinase and annealed to
complementary oligonucleotides as previously described
(33). Samples containing 1 nM duplex DNA and increasing
concentrations of either TFO or control oligonucleotides were
incubated for 24 h at 37°C in a buffer containing 90 mM Tris,
90 mM borate (pH 8) and 10 mM MgCl2 (TBM buffer). To
examine triplex DNA formation, samples were resolved by
PAGE under non-denaturing conditions (33). Apparent

dissociation constants (Kd) of TFOs were estimated as
previously described (33). To examine nuclear protein binding
to the Ets2 promoter site, nuclear extracts were prepared from
breast cancer cells as described previously (32). Nuclear
extracts were incubated with 1 nM of duplex DNA, which had
been pre-incubated with or without TFOs overnight in TBM
buffer. Binding reactions were incubated for 20 min at 10°C
and then were resolved on 4% polyacrylamide gels (32).
Sources of antibodies for supershift assays and double-
stranded oligonucleotide competitors and related experimental
conditions have been reported previously (32).

Promoter reporter constructs

To generate pGL3-Ets2, a pBluescript plasmid containing a
3.6 kb fragment of the human Ets2 promoter was digested with
SacII (29). After ®lling-in with T4 DNA polymerase
(Promega), the SacII fragment was subcloned into the SmaI
site of the pGEM-3Z vector (Promega). A pGEM-3Z-Ets2
clone with the Ets2 promoter insert in the 5¢±3¢ orientation was
expanded, digested with KpnI and HindIII, and the resulting
fragment was subcloned into the pGL3-basic (Promega,
Madison, WI). Promoter reporter constructs containing either

Figure 1. Position of the target site in the Ets2 promoter and triplex DNA
formation by the Ets2-TFO. (A) The 25-bp homopurine:homopyrimidine
target sequence is located ~40 bp upstream of the transcription start site in
the Ets2 promoter. Putative binding sites for Sp1 and AP2 (black boxes), in-
verted repeat sequence (small arrows) and nuclease hypersensitive site (ver-
tical arrow) adjacent to the target site are indicated. Sequences of the target
site, TFO and control oligonucleotides are shown below the promoter map.
The Sp1 consensus sequence within the TFO target site is boxed. (B) The
oligonucleotide corresponding to the pyrimidine strand of the target se-
quence was 5¢-end labeled with [g-32P]ATP and annealed to the complemen-
tary purine-rich oligonucleotide. Duplex DNA (1 nM) was incubated with
the indicated concentrations of TFO and control oligonucleotides M1 and
M2 for 24 h at 37°C. Samples were resolved on a 12% polyacrylamide gel
under non-denaturating conditions. Positions of double- and triple-stranded
DNA are indicated.
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three or ®ve mutations in the TFO target sequence were
produced from pGL3-Ets2 using the QuickChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA). Ets2-
Mut3 oligonucleotides were used as primers in the PCR to
generate the pGL3-Ets2-Mut3. The pGL3-Ets2-Mut5 was then
produced using pGL3-Ets2-Mut3 as template and Ets2-Mut5
oligonucleotides as primers. The pGL3-Ets2-mSp1, which
contained a mutated Sp1 site in the TFO target sequence,
was produced by changing the wild type sequence 5¢-TCCC-
TCCT-3¢ to 5¢-AGACTCCT-3¢ using the QuickChange
Site-Directed Mutagenesis kit. Incorporation of the desired
mutations in the isolated clones was con®rmed by sequencing.
The pGL3-Myc-P1 plasmid was generated by subcloning
a KpnI±XhoI fragment of 1126 bp of the c-myc promoter
into pGL3-basic. The pGL3-Src was obtained by sucloning a
KpnI±XbaI fragment of the c-src promoter into pGL3-basic
(34).

Transfection with reporter plasmid and luciferase assay

Human prostate cancer cells (DU145 and PC3) were grown in
RPMI 1640 supplemented with 10% heat-inactivated fetal
bovine serum (Invitrogen, Carlsbad, CA). Cells were trans-
fected with reporter vectors in the absence or presence of
oligonucleotides using either DOTAP (Roche, Indianapolis,
IN) or Oligofectamine (Invitrogen) as transfection reagent.
For transfection with DOTAP, cells were plated in 96-well
plates at a density of 8 3 103 cells/well. After 24 h, 100 ng of
pGL3-Ets2 was mixed with TFO or control oligonucleotide in
20 mM HEPES and incubated with DOTAP at a mass ratio of
5:1 (DOTAP:DNA) for 15 min at room temperature. Either
pRL-SV40 (5 ng) or pRL-TK (50 ng) control vector was added
to each sample to monitor transfection ef®ciency. The mixture
was then diluted in 100 ml of serum-containing medium and
added to the cells. After 6 h, medium was removed and
replaced with fresh medium. When Oligofectamine was used,
cells were plated in 48-well plates at a density of 1 3 104 cells/
well. Reporter vectors (100 ng), control vector (5 ng),
oligonucleotides and Oligofectamine (0.8 ml) were diluted in
20 ml of Opti-MEM, incubated for 15 min at room temperature
and then added to the cells seeded in 80 ml of Opti-MEM.
After 4 h, growth medium containing 10% serum was added.
Cells were lysed 24 h later and luciferase activity was
measured using dual-luciferase assay system (Promega).
Each experiment was repeated at least three times to
ensure reproducibility of the data. In the co-transfection
experiments, oligonucleotides represented a signi®cant
amount (100±200 ng) of the total DNA to be transfected and
preliminary experiments indicated that the ef®ciency of
transfection depended greatly on the amount of DNA and
transfection reagent used. Thus, reporter activity of TFO-
treated cells was compared with the reporter activity of cells
transfected with an equal amount of control oligonucleotide
rather than reporter plasmid alone, therefore keeping total
amount of DNA (plasmid plus oligonucleotide) and transfec-
tion reagent constant. Hence, similar transfection ef®ciencies
were achieved in the different experimental groups.

