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ABSTRACT

Altered expression of c-myc is implicated in patho-
genesis and progression of many human cancers.
Triple helix-forming oligonucleotides (TFOs) directed
to a polypurine/polypyrimidine sequence in a critical
regulatory region near the c-myc P2 promoter have
been shown to inhibit c-myc transcription in vitro and
in cells. However, these guanine-rich TFOs had
moderate binding affinity and required high concen-
trations for activity. The 23 bp myc P2 sequence is
split equally into AT- and GC-rich tracts. Gel mobility
analysis of a series of short TFOs directed in parallel
and anti-parallel orientation to the purine strand of
each tract showed that only parallel CT and anti-
parallel GT TFOs formed stable triplex on the AT- and
GC-rich tracts, respectively. A novel full-length GTC
TFO was designed to bind simultaneously in parallel
and anti-parallel orientation to the polypurine strand.
Gel-shift and footprinting assays showed that the
new TFO formed a triple helix in physiological condi-
tions with significantly higher affinity than an anti-
parallel TFO. Protein-binding assays showed that 1
µM GTC TFO inhibited binding of nuclear transcrip-
tion factors to the P2 promoter sequence. The novel
TFO can be developed into a potent antigene agent,
and its design strategy applied to similar genomic
sequences, thus expanding the TFO repertoire.

INTRODUCTION

Triple helix formation offers a direct means of selectively
manipulating gene expression in cells. Synthetic triple helix-
forming oligonucleotides (TFOs) bind with high affinity and
specificity to the purine strand in the major groove of
homopurine–homopyrimidine sequences in double-stranded
DNA. TFOs have proved effective in various gene-targeting
strategies in living cells and, recently, in animals (reviewed in
1). Binding characteristics of TFOs depend on their nucleotide
composition. Thus, oligonucleotides composed of pyrimidine
bases (C and T) bind through Hoogsteen hydrogen bonds and

are oriented parallel to the purine-rich strand of the target
duplex, forming C+·G–C and T·A–T triplets. TFOs composed
of purine bases (G and A), or of mixed purine/pyrimidine
(G and T) bind in anti-parallel orientation through reverse
Hoogsteen bonds, forming G·G–C and A·A–T or T·A–T
triplets (2). In certain circumstances GT TFOs can bind in
parallel orientation (3). Protonation of cytosine is required to
form two Hoogsteen bonds in C+·G–C triplets, so that binding
of CT TFOs is favored by low pH. Triplex formation by GA
and GT TFOs is pH independent. Binding in each of these
motifs can occur in physiological conditions, although cytosines
must be modified to overcome pH dependence of CT TFOs.

Purine-rich tracts are frequently found in gene promoter
regions and TFOs directed to these regulatory sites have been
shown to selectively reduce transcription of the targeted genes,
likely by blocking binding of transcriptional activators and/or
formation of initiation complexes (reviewed in 4). Triplex-
mediated modulation of transcription has potential application
in therapy since it can be used, for example, to reduce levels of
proteins thought to be important in disease processes. TFOs
can also be useful molecular tools for studying gene expression
and function. We are investigating the triplex approach as a
means of down-regulating expression of the c-myc oncogene in
cancer cells. c-myc is an attractive target for antigene agents in
cancer cells because its expression drives cell proliferation.
The importance of c-myc in cancer cell growth is emphasized
by the findings that it is frequently amplified or involved in
chromosomal rearrangements and that its expression is deregu-
lated and augmented through various mechanisms in many
cancers (5,6). Functions of the c-Myc protein, in tandem with
its obligatory binding partner Max, include transcriptional acti-
vation and repression. Both activities appear to promote cell
proliferation (7,8). Recent studies demonstrated that reduced
expression of inducible c-myc was sufficient to cause regression
of hematologic tumors in mice, suggesting that that this
approach may have therapeutic potential (9).

Several sequences suitable for triplex formation are present
in the c-myc gene. Of particular interest is a highly conserved
polypurine/polypyrimidine tract in the c-myc P2 promoter
region. P2 is the major c-myc promoter and gives rise to 75–90%
of transcripts in almost all cells, with P1 contributing most of
the remainder. The polypurine sequence lies from –39 to –61
relative to the P2 start site, and includes or overlaps binding

*To whom correspondence should be addressed at: Hollings Cancer Center, Medical University of South Carolina, 86 Jonathan Lucas Street, PO Box 250955,
Charleston, SC 29425, USA. Tel: +1 843 792 6648; Fax: +1 843 792 3200; Email: catapanc@musc.edu



2702 Nucleic Acids Research, 2002, Vol. 30, No. 12

sites for a number of transcription factors including Sp1 and
Sp3 (10), ZF87/MAZ (11), ets (12), E2F (13,14) and Stat 3
(15). The site is required for transcription from P2 in the
murine gene (11,16). Mutating the sequence in an episomal
vector carrying the human gene severely disrupted transcription
from both the P1 and P2 sites (17). A survey of TFOs directed
to four different sequences in c-myc, including one in the P1
promoter region, showed that a P2-targeted TFO had highest
antigene activity (18). Other studies showed that TFOs
directed to this sequence had transcriptional inhibitory activity
in vitro and in cells (19–21). However, all P2-targeted TFOs
tested so far required high micromolar concentrations for
triplex formation in vitro. This implied that high concentrations
were required for antigene activity in cells. High oligonucleotide
concentrations might be harmful in vivo, and cause non-
specific effects that could confuse studies of cellular responses
to reduced c-myc expression.

In the study reported here, we identified target sequence
elements contributing to moderate binding affinity of P2-targeted
TFOs. Based on our findings we designed a novel TFO
incorporating parallel and anti-parallel binding motifs. Gel-
shift and footprinting assays showed that the new TFO had
significantly higher binding affinity than an anti-parallel TFO
directed to the P2 sequence. In assays using nuclear extracts
in vitro, the TFO at <1 µM inhibited binding of transcription
factors to the targeted region, whereas similar concentrations
of the anti-parallel TFO had little effect. The presence of
double 5′ ends conferred resistance to digestion in vitro by
nucleases in fetal bovine serum, but did not prevent rapid
degradation of the TFO in cells. Intracellular instability was
probably responsible for the TFO’s modest inhibitory activity
in reporter gene assays. Our findings encourage progress
towards synthesizing a nuclease-resistant TFO for testing in
cells. Also, the strategy used to optimize triplex formation on
the c-myc target can be applied to similar sequences in the
genome, expanding the repertoire of sequences available for
oligonucleotide-directed high-affinity triplex formation.

MATERIALS AND METHODS

Oligodeoxyribonucleotides

Unmodified oligonucleotides were purchased from Sigma-
Genosys (The Woodlands, TX). Gel-purified oligonucleotides
with 3′–3′ central linkages, double 5′ ends and 5-methyl
cytosines were purchased from Oligos Etc. (Wilsonville, OR).
All oligonucleotides were dissolved in water, and concentrations
were determined spectrophotometrically using extinction
coefficients for each base as follows: A, 15 400; C, 7300; G, 11 700;
T, 8800.

Cell culture

MCF-7 and MDA-MB-231 breast cancer cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum and passaged twice
weekly.

Electrophoretic mobility shift assays (EMSA) to detect
triplex formation

Either of two protocols was used as previously described (18).
Briefly, either the pyrimidine-rich strand of the 23 bp target

duplex, or TFOs were 5′-end-labeled with [γ-32P]ATP and T4
polynucleotide kinase. Increasing concentrations of unlabeled
TFO or duplex were added to labeled duplex or TFO, respect-
ively, and reactions were incubated overnight at 37°C, except
short CT TFOs, which were incubated at 4°C. Binding buffers
contained either 90 mM Tris, 90 mM borate (TBM) pH 8; 50 mM
2-[N-morpholino] ethane sulfonic acid (Mes) pH 5.6; or
50 mM N-2-hydroxyethylpiperazine-N′-2-ethane sulfonic
acid (HEPES) pH 7–7.4. All buffers contained 10 mM MgCl2.
Electrophoresis at 10 or 20°C in native gels was done using the
same buffer as in binding reactions. Films were scanned and
bands quantified by densitometric analysis using Gel Pro soft-
ware. Apparent dissociation constant values (Kd) were
defined as concentration of TFO required to shift 50% of
duplex to triplex DNA.

DMS footprinting

A 339 bp fragment containing the myc P2 promoter region was
prepared and samples processed as described (21), except that
TFO-binding reactions were incubated overnight at 37°C in
HEPES–MgCl2, pH 7.2–7.4. Densitometric analysis of
scanned X-ray films was done by determining total optical
density units in the TFO target region, and correcting for
unequal loading using values obtained from an unprotected
region of identical size.