RNA analysis

DU145 cells were seeded at 7 3 104 cells/well in 6-well plates
and transfected 24 h later with TFO or control oligonucleotide
using Oligofectamine as described above. Total RNA was

extracted from control and TFO-treated cells using Trizol
(Invitrogen). RNA concentrations were determined by spec-
trophotometry. RT±PCR was performed using the SuperScript
One Step RT±PCR system (Invitrogen) and gene-speci®c
primers. Forward and reverse primers for Ets2 were 5¢-TCA-
GCTCTGAGCAGGAGTTTCAGA-3¢ and 5¢-GGTTGGCTT-
ATTGAGGCAGAGAGA-3¢, respectively, which ampli®ed a
fragment of 296 bp. Sequences of the GAPDH primers have
been published previously (33). Sequences of forward and
reverse primers for Ets1 were 5¢-TGCTATCAAACAAG-
AAGTCGTCAC-3¢ and 5¢-GACAGGAGATGGCTGGGAA-
TTCA. RT±PCR was performed using 100 ng of total RNA.
Each reaction contained 0.2 mM forward and reverse gene-
speci®c primers in addition to reagents present in the
SuperScript PCR buffer. RNA was reverse-transcribed for
30 min at 50°C and then subjected to 26 cycles of PCR (94°C,
15 s; 55°C, 30 s; 72°C, 15 s). Samples were analyzed on 2%
agarose gels. Following staining with ethidium bromide, PCR
products were visualized using ChemiImager 4400
AlphaInnotech (San Leandro, CA). Densitometric analysis
was performed using AlphaEase software (AlphaInnotech).
The amount of RNA (100 ng) and number of PCR cycles (26
cycles) were optimized in preliminary experiments to ensure
that PCR was performed in the exponential phase of ampli-
®cation and there was a linear relationship between the
amount of RNA template and yield of ampli®ed products.
Three individual RNA preparations were used with identical
results and RT±PCR was performed at least two times with
each individual preparation to ensure data reproducibility.
Northern blot analysis was done as previously described using
3 mg of total RNA and a radio-labeled Ets2 cDNA fragment as
hybridization probe (11,33).

RESULTS

Selection of the target site and design of the TFO

The Ets2 gene is transcribed from multiple initiation sites
directed by a promoter lacking typical TATA and CAAT
elements (29,30). To target this gene using the triplex DNA-
based approach, we selected a 25-bp homopurine:homo-
pyrimidine sequence located ~40 bp upstream of the cluster of
transcription initiation sites and overlapping a putative Sp1
binding site (Fig. 1). The selected sequence is located within a
160-bp region that has been previously shown to be essential
for maximal promoter activity (29,30). This region includes
multiple putative transcription factor binding sites, an inverted
repeat and a long polypyrimidine (CT) tract, which is able to
stimulate transcriptional activity of heterologous promoters
(29,30). Nuclease hypersensitive sites, which are generally
found in the promoter of actively transcribed genes and
indicate the presence of an open chromatin structure, have
been mapped in this region of the promoter in Ets2-expressing
cells (29). In particular, a nuclease hypersensitive site co-
localizes with the inverted repeat within the target sequence.

We designed a GT-rich oligonucleotide to bind to this
sequence. As shown in Figure 1, the Ets2-targeting TFO had G
residues opposite G:C base pairs, and T residues opposite A:T
base pairs. The TFO was not identical or complementary to
either strand of the target duplex and was expected to bind to
the purine-rich strand of the duplex in antiparallel orientation.
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Similar antiparallel GT-rich TFOs have been shown to bind
with high af®nity to target DNA at physiological pH
(33,35±38). Two mismatched control oligonucleotides, de-
signed as M1 and M2, which had nucleotide composition
similar to the Ets2-TFO but scrambled sequences, were used
in the study (Fig. 1A). Both control oligonucleotides con-
served potentially critical sequence elements (e.g. short G2

and G3 runs) present in the TFO. M2 was identical to the TFO
at the 5¢ and 3¢ ends and had extensive sequence homology to
the TFO in the remaining part. TFO and control oligonucleo-
tides were synthesized as both PO and PS oligonucleotides.
All the data presented herein were obtained with oligonucleo-
tides synthesized with a fully modi®ed PS backbone to
increase resistance to nuclease degradation.

Triplex DNA formation by the Ets2-targeting TFO

To examine binding of the Ets2-TFO, a radio-labeled duplex
DNA corresponding to the target sequence was incubated with
increasing concentrations of Ets2-TFO or control oligonucleo-
tides. Binding was then assessed by gel mobility shift assay. In
these experiments, samples were incubated for 24 h to ensure
that binding was evaluated under equilibrium conditions as
done in previous studies (38±40). In addition, potassium ions,
which have been often shown to reduce the ability of PO and
PS oligonucleotides to form triplex DNA at physiological
intracellular concentration (15,16), were not included in the
binding reaction buffer. As shown in Figure 1B, the PS-
modi®ed Ets2-TFO exhibited high af®nity for the target
sequence under these conditions. Its apparent Kd, estimated by
gel mobility shift assay, was ~5 nM. Complete formation of
triplex DNA was observed at a concentration of 50±100 nM of
TFO, which corresponded to a 50- to 100-fold molar excess of
TFO compared with the target DNA. PS-modi®ed TFOs have
shown reduced binding af®nity compared with the PO
counterpart in previous studies (38±40). However, the PS
modi®cation did not appear to affect binding of the Ets2-TFO
to its target, since similar results were observed with both PS
and PO TFO (data not shown). As shown in Figure 1B, EMSA
was performed also with the control oligonucleotides M1 and
M2. Both control oligonucleotides did not form triplex DNA
at concentrations as high as 1 mM, con®rming the sequence
speci®city of the interaction of the Ets2-TFO with its target
sequence.

Inhibition of Sp1/Sp3 protein binding to the Ets2
promoter by the Ets2-TFO

The TFO target site directly overlaps a Sp1 consensus
sequence (Fig. 1). Sp1 sites are thought to be involved in
determining the position of the initiation site in absence of a
classical TATA box and be critical for activity of genes with
TATA-less promoters, like Ets2 (41). However, the identity of
the proteins binding to this region and their role in the
activation of Ets2 transcription were not known. To examine
nuclear protein binding, a double-stranded oligonucleotide
probe, Ets2-WT, which included the TFO target sequence and
the putative Sp1 consensus site was prepared. Gel mobility
shift assay with nuclear extracts and the Ets2-WT probe
showed formation of three major protein/DNA complexes,
which were identi®ed as Sp1 and Sp3 complexes (Fig. 2).
Formation of these complexes was inhibited by the addition of
a competitor oligonucleotide containing a Sp1 consensus

sequence and antibodies against Sp1 and Sp3 (Fig. 2, and data
not shown). Next, we determined whether formation of the
Sp1/Sp3 complexes with the duplex DNA could be blocked by
the Ets2-TFO. Incubation of the Ets2-WT probe with the TFO
under conditions that allowed triplex formation resulted in a
clear reduction of Sp1/Sp3 complex formation (Fig. 3). A
>50% reduction of Sp1/Sp3 binding was already observed at
10 nM of TFO, i.e. only 10-fold molar excess compared with
target DNA. These data were consistent with the high binding
af®nity of the Ets2-TFO estimated by gel mobility shift assay.
Both control oligonucleotides M1 and M2 did not affect Sp1/
Sp3 binding, indicating sequence speci®city of the TFO
effects. These data suggested that the TFO formed a stable
complex that was able to block binding of Sp factors to the
Ets2 promoter. This could lead to transcription inhibition by
preventing assembly of an active initiation complex.

Inhibition of Sp1/Sp3 binding by the Ets2-TFO is
mediated by triplex formation

The TFO-induced inhibition of Sp1/Sp3 binding to the Ets2
promoter could be due to a sequence-speci®c but non-triplex
mediated effect (e.g. a protein decoy mechanism). To rule out
this possibility, we used double-stranded oligonucleotide
probes, Ets2-Mut3 and Ets2-Mut5, which contained mutations
in the TFO target sequence (Fig. 4A). These mutations were
speci®cally designed to disrupt the ability of the TFO to form
triplex DNA but not binding of Sp1/Sp3 factors. Gel mobility
shift assays showed that the Ets2-TFO was unable to bind to
the mutated probes, while it was clearly able to form triplex
DNA with the probe containing the wild type sequence
(Fig. 4B). Next, the mutated probes were incubated with