EMSA to examine protein binding

MCF-7 and MDA-MB-231 breast cancer nuclear extracts were
prepared using the method of Dignam (22), with minor modi-
fications as described (23). Double-stranded 32P-labeled
probes with myc P1 and P2 promoter sequences were prepared
by annealing complementary, gel-purified single-stranded
oligonucleotides then filling in 5′ overhangs using Klenow
fragment and [32P]dCTP (3000 Ci/mmol; Amersham Pharmacia,
Piscataway, NJ). Labeled probes were further purified on na-
tive gels and eluted as described (24). The sequence of the
polypurine strand of each probe was: Myc P1, 5′-GCGCTT-
ATGGGGAGGGTGGGGAGGGTGGGGAAGGTGGGGA-
GGAGACTCAGCC-3′; Myc P2, 5′-GAGGCTTGGCGGG-
AAAAAGAACGGAGGGAGGGATCGCGCT-3′. Double-
stranded Sp1/Sp3 and control probes used as competitors were
purchased from Promega (Madison, WI) or Geneka Biotech-
nology Inc. (Montreal, Quebec). Antibodies used in supershift
assays were from Geneka. To detect nuclear protein binding to
labeled probes, nuclear extracts (∼5 µg) were pre-incubated
with 1 µg poly(dI–dC) (Sigma) for 10 min on ice, in 10 mM
HEPES pH 7.4, 50 mM NaCl, 4% glycerol, 1 mM MgCl2, 1 mM
EDTA, 0.5 mM DTT. Extracts were then added to ∼20 fmol
probe (final concentration 1 nM) and incubated for 20 min at
10°C. Competitor oligonucleotides were added to extracts
immediately before labeled probes. Antibodies were added to
extracts pre-incubated with poly(dI–dC) as above, then incubation
was extended for a further 20 min at 10°C before probes were
added. To pre-form triplex, probes were pre-incubated with
TFOs for 2–3 h at 37°C in HEPES pH 7.2–7.4, 10 mM MgCl2
before nuclear extract was added. Samples were resolved on
4% polyacrylamide gels (45 mM Tris, 45 mM borate, 0.5 mM
EDTA) run at 200 V for ∼2 h at 10°C. Gels were dried and exposed
at –70°C to X-ray films with intensifying screens.
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Assay of oligonucleotide degradation in cell culture
medium and in breast cancer cells

Oligonucleotides (200 pmol) were 5′-end-labeled and incubated
at 37°C in 20 µl DMEM containing 10% fetal bovine serum
which had been heat inactivated at 55°C for 30 min. Reactions
were stopped at successive time points by adding 20 µl buffer
containing 98% formamide and 10% EDTA, then heating at
90°C for 10 min. Samples were electrophoresed on a 15%
polyacrylamide–7 M urea gel, and visualized by exposing the
dried gel to X-ray film overnight. To test oligonucleotide
stability in cells, MDA-MB-231 cells were plated in 24-well
plates and grown for 24 h. Oligonucleotide 5′-end-labeled with
32P was mixed with unlabeled oligo to give a final concentra-
tion of 100 nm (∼6 × 106 c.p.m./ml). Cells were transfected for
6 h with labeled oligos using DOTAP reagent (Roche).
Samples of transfection mix were retained for subsequent
analysis. Transfection medium was removed, cells were
washed three times with DMEM, and harvested by scraping
into formamide/EDTA buffer, and heating at 90°C for 10 min,
or grown for a further 24 or 48 h. Similar washes preceded
each harvest. Radioactivity in each sample was determined,
and equal numbers of counts loaded on a denaturing gel. The
amount of intact TFO in each sample was determined by auto-
radiography and densitometric analysis.

Luciferase assays

MDA-MB-231 cells were transfected with a plasmid
containing the luciferase gene driven by the c-myc P2 minimal
promoter (pMyc262), and with the Renilla luciferase-
expressing plasmid pRLTK, as control for transfection effi-
ciency. TFO and control oligonucleotides were co-transfected
with plasmids. Luciferase assays were done according to the
manufacturer’s protocol (Dual Luciferase System, Promega).

RESULTS

Survey of short TFOs directed to different domains of the
c-myc P2 target sequence

In an attempt to improve binding affinity of a TFO targeted to
a critical regulatory sequence near the c-myc P2 transcriptional
start site, we first identified the optimal binding motif for TFOs
directed to two discrete domains present in the sequence. The
23 bp tract has an almost equal number of AT and GC base
pairs. Distribution is uneven, however, with A grouped at the
5′, and G at the 3′ end of the purine strand. Anti-parallel motif
TFOs were found previously to bind the P2 sequence with
moderate affinity (19–21). We investigated whether the
unbalanced composition of the target might be responsible for
triplex instability. Using EMSA, we determined binding of a
series of short 11mer PO TFOs targeted to either the A-rich 5′
or the G-rich 3′ segment of the 23 bp target duplex. In these
initial studies, we tested GT TFOs in the parallel and anti-
parallel motifs; GA TFOs in the anti-parallel motif, CT TFOs
and a parallel GT TFO containing one cytosine (Table 1). This
approach allowed us to identify the preferred binding motif for
each segment of the target. We 32P-labeled the TFOs and
incubated them with increasing concentrations of unlabeled
duplex to detect a shift from single-stranded to triple-stranded
DNA. The use of labeled TFOs also allowed us to determine