Figure 2. Nuclear protein binding to the Ets2 promoter site. Radiolabeled
double-stranded oligonucleotide corresponding to the Ets2 target sequence
(Ets2-WT) was incubated with nuclear extracts, with the exception of the
®rst lane. To identify proteins binding to the site in the Ets2 promoter, bind-
ing reactions contained either unlabeled Ets2 target (Ets2-WT), Sp1 and
NFkB consensus oligonucleotides (Sp1 and NFkB), anti-Sp1 antibody
(aSp1), and normal rabbit IgG (IgG). Samples were electrophoresed on a
polyacrylamide gel under non-denaturing conditions. Positions of unbound
probe and Sp1/Sp3 complexes are indicated.
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nuclear extract to examine nuclear protein binding. Gel
mobility shift assays with the Ets2-Mut3 probes showed
formation of three major protein/DNA complexes similar to
those formed with the wild type probe (Fig. 4C). These
complexes were identi®ed as Sp1/Sp3 complexes by oligo-
nucleotide competition and antibody supershift assays
(Fig. 4C). When the Ets2-Mut3 probe was incubated with
the Ets2-TFO or control oligonucleotide, the TFO was unable
to prevent binding of Sp1 and Sp3 under conditions that
inhibited binding of these proteins to the wild type target
(Fig. 4C). Formation of Sp1/Sp3 complexes on the Ets2-Mut5
probe was also not affected by pre-incubation with the Ets2-
TFO (data not shown). Taken together, these data con®rmed
the sequence speci®city of the interaction between the TFO
and the Ets2 target site. Moreover, these results demonstrated
that inhibition of Sp1/Sp3 binding by the Ets2-TFO required
triplex formation with the target DNA and was not due to a
direct interaction of the TFO with the transcription factors or
other proteins in the nuclear extract.

Inhibition of Ets2 promoter activity by the Ets2-TFO in
prostate cancer cells

To evaluate the biological activity of the Ets2-TFO, we
determined whether it had any effect on the Ets2 promoter in
prostate cancer cells known to express high levels of this gene.
The pGL3-Ets2 plasmid contained an 880-bp fragment of the
Ets2 promoter, including the transcription start site and TFO
target sequence, cloned upstream of the ®re¯y luciferase gene.
Hence, the level of luciferase activity in transfected cells was a
direct measurement of transcription initiation within the Ets2
promoter. DU145 and PC3 cells were transfected with the
pGL3-Ets2 plasmid along with either pRL-TK or pRL-SV40
control vectors. After 24 h, the activity of both ®re¯y and
Renilla luciferase were measured in cell extracts. Upon

Figure 4. TFO-induced inhibition of nuclear protein binding to the Ets2
promoter is sequence speci®c and triplex mediated. (A) Sequence of wild
type and mutated oligonucleotides. Sp1 sites in the Ets2-WT, Ets2-Mut3
and Ets2-Mut5 oligonucleotides are boxed. TFO target sequence is under-
lined. Mutated bases in the Ets2-Mut3 and Ets2-Mut5 oligonucleotides are
shown in small bold letters. (B) Binding of the Ets2-TFO to wild type and
mutated targets. Ets2-WT, Ets2-Mut3 and Ets2-Mut5 oligonucleotides were
radiolabeled and incubated with the indicated concentrations of Ets2-TFO.
Binding and electrophoresis were performed as described in the legend of
Figure 1. (C) Nuclear protein binding to the mutated Ets2 target and effects
of the TFO. Ets2-Mut3 was radiolabeled and incubated either in the absence
or presence of the indicated concentrations of Ets2-TFO or control oligo-
nucleotide M2. Nuclear extracts were added to the binding reactions with
the exception of the ®rst lane. Where indicated, anti-Sp1 antibody (aSp1)
and a Sp1 consensus oligonucleotide (Sp1) were added to the samples to
con®rm presence of Sp1 factors in the protein/DNA complexes. Samples
were separated on a polyacrylamide gel as described in the legend to
Figure 2.

Figure 3. TFO-induced inhibition of Sp1/Sp3 protein binding to the Ets2
promoter. Double-stranded oligonucleotide Ets2-WT was radiolabeled and
incubated without or with the indicated concentrations of Ets2-TFO or con-
trol oligonucleotides for 24 h at 37°C. Nuclear extracts were added to the
binding reactions, with the exception of the ®rst lane, incubated for 20 min
and then samples were analyzed by gel electrophoresis as described in the
legend to Figure 2.
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transfection of the Ets2 promoter construct, luciferase activity
was induced ~100-fold in DU145 and PC3 cells compared
with cells transfected with pGL3 basic vector, indicating that
the Ets2 promoter effectively activated luciferase expression
in these cells. To determine the functional relevance of the
Sp1 site overlapping the TFO target sequence, we mutated
the corresponding sequence in the pGL3-Ets2 reporter
construct. As shown in Figure 5A, Ets2 promoter activity

was signi®cantly reduced in the pGL3-Ets2-mSp1 compared
with wild type reporter.

Next, prostate cancer cells were co-transfected with pGL3-
Ets2 and either Ets2-TFO or control oligonucleotide at
concentrations of 125 and 250 nM. When DU145 cells were
incubated with the Ets2-TFO, the activity of the reporter gene
was signi®cantly reduced compared with cells incubated with
identical concentrations of control oligonucleotide (Fig. 5B).
Inhibition of Ets2 promoter activity by the TFO was dose
dependent with ~50 and 75% reduction at 125 and 250 nM,
respectively. A similar effect of the TFO on Ets2 promoter
activity was observed in PC3 cells (data not shown).
Signi®cantly, the extent of inhibition of Ets2 promoter activity
by the Ets2-TFO was similar to that observed by mutating the
Sp1 site overlapping the TFO target sequence. This ®nding
suggested that inhibition of Sp1/Sp3 binding at the target site
was a likely mechanism of transcription inhibition by the TFO.
Furthermore, the signi®cant inhibition of promoter activity by
the Ets2-TFO and the lack of effect of the non-triplex forming
oligonucleotide suggested that the inhibition was likely due to
triplex DNA formation at the TFO target site. Since the short
incubation prior to transfection should not permit triplex
formation, these data suggested that the TFO was able to
interact with the target DNA once inside the cells and to form
a stable complex that inhibited promoter activity.

Triplex formation is required for inhibition of promoter
activity by the Ets2-TFO

To examine the mechanism of inhibition of Ets2 promoter
activity by the TFO, we generated promoter reporter con-
structs that contained mutations in the TFO target sequence
identical to those tested in gel mobility shift assays. The
pGL3-Ets2-Mut3 and pGL3-Ets2-Mut5 constructs were de-
rived from the pGL3-Ets2 plasmid and differed only in the
presence of either three or ®ve mutations in the TFO target
sequence (Fig. 4A). In both constructs, the Sp1 site overlap-
ping the target sequence was not affected by the mutations,
and gel shift mobility assays showed binding of Sp1/Sp3
proteins to oligonucleotide probes containing identical base
changes (Fig. 4B). In luciferase reporter assays, activity of the
mutated promoters was decreased ~25% compared with the
wild type reporter (Fig. 6A). This reduction in promoter
activity was probably due to the partial disruption of the
inverted repeated adjacent to the Sp1 site. When DU145 cells
were transfected with the TFO or control oligonucleotide
along with reporter constructs, the Ets2-TFO was unable to
affect the activity of mutated promoters under conditions that
resulted in signi®cant inhibition of the wild type promoter
(Fig. 6B). Thus, the presence of the intact target sequence,
which was required for triplex formation and inhibition of
transcription factor binding in vitro, was also essential for
inhibition of promoter activity by the TFO in cells. These data
strongly support the conclusion that inhibition of transcription
initiation by the Ets2-TFO was due to triplex formation and
rule out that alternative mechanisms, such as a decoy-like
mechanism, were responsible for these effects.

Inhibition of promoter activity by the Ets2-TFO is
target speci®c

To further prove the selectivity of the Ets2-TFO for the
targeted gene promoter, we evaluated its effects on promoter

Figure 5. Inhibition of Ets2 promoter activity by the Ets2-TFO. (A) pGL3-
Ets2 and pGL3-Ets2mSp1 were transfected into DU145 cells along with a
pRL-SV40 control vector using DOTAP. Luciferase activity was measured
after 24 h from transfection. Renilla luciferase activity was used to control
for transfection ef®ciency. Asterisk, P < 0.005 compared with wild type re-
porter. (B) The pGL3-Ets2 plasmid was transfected into DU145 cells along
with Ets2-TFO or control oligonucleotide M2 and pRL-SV40 control vector
using DOTAP. Fire¯y and Renilla luciferase activities were measured after
24 h from transfection. Fire¯y luciferase activity was normalized to the
Renilla luciferase activity and data are presented as percent of luciferase
activity compared with control transfected cells. Asterisks, P < 0.05 and P
< 0.0005 at 125 and 250 nM of Ets2-TFO compared with mismatched-
treated cells.
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reporter constructs with signi®cant structural and functional
similarity to the Ets2 promoter. Both the c-myc and c-src
promoter contained purine-rich sequences similar to that
targeted by the Ets2-TFO and multiple Sp1 binding sites
(32±34,42). The c-src promoter contained a long poly-
pyrimidine region located upstream of the transcription
initiation site known to be critical for promoter activity (42).
A 25-bp sequence within this polypyrimidine region had only
four mismatches compared with the Ets2 target sequence. The
c-myc P1 promoter construct used in this study also contained
a polypyrimidine tract (CT element) upstream of the P1
promoter (33). To prevent potential secondary effects due to
Ets2 downregulation by the TFO, however, the Ets binding
site near the c-myc P2 promoter had been deleted (43). Gel
mobility shift assays con®rmed that Sp1/Sp3 proteins bound to
sites proximal to the purine-rich sequences in both c-myc and
c-src promoters (32,42). We also determined that binding of

Sp1/Sp3 to oligonucleotides containing the myc P1 promoter
sequence was not affected by the Ets2-TFO (data not shown).
As shown in Figure 7, the Ets2-TFO did not inhibit the activity
of the c-myc and c-src promoter constructs at concentrations
that induced signi®cant inhibition of Ets2 promoter. Thus,
these data indicated that the effects of the TFO depended
strictly on the presence of the complementary target sequence
and were speci®c for the targeted gene promoter. The TFO
was unable to affect activity of promoters with similar purine-
rich sequences and Sp1 sites, suggesting that the inhibition of
Ets2 promoter by the TFO was not due to non-speci®c
interactions of the TFO with transcription factors or other
components of the transcription machinery.