whether the TFOs formed alternative structures with them-
selves or other single-stranded DNA. In comparing TFOs
targeted to the G-rich 3′ sequence, we determined that an
11mer GT TFO (1-GT) binding in the anti-parallel motif was
able to form triple helix on the 23-bp target (Table 1). Triplex
was detected at 50 nM added duplex and increased to a
maximum level at 0.5–1 µM. Two prominent gel-shifted bands
were seen with 1-GT, possibly indicating that binding of this
short TFO was partially unstable under gel-running conditions.
The shifted bands represented complexes of TFO with duplex
DNA since under identical conditions, 1 µM of unlabeled
TFO, or of each single strand of the duplex caused no mobility
shift (data not shown). This also indicated that the GT TFO had
little tendency to associate with itself and other G- or C-rich
single-stranded oligonucleotides. The formation of triplex was
further confirmed in experiments where the 23-bp target was
labeled and incubated with increasing concentrations of 1-GT
(data not shown).

An anti-parallel 11mer GA TFO (1-GA) also formed triplex
but predominant multiple bands of higher mobility than the
double-stranded target were detected at all concentrations of
duplex (data not shown). These non-triple-helical structures
may represent TFO detached from the target during electro-
phoresis, or complexes of TFO with unlabeled purine or pyrimi-
dine strands detached from the duplex. We did not characterize
this further, since the GA TFO appeared to form triplex less
efficiently than its GT counterpart. No other short TFO formed
detectable triplex with the G-rich region (Table 1). We then
tested a series of TFOs directed to the A-rich segment of the
target. A CT TFO (2-CT), binding in parallel orientation and at
acidic pH formed triplex that was essentially complete in the

Table 1. Triplex formation by TFOs directed to c-myc P2 sequence

aShort TFOs 1- and 2-targeted to regions 1 and 2 of the myc P2 sequence,
respectively.
bTFO orientation to the purine-rich strand of the target sequence.
cTriple helix formation detected by EMSA as described in Materials and
Methods.
dAssayed at pH 5.6.
eSynthesized with 5-methyl cytosine (C) and central 3′–3′ linkage (–).
fSequence non-complementary to the target sequence.
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presence of 1 µM added duplex (Table 1). The triplex formed
by 2-CT was also unstable and could be detected only when
samples were incubated and gels run at low temperatures (4 and
10°C, respectively). No other short TFO formed detectable
triplex on this sequence under any conditions, indicating that
weak binding to this region probably contributed to the
moderate affinity of full-length anti-parallel TFOs.

Design and binding affinity of parallel/anti-parallel
GTC TFO

These results suggested that the preferred TFO-binding motif
varied within the 23-bp myc P2 target sequence. The G-rich 3′
segment was most efficiently bound by an anti-parallel GT TFO,
while only a parallel CT TFO was able to form triplex on the
A-rich 5′ segment. The 11mer TFOs, however, could not be
proposed as antigene agents since they did not form stable
triplexes at physiological temperatures. To initiate design of a
TFO with high binding affinity and specificity, we investigated
whether the GT and CT short TFOs could be linked to create a
molecule capable of binding simultaneously in parallel and
anti-parallel orientations to the target purine strand.

A possible pitfall was that intermolecular base-pairing
between groups of guanines and cytosines in the TFO could
interfere with triplex formation. To investigate this, we incubated
2-CT at 100-fold molar excess with 32P-labeled 1-GT, and used
EMSA to detect possible complex formation. No gel-shifted
complexes were observed, and 2-CT had no adverse effect on
triplex formation by 1-GT, suggesting that the TFOs were not
associating in stable base-paired complexes. To test whether
the two unlinked short oligos might act cooperatively to form a
stable triplex, we used EMSA in which both TFOs together at
10 µM were incubated with labeled duplex at low pH to allow
binding by 2-CT as well as 1-GT. No difference in binding
affinity was observed between the short TFOs alone or paired,
and a full-length CT TFO bound with ∼2-fold higher affinity,
suggesting that short TFOs did not form a triple helix in a
cooperative manner (data not shown). This is consistent with
results of a recent study of short TFOs targeting neighboring
sequences (25).

These findings prompted design of a novel TFO in which 1-GT
and 2-CT were synthesized contiguously to form equal
domains with opposite polarity (Table 1). The novel TFO had
two 5′ ends with a central 3′–3′ phosphodiester linkage.
Cytosines were methylated at the C5 position to promote
binding of the CT portion at physiological pH (26). The central
cytosine present in the purine-rich target strand was matched
with a thymine in the parallel portion of the TFO. Thymine,
which can form a single Hoogsteen bond with cytosine, is
recognized as the best natural base to target this pyrimidine
inversion (27).