TFO-mediated inhibition of expression of the
endogenous Ets2 gene

The results described above indicated that the Ets2-TFO was
able to bind to the target sequence in vitro and inhibit Ets2
promoter activity in cells in a sequence- and target-speci®c
manner. These data suggested that the Ets2-TFO could be used
to selectively downregulate expression of the endogenous Ets2
gene. To determine the effect of the TFO on Ets2 expression,
DU145 cells were transfected with 200 nM of TFO or control
oligonucleotide and total RNA was isolated after 24 and 48 h.
The level of Ets2 RNA was determined by RT±PCR under
conditions that ensured that the amount of ampli®ed product
was proportional to the initial amount of RNA template as
described in Materials and Methods (Fig. 8A). Ets2 RNA was
reduced by ~40 and 50% at 24 and 48 h, respectively, in TFO-
treated cells compared with untreated and control oligo-
nucleotide-treated cells (Fig. 8B and C). The level of GAPDH
RNA was similar in TFO- and control-treated cells. In
addition, we measured RNA levels of another transcription
factor, Ets1, which is highly homologous to Ets2 and is
expressed in prostate cancer cells. Ets1 expression was
unaffected by the Ets2-targeting TFO (Fig. 8B). We also
investigated whether increasing the concentration of TFO
would result in greater inhibition of Ets2 transcription. As
shown in Figure 8D and E, Ets2 RNA was reduced by ~50 and
65% in cells incubated for 48 h with 200 and 400 nM of TFO
compared with untreated control cells, indicating a dose-
dependent effect of the TFO on Ets2 gene expression. The

Figure 6. TFO-induced inhibition of Ets2 promoter activity requires triplex
formation. (A) DU145 cells were transfected with pGL3-Ets2, pGL3-Ets2-
Mut3 or pGL3-Ets2-Mut5 along with pRL-SV40. Fire¯y and Renilla lucifer-
ase activities were measured 24 h later. (B) DU145 cells were transfected
with pGL3-Ets2, pGL3-Ets2-Mut3 or pGL3-Ets2-Mut5 along with 200 nM
of Ets2-TFO or control oligonucleotide M2 using Oligofectamine. The pRL-
SV40 control vector was included to monitor transfection ef®ciency.
Luciferase activity was measured after 24 h. Data are presented as described
in the legend to Figure 5. Asterisk, P < 0.0005 compared with control
treated cells.

Figure 7. Target speci®city of the effects of the Ets2-TFO on promoter re-
porter activity. DU-145 cells were transfected using DOTAP with the repor-
ter constructs pGL3-c-myc-P1 and pGL3-c-src along with 250 nM of TFO
or control oligonucleotide M2 and the pRL-SV40 control vector. Luciferase
activity was measured as described in the legend to Figure 5.
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control oligonucleotide did not affect Ets2 RNA level at these
concentrations. We did not detect a signi®cant effect of the
TFO on Ets2 gene expression at concentrations <200 nM (data
not shown). Analysis of total RNA from cells incubated with
400 nM TFO or control oligonucleotide by northern blot
analysis also showed a reduced level of Ets2 RNA in TFO-
treated cells compared with control-treated cells, con®rming
the data obtained by RT±PCR (Fig. 8F). Similar amounts of
ribosomal RNA were detected in the ethidium bromide stained
gel indicating equal RNA loading. Collectively, these data
indicated that the TFO was able to inhibit transcription of the
endogenous Ets2 gene and this effect was speci®c for the
targeted gene.

DISCUSSION

Several studies have established a link between various
members of the Ets family of transcription factors and
neoplastic transformation (1,9). Increased expression of Ets2
has been associated with initiation and progression of various
cancer types (11±14). Inhibition of Ets2 by antisense or
dominant negative constructs has been shown to reduce
anchorage-independent growth of prostate, breast and thyroid
cancer cells (11,12,14). Even partial reduction of Ets2
expression, such as that obtained by disruption of a single

Ets2 allele, limited growth of breast tumors in transgenic mice
(13). Thus, a selective inhibitor of this transcription factor
would be useful to study its role in cancer development and
might have therapeutic applications as an anticancer agent.
Our goal in this study was to design an inhibitor of Ets2 using
the triplex DNA-based approach. Recent studies have shown
successful applications of this approach to induce site-speci®c
mutagenesis, recombination and transcriptional repression in
various experimental systems (17). Convincing evidence of
triplex formation on chromosomal targets has also been
presented (18±22). However, whether the anti-transcriptional
effects of TFOs, particularly of those targeting regulatory
elements in gene promoters and blocking transcription initi-
ation, are indeed due to a triplex DNA-based mechanism is
still controversial. Oligonucleotides could interact in a
sequence or non-sequence-speci®c manner with transcription
factors and other components of the transcription apparatus,
and inhibit transcription initiation regardless of triplex
formation (44±46). In this study, we selected a 25-bp
homopurine:homopyrimidine sequence in the Ets2 promoter
that appeared optimal for triplex-mediated gene targeting. The
sequence was immediately upstream of the transcription start
site and overlapped a putative Sp1 binding site. We demon-
strated binding of Sp1/Sp3 transcription factors to this
sequence by gel mobility shift assay and its relevance for

Figure 8. Downregulation of endogenous Ets2 gene expression by the Ets2-TFO. (A) Increased amounts of total RNA from DU145 cells were reverse-
transcribed and ampli®ed with Ets2-speci®c primers. PCR products were separated on 2% agarose gels, stained with ethidium bromide, visualized and
quanti®ed using a ChemiImager. (B) DU145 cells were transfected with 200 nM Ets2-TFO or control oligonucleotide M2 using Oligofectamine. After 24 and
48 h total RNA from untreated control (Co), TFO-treated (TFO) and mismatched oligonucleotide-treated (M2) cells was extracted and RT±PCR performed.
(C) Densitometric analysis of Ets2 RNA levels at 24 and 48 h after transfection. Data are mean 6 SD from three separate experiments. Asterisks, P < 0.005
at 24 h and P < 0.0005 at 48 h compared with untreated control and M2-treated cells. (D) DU145 cells were transfected with 200 and 400 nM of TFO or
control oligonucleotide M2. RNA was extracted after 48 h and analyzed by RT±PCR. (E) Densitometric analysis of Ets2 RNA levels in cells incubated with
increasing concentrations of TFO and control oligonucleotide. Data are mean 6 SD from two experiments. Asterisks, P <0.005 compared with untreated
control and M2-treated cells. (F) RNA from cells transfected with 400 nM of TFO and control oligonucleotide and incubated for 48 h after transfection was
subjected to northern blot analysis using an Ets2 cDNA probe. Ethidium bromide-stained gel is shown to con®rm integrity and equal loading of RNA.
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Ets2 transcription by promoter reporter assays. A PS-modi®ed
GT-TFO, directed to this sequence, was able to inhibit nuclear
protein binding, promoter activity and expression of the
endogenous Ets2 gene. Several lines of evidence support the
conclusion that the effects of the TFO were sequence- and
target-speci®c, and that formation of a triplex DNA structure
at the target site was required for the anti-transcriptional
activity of the TFO. Our results indicate that this TFO can act
as a selective transcriptional repressor and suggest that it can
be used to antagonize the effects of Ets2 over-expression in
cancer cells.

Analysis of the binding properties of the Ets2-TFO showed
that it bound to the target DNA with very high af®nity. This
was consistent with previous reports showing that antiparallel
GT-rich oligonucleotides were able to form stable triplex
DNA at low concentrations and physiological pH and
temperature (33,35±38). The high binding af®nity of the
Ets2-TFO was probably due to the perfect homopurine:
homopyrimidine composition of the target sequence. Any
pyrimidine interruption in the purine strand would decrease
stability of the triple helix and lower TFO binding af®nity
(15). Furthermore, the PS modi®cation, which was required to
increase nuclease resistance, did not affect binding of the Ets2-
TFO. In fact, the Kd value of the PS Ets2-TFO, estimated by
gel mobility shift assays, was very similar to that of the
corresponding PO TFO. Despite its high af®nity, binding of
the Ets2-TFO required exact pairing with the target sequence
according to the triplex DNA code. Control oligonucleotides
with similar length and base composition but a number of
mismatched bases relative to the target sequence did not form
triplex DNA. Furthermore, the Ets2-TFO did not recognize
targets containing even a limited number of mutations
compared with the wild type target. It is important to note
that we measured binding of the Ets2-TFO in the absence of
physiological concentrations of potassium ions, which have
been shown to inhibit triplex DNA formation in vitro (15,16).
However, the relevance of potassium-mediated inhibition of
triplex DNA formation by PO and PS oligonucleotides in cells
is unclear. Indeed, a number of studies have now provided
both direct and indirect evidence of oligonucleotide-mediated
triplex DNA formation in cells (18±22). Our present data
showing triplex-mediated effects of a PS TFO on promoter
activity and endogenous gene expression also support the
conclusion that the intracellular concentration of potassium
ions may not be a major limiting factor for activity of TFOs in
cells.

The sequence targeted by the Ets2-TFO was immediately
upstream to the transcription initiation site in the Ets2 gene.
The region comprising the target sequence contained multiple
putative transcription factor binding sites (29,30). However,
the identity of proteins binding to this region and their role in
the transcriptional activation was not known. Using gel
mobility shift assays, we determined that transcription factors
of the Sp1 family bound to the site overlapping the TFO target
sequence. The Ets2-TFO inhibited binding of these proteins to
the Ets2 promoter in a dose- and triplex-dependent manner.
Control oligonucleotides with similar length and base com-
position that did not bind to the target DNA did not inhibit
Sp1/Sp3 binding. Moreover, the introduction of mutations in
the target sequence adjacent to the Sp1 site abolished triplex
formation and any effect of the TFO on Sp1/Sp3 binding.