EMSA using labeled target duplex incubated with increasing
concentrations of unlabeled TFO confirmed that binding by the
GTC TFO at pH 5.6 and 7.2 was similar, with 50% binding
observed at concentrations between 100 and 250 nM in both
conditions (Fig. 1). This represented a 50–125-fold molar
excess of TFO over target. Triplex formation was complete at
a TFO molar excess of 250–500-fold. A full-length CT TFO
without modified cytosines bound with comparable affinity to
the GTC TFO at pH 5.6. Stability of the full-length TFO must
have been conferred by binding to the A-rich region, since no
binding to the G-rich portion of the target was detected with

the short CT TFO at pH 5.6. The full-length TFO did not form
detectable triplex at pH 7.2.

We then used DMS footprinting to examine binding affinity
and specificity of the parallel/anti-parallel TFO. This assay
also allowed direct comparison between the GTC TFO and a
full-length anti-parallel GT TFO Myc-GT. We previously
drew attention to the difficulty of using EMSA to examine
binding affinity of the GT TFO due to the small mobility shift
observed (21). Binding reactions for footprinting were carried
out at pH 7.2–7.4. Figure 2A shows that the GTC TFO formed
triple helix with equally high specificity and significantly
improved affinity compared with an anti-parallel GT TFO.
Densitometric analysis showed that the GTC TFO at 0.01, 0.1
and 1 µM reduced cleavage in the target sequence to ∼72, ∼25
and ∼17%, respectively, of a control sample without oligo-
nucleotide, whereas 10 µM GT TFO caused ∼55% reduction.
The effect of Myc-GT was consistent with previous DMS foot-
printing experiments (21). Footprinting also showed that the
single guanine at the 3′ end of the A-rich sequence was
protected by 1 µM GTC but not by 20 µM anti-parallel TFO,
indicating that only the former was able to bind this region of
the target (Fig. 2B). The three guanines at the 5′ end of the
target were not protected, which may reflect unstable binding
by the adjacent methyl cytosines in the GTC TFO. The pH-
dependent CT TFO caused no footprint at pH 7.2, confirming
that triplex formation was required to protect from cleavage.

Inhibition of nuclear protein binding by parallel/anti-
parallel TFO

Since the GTC TFO displayed improved affinity without loss
of target specificity, we investigated its ability to block binding
of nuclear proteins to the c-myc promoter sequence. A 40 bp
probe including 5′ and 3′ c-myc sequences flanking the TFO
target site was used in gel-shift assays with breast cancer cell
nuclear extracts. To ensure that proteins known to bind the

Figure 1. Triplex formation by 23mer TFOs on 23 bp c-myc P2 sequence. The
pyrimidine-rich strand of the target duplex was labeled with 32P and annealed
to the complementary purine-rich strand. Indicated concentrations of TFOs
Myc CT or Myc GTC were incubated with duplex (2 nM) overnight at 37°C
and pH 5.6 or 7.2, except Myc CT at pH 7.2, where incubation was at 4°C.
Complexes were resolved on non-denaturing gels at the same pH and at 20°C.
T, triplex DNA; D, duplex DNA.
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target sequence were present in MCF-7 nuclear extracts we
first identified major bands observed when extracts were incu-
bated with the 32P-labeled 40 bp probe containing the target
sequence. All bands except one (labeled as non-specific) were
competed away by excess unlabeled myc probe but not by
unrelated DNA probes, confirming sequence-specificity of
protein binding (data not shown). A probe containing a high-
affinity binding site for Sp1 and other Sp family transcription
factors competed away three major bands (data not shown). To
specifically identify Sp family proteins binding to the P2
probe, we pre-incubated nuclear extracts with antibodies
against Sp1 and Sp3. Figure 3A shows that one major band was
specifically abrogated by an antibody against Sp1, and the Sp3
antibody removed two secondary bands. This indicated that
antibodies either blocked Sp1/Sp3 DNA-binding sites, or
formed large protein complexes that could not enter the gel.
Control immunoglobulin had no effect on protein binding.
These findings confirmed previous reports that Sp1 and Sp3
were among the transcription factors binding the P2 polypurine
tract of the c-myc promoter (10).

We next investigated whether Sp1 and Sp3 could bind to
either of the single strands making up the Myc2 probe, or to the
GTC TFO and control oligo. If this occurred, inhibition by the
TFO of protein binding to target DNA could be due to competi-
tion for single-stranded DNA binding (decoy effect) rather

than to triplex formation. Conditions of this experiment were
identical to those used to examine effects of double-stranded
DNA competitors. Oligonucleotides (1 µM) were added to the
probe simultaneously with nuclear extracts, to minimize any
possible triplex formation by the TFO. In these conditions,
protein binding was not reduced by either of the single strands
making up the c-myc probe, the GTC TFO or a GTC oligo with
scrambled sequence that did not form triplex (GTC-C, Table
1). This indicated that proteins detected in the assay recognized
only the double-stranded myc P2 sequence, and that the TFO
had no decoy effect (Fig. 3B).

Figure 4 shows that when the probe was pre-incubated at pH
7.2 for 2 h with 0.25, 0.5 and 1 µM GTC TFO before addition
of nuclear extracts, the Sp1 and Sp3 complexes decreased in a
concentration-dependent fashion. Pre-incubation with
pH-dependent CT and non-triplex-forming GTC oligos had no
inhibitory effect. Densitometric analysis of the Sp1 complex
showed that 1 µM GTC TFO (∼1000-fold excess of TFO over
probe) decreased the intensity of the band by ∼50% compared
with the 1 µM GTC control oligo. The GT TFO at 1 µM
reduced Sp1 binding by ∼10%. Other sequence-specific bands

Figure 2. DMS footprinting assays showing specificity and extent of triplex
formation by parallel/anti-parallel TFO. A 339 bp fragment the of c-myc gene
was labeled with 32P on the strand containing the 23 bp polypurine target
sequence. The fragment was incubated alone, or with TFOs at concentrations
indicated above each lane, overnight at 37°C in HEPES–MgCl2 at pH 7.2–7.4.
Samples were treated with 0.5% DMS for 3 min, reactions were stopped, then
DNA was recovered and treated with piperidine at 95°C for 30 min to cleave at
methylated guanines. DNA was subjected to three rounds of lyophilization,
then resuspended in formamide loading buffer and run on sequencing gels. The
position and sequence of the target site, confirmed by sequencing, is shown on
the right of each panel. The guanine protected by Myc GTC, but not by Myc
GT, is indicated with arrowheads in each panel. (A) View of entire gel. (B) Target
region of a separate gel isolated and magnified.

Figure 3. Identification of proteins recognizing myc P2 double-stranded, but
not single-stranded DNA. A double-stranded probe containing the TFO target
and flanking sequence was labeled using [32P]dCTP and the Klenow fragment
of DNA polymerase then incubated with nuclear extracts from MCF-7 breast
cancer cells. Protein–DNA complexes were resolved on 4% polyacrylamide
non-denaturing gels at 10°C in 0.5× TBE. (A) Nuclear extracts were pre-incubated
with rabbit polyclonal antibodies against Sp1 or Sp3, or with normal rabbit
IgG, before adding Myc P2 DNA probe, incubating again then resolving com-
plexes by gel electrophoresis. Arrowheads and arrows indicate Sp1 and Sp3
protein complexes, respectively. (B) Single-stranded oligos were added to
labeled P2 probe simultaneously with nuclear extracts, incubated, then
resolved on a gel. U, unbound DNA probe; ns, band representing protein(s)
binding non-specifically to P2 probe.
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were similarly decreased by the TFOs, but not by control
oligos. These results showed that triplex formation was
required to block protein binding and that the GTC TFO
blocked more efficiently than the GT TFO.

We then tested target specificity of the GTC TFO by exam-
ining its effect on a polypurine/polypyrimidine sequence in the
c-myc P1 promoter region, which is also recognized by Sp1/Sp3
(28). Pre-incubation with an antibody against Sp1, done as
described for the P2 probe, specifically removed two major
complexes, confirming Sp1 binding (Fig. 5A). The Sp3 anti-
body also removed smaller bands and, in this case, caused a
supershift (data not shown). Pre-incubation of the P1 probe
with 1 µM GTC TFO did not affect binding of any proteins,
whereas the Sp1 complex on the P2 probe was again reduced
by ∼50% compared with the control chimeric oligo (Fig. 5B).
This series of protein binding experiments clearly showed that
the GTC TFO selectively blocked transcription factor binding
to the P2 promoter sequence with increased efficiency
compared with a conventional TFO. Similar results were
obtained in experiments where nuclear extracts from MDA-
MB-231 cells were used, showing that the TFO was effective
in a different cell background.

Assay of nuclease resistance and activity in cells of
parallel/anti-parallel TFO

Unmodified phosphodiester oligos are rapidly degraded by
exo- and endonucleases. Since the GTC TFO lacks a 3′ end, we
investigated whether double 5′ ends would increase resistance to
3′ exonuclease activity. We compared in vitro stability of the

GTC and the GT TFOs in cell culture medium that contained
10% fetal bovine serum. Nuclease resistance of modified and
unmodified oligos has previously been assessed by this method
(29,30). We found that the GTC TFO was stable in serum-
containing medium for at least 24 h while the unmodified
GT TFO was significantly degraded within 2 h (Fig. 6A). We
next tested GTC TFO resistance to intracellular nucleases by
transfecting MDA-MB-231 breast cancer cells with 5′-radio-
labeled TFO. Slight degradation of the TFO was already
detectable at 6 h, and at 24 h only ∼35% of TFO present in the
transfection mix remained intact (Fig. 6B). The half-life in
cells of unmodified phosphodiester oligos has been estimated
at 15–30 min, with both exonuclease and endonuclease activity
causing degradation (31). Our results indicated that the presence
of double 5′ ends prolonged partially the intracellular half-life of
the GTC TFO, but did not ensure long-term stability in cells.