These data con®rmed that the activity of the TFO depended
strictly on the formation of a triple helical complex with the
target DNA. These ®ndings also ruled out that the inhibition of
Sp1/Sp3 binding was mediated by a direct interaction of the
TFO with transcription factors or other proteins in the nuclear
extract. Inhibition of Sp1/Sp3 binding, demonstrated in the gel
mobility shift assays, could be an important mechanism of
TFO-induced inhibition of transcription initiation in cells. In
this regard, it is signi®cant that the TFO inhibited Ets2
promoter activity to a degree similar to that achieved by
mutating the Sp1 site overlapping the TFO target sequence. It
is also relevant that mutations adjacent to the Sp1 site that did
not affect Sp1/Sp3 binding induced only a minimal reduction
of the Ets2 promoter activity. Sp1 sites may be involved in
positioning the transcription start site and may be critical for
promoter activity of genes, like Ets2, which lack a TATA box
(41). Sp factors can also enhance transcription by facilitating
DNA loop formation via protein±protein interaction (41).
Thus, by binding to its target sequence, the Ets2-TFO may
prevent binding of these trans-activating factors and inhibit
formation of an active transcription complex.

In addition to its activity in the cell-free system, the Ets2-
TFO was able to inhibit transcription in promoter reporter
assays and expression of the endogenous gene in cells at
similarly low concentrations. In these experiments a mis-
matched oligonucleotide, which was unable to form triplex
DNA at the Ets2 site, did not inhibit promoter activity and
Ets2 expression. The lack of effects of the Ets2-TFO on
mutated reporters was also consistent with a triplex-mediated
mechanism and indicated that alternative mechanisms of
inhibition of transcription initiation by the Ets2-TFO were
unlikely. Furthermore, the Ets2-TFO did not affect the activity
of promoters of non-targeted genes, although they had
signi®cant structural similarity to the Ets2 promoter.
Expression of non-targeted genes, such as Ets1 and
GAPDH, was also not affected by the Ets2-TFO. Together,
these data suggest that binding of the TFO to non-targeted
DNA sites might be an unlikely event in the absence of a
perfectly matching sequence. The nuclease resistance and high
binding af®nity of the PS-modi®ed TFO was certainly
important in these cellular studies. Intracellular accumulation
of PS oligonucleotides is greatly enhanced compared with PO
oligonucleotides. As a result of the increased stability, intact
TFO would be present in cells for a sustained period, thus
favoring triplex formation. However, the Ets2-TFO appeared
to be less active on the endogenous gene than on the promoter
reporter construct when tested at similar concentrations and
under similar conditions. This difference is not surprising and
may be due to various factors. Accessibility of a chromosomal
target site may be restricted and depend on the transcriptional
state of the gene. Faria et al. (22) reported signi®cant
variability in gene expression levels in single cells over time
and markedly different temporal responses to a TFO among
individual cells in an unsynchronized cell population. Indeed,
the endogenous Ets2 promoter may be accessible to both
regulatory proteins and TFO only in cells that are actively
transcribing the gene. Thus, restricted accessibility of the
endogenous gene promoter combined with heterogeneity of
cellular and nuclear uptake of the TFO among cells may have
contributed to the apparently reduced ef®cacy of the Ets2-TFO
in inhibiting the endogenous gene.
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In the present study, we have shown that transcription
inhibition by a TFO targeting the Ets2 promoter was sequence
speci®c and triplex mediated. A concern that we had carrying
out these studies was that PS-modi®ed oligonucleotides were
known to cause non-speci®c effects, particularly when used at
high concentration (28). An additional concern was the
tendency of G-rich oligonucleotides to form self-aggregates
(15). Formation of homoduplex and tetraplex structures has
been suggested as a possible source of non-antisense or non-
triplex mediated effects of G-rich oligonucleotides (24,26,27).
Therefore, in this study we used multiple experimental
controls to demonstrate the speci®city of the TFO effects.
These included: (i) mismatched oligonucleotides that con-
served nucleotide content and critical sequence elements of
the TFO; (ii) oligonucleotide targets and promoter reporter
constructs with mutations that prevented binding of the TFO;
and (iii) promoter reporter constructs from non-targeted genes
that had similar purine-rich tracts and transcription factor
binding sites. Control mismatched oligonucleotides ruled out
non-sequence-dependent effects that might be due to chemical
or nucleotide composition of the TFO. The other experimental
controls were important to exclude sequence-dependent, but
non triplex-mediated effects of the TFO. Using this combined
approach we have shown triplex-mediated inhibition of
transcription initiation by a PS-modi®ed GT-rich TFO both
in a cell-free system and in cells. Our data suggest that high-
af®nity and nuclease-resistant TFOs can be used as sequence-
speci®c DNA ligands and gene-speci®c transcriptional
repressors in cells.
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