Lack of long-term stability was reflected in limited activity
of Myc-GTC in reporter gene assays in breast cancer cells. We
assayed activity of the TFO in cells by transfecting MDA-MB-
231 cells with Myc-GTC or Myc-GTC-C along with a plasmid
containing a Myc promoter-driven luciferase reporter gene.
The TFO had only limited inhibitory effect (∼20% inhibition
of luciferase activity at concentrations up to 1 µM in the trans-
fection medium, data not shown). Since in vitro studies
strongly suggest that the GTC TFO is the best approach to
targeting the c-myc major promoter, future studies will focus
on selecting optimal, practicable modifications to enhance

Figure 4. TFO-mediated inhibition of nuclear protein binding to myc P2
sequence. Myc P2 probe was pre-incubated alone (0) or with indicated concen-
trations of TFOs and control oligos in HEPES–MgCl2 for 2 h at 37°C. MCF-7
nuclear extracts were added, mixtures incubated, and complexes resolved on a
polyacrylamide gel as described in Figure 3. Sp1 and Sp3 complexes are indicated.
U, unbound DNA probe.

Figure 5. Specificity of GTC TFO inhibition of Sp1 and Sp3 binding to myc
P2 probe. Gel-shift assays used double-stranded probes containing either the
TFO target and flanking sequence (Myc P2) or a polypurine/polypyrimidine
tract and flanking sequence from the c-myc P1 promoter region (Myc P1).
(A) Antibody pre-incubation with the P1 probe was done as described in
Figure 3. (B) Pre-incubation of P1 (left) or P2 (right) probes with 1 µM Myc
GTC or GTC-C and subsequent protein-binding assays and electrophoresis
were done as described in Figure 6. Arrowheads and arrows indicate Sp1 and
Sp3 protein complexes, respectively. U, unbound probe.
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nuclease resistance, allowing further examination of antigene
effects in cells.

DISCUSSION

We addressed the problem of moderate binding affinity
demonstrated by anti-parallel design TFOs targeted to a critical
regulatory site close to the c-myc P2 promoter. We found that
two discrete 11 bp domains in the target, one G-rich and the
other A-rich, were bound most efficiently by 11mer anti-
parallel GT (1-GT) and parallel CT TFOs (1-CT), respectively.
Besides the GT and CT TFOs mentioned above, only one other
TFO of the series examined was able to bind to either element
of the target sequence. This was an anti-parallel GA TFO (1-GA),
which formed a triplex on the G-rich sequence, but with low
efficiency. Some GA TFOs can bind duplex DNA with very
high affinity, while others tend to self-associate in hairpin,
homoduplex and quadruplex structures, which can affect their
ability to form triplex (32–34). TFOs directed to the c-myc P2
site appear to fall into the latter category, perhaps due to the
long A-tract in both the target and the TFO. We previously
reported that a full-length GA TFO directed to the myc P2 site had
decreased ability to form triplex compared to its GT counterpart,
and formed complexes that migrated more slowly than triplex
in gel-shift assays (18). A phosphorothioate TFO with identical
sequence was nevertheless able to reduce expression in HeLa
cells of a luciferase gene driven by the c-myc promoter, but this
required incubation of the plasmid with 10 000-fold excess of
GA TFO before transfection, again suggesting low efficiency
binding (20). Debin et al. (35) reported that optimal stability of
triplex formation by 13mer GA TFOs depended on a high
guanine content (∼85%) in the target sequence. A sub-optimal
level of guanine in the P2 sequence (72% in the G-rich domain
and 52% in the 23 bp tract) may also have contributed to low
efficiency binding by short and full-length GA TFOs.

Although the 11mer GT TFO bound to the G-rich target, the
triplex was unstable in native gels at temperatures ≥25°C (data
not shown). We reported a similar result with the full-length

P2-directed GT TFO, suggesting that this TFO may have
formed only a partial triplex, likely on the G-rich but not the
A-rich domain (21). The failure of the 11mer oligo (2-GT)
forming the 3′ portion of the long TFO to form triplex, and the
partial DMS footprint observed with the 23mer TFO, support
this conclusion.

In contrast to 2-CT, the short TFO targeted to the A-rich part
of the target sequence, 1-CT was not able to bind the G-rich
portion even at low pH and temperature. The latter TFO has a
high number of adjacent cytosines, which may have affected
triplex formation by causing the TFO to self-associate through
interaction of cytosines in the i-motif (36). In addition, adjacent
C+·G–C triplets may be destabilized by electrostatic repulsion
between the protonated cytosines (37). The full-length CT TFO
formed a triplex quite efficiently at 37°C in low pH, indicating
that the T·A–T triplets had a general stabilizing effect. The
stability of these triplets was emphasized by our finding that
only the short CT TFO was able to form a detectable triplex on
the A-rich part of the target. A parallel-binding 11mer GT TFO
(2-GTC) with a single cytosine opposite the isolated guanine in
the target did not bind to the A-rich sequence. Interestingly, a
similar TFO was found to be optimal for binding a 16 bp target
sequence with an extremely unbalanced distribution of GC and
AT pairs (38). In this case, six guanines, clustered at the 3′ end
of the purine strand, were matched with guanine in the third
strand. One guanine present in a 5′ stretch of eight adenines
was matched with a third strand cytosine. Clearly, the c-myc
sequence, although somewhat similar, did not favor this
unusual third strand composition.

Detailed examination of the myc P2 sequence resulted in
design of a novel parallel/anti-parallel TFO with significantly
improved binding affinity. To the best of our knowledge, this
approach to targeting an unbalanced sequence has not been
reported before. Use of TFOs with central 3′–3′ linkages has
been described previously in the alternate strand binding
strategy, where purine tracts adjacent but on opposite strands
can be targeted by TFOs that cross over from one strand to the
other. These TFOs consist of two domains binding in the same

Figure 6. Myc GTC resistance to degradation by nuclease activity in fetal bovine serum, and partial resistance in cells. Unmodified phosphodiester TFOs Myc
GTC and Myc GT were labeled using [32P]ATP and T4 kinase. (A) Labeled oligos were incubated for the indicated times at 37°C in cell culture medium alone
(–) or with 10% fetal bovine serum (+). Formamide loading buffer was added and samples resolved on a 15% polyacryamide–7 M urea denaturing gel. (B) Labeled
oligo was left unprocessed (lane 1), or mixed with transfection reagent and cell culture medium (lanes 2–4). Cells were transfected for 6 h, then washed and lysed
in formamide sample buffer (lane 3) or grown for a further 24 h (lane 4) before lysis. Equal amounts of radioactivity were loaded in each lane of a 7 M urea de-
naturing gel. Dried gels were exposed to X-ray films.
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triplex motif (either parallel or anti-parallel), usually with a
linker structure at the central interface (39,40). Continuously
synthesized TFOs without linkers, that bind to alternate strands
in opposite triplex motifs, have also been developed (41). We
reasoned that weak binding of thymine to cytosine at the pyrimi-
dine inversion would offer flexibility at the 3′–3′ junction.
However, we did not test any alternative linker structures. It is
possible that non-nucleotide linkers may improve binding
affinity of parallel/anti-parallel TFOs such as Myc-GTC.

The GTC TFO described here, binding with opposite
polarity to adjacent sequences on the same strand, showed
higher affinity than any previously described TFO targeted to
the same critical sequence in c-myc. Further improvements in
design of this TFO might enhance binding affinity even more,
and reduce concentrations required to compete with transcrip-
tional activators in cells. For example, in the CT portion of the
TFO, replacement of methyl C with 8-oxo-2′ deoxyadenosine
would likely improve binding at neutral pH (42). Alternatively,
replacing DNA in the pyrimidine portion with 2′-alkyl-modified
RNA could improve binding and increase nuclease resistance
(43,44). Other base and backbone modifications have been
found to improve binding and nuclease resistance of CT TFOs,
and may be suitable for the c-myc sequence (reviewed in 45,46).

Since we found that double 5′-ended structure was only
partially protective against degradation of the TFO by nucleases,
modifications to enhance nuclease resistance will be required
for the TFO to have extended life in cells. Phosphorothioate
(PS) modification, in which sulfur replaces non-bridging
oxygens in internucleotide linkages, has been widely used for
antisense oligonucleotides, and has little, if any, inhibitory
effect on binding of anti-parallel TFOs. Unfortunately, PS
linkages severely reduce binding by parallel motif TFOs and
cannot be used in this context. Conversely, other backbone
modifications, like 2′-alkylated ribose and N3′-P5′ phosphor-
amidate linkages, are advantageous for parallel-binding TFOs
but detrimental to anti-parallel binding (46). These limitations,
as well as possibilities for improving binding affinity along
with nuclease resistance, will help guide the choice of strategy
for developing a c-myc TFO for use in cells.

Our approach to designing an improved TFO for the
unbalanced sequence in c-myc may be useful for other genes.
Database searches revealed other sequences in the human
genome similar to the one in c-myc, some associated with
known genes. As the genome becomes more fully character-
ized, and genes important in disease are identified, extending
the repertoire of sites available for high-affinity triplex formation
will be of increasing interest.
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