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Abstract—Triplex-forming oligonucleotides (TFOs) are a challenging and very promising subject in modern biochemistry and
molecular genetics. Over the last decade, several studies have stated that TFOs: a) can bind to DNA in a sequence-specific
manner; b) can provoke DNA repair and recombination in mammalian cells, and ¢) can be a very effective biological tool in
embryonic and oncogenic research on gene expression pathways. Herein we review the basic modes in which TFOs exist, their
gene-regulation properties, as well as the obstacles that should be overcome before they become useful in clinical practice

(chemotherapy and/or gene therapy).
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Techniques designed to regulate gene expression are
of significant importance to the research fields of embry-
onic development, differentiation, experimental physiol-
ogy, and pharmacology. Modifications in the expression
of a single gene can alter levels of other genes and provide
information on developmentally or metabolically regulat-
ed gene expression pathways. Moreover, handling the
know-how of specific gene regulation could be very use-
ful if applied for chemotherapeutic purposes.

Triplex DNA is the collinear association of three
oligodeoxynucleotide (ODN) strands, usually occurring
when a third strand binds to the major groove of a DNA
double helix. Intramolecular triplexes form when a part of
the DNA double helix folds back upon itself, whereas
intermolecular triplexes involve the binding of a separate
third strand [1]. Felsenfeld et al. [2] reported the first
instance of triple helical nucleic acid structures in a study
on the RNA system composed of poly(A) and poly(U).
Forty-seven years later, triplex DNA is now known to
have numerous potential applications as a molecular bio-
logical tool (such as manipulating genes by site-specific
cleavage or mutagenesis in gene mapping and functioning
studies). However, the potential of using triplex DNA as a
gene modulator is of greater interest [3].

MODES OF TRIPLEX FORMATION

There have been many types of triplex DNA struc-
tures isolated so far, the most common of which are: a)
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intermolecular triplexes; b) intramolecular triplexes; c)
peptide nucleic acid triplexes; d) recombination triplexes
[4].

Intermolecular triplexes. Studies have shown that by
using oligodeoxyribonucleotides, several groups devel-
oped triplex formation by pyrimidine-rich TFOs, which
bind in the major groove of the cognate duplex in a paral-
lel fashion [4]. The base pairing in the TA—T and C*G—C
triads showed no disruption of the Watson—Crick hydro-
gen bonds but afforded two additional Hoogsteen hydro-
gen bonds between the TFO and the purine-rich strand of
the underlying duplex (see Figs. 1 and 2). Optimal target
sequences must harbor consecutive purines on the same
strand, since only purine bases are able to establish two
Hoogsteen (or reverse Hoogsteen) type hydrogen bonds
in the major groove of the DNA (which is the main
restriction to the repertoire of potential target sites).
Furthermore, cytosines must be protonated in order to
form two hydrogen bonds with G (which is another
important limitation). Recent research tries to [5]: a)
increase triplex stability while preserving specificity; b)
overcome the pH dependence in the (C, T) motif; c)
extend the repertoire of potential target sequences.

Intramolecular triplexes. Oligopurine sequences pre-
senting mirror symmetry can potentially adopt an
intramolecular formation called H-DNA, involving both
a triplex and a single-stranded structure. A likely in vivo
role of H-DNA formation may involve regulation of tran-
scription, since RNA polymerase creates regions of both
negative and positive supercoiling. Antibodies specific for
H-DNA can inhibit global transcription and replication
processes on isolated nuclei or in permeabilized cells [6].
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Fig. 1. Hoogsteen and Watson—Crick hydrogen bonding in triplex DNA structures.
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However, direct proof is still lacking in ways to establish a
correlation between H-DNA structure and gene expres-
sion within intact cells.

Peptide nucleic acid triplexes. Peptide nucleic acids
(PNAs) are oligonucleotide analogs containing an
uncharged polyamide backbone with otherwise normal
DNA bases [7]. PNA oligomers form stable triplexes with
only one of the DNA strands, leaving the complementary
one displaced. This makes PNA very promising as an
agent for sequence-specific binding with duplex DNA [8]
and as a potential antigene drug [7, 9], since it is remark-
ably stable in biological fluids in which normal peptides
and oligonucleotides are quickly degraded [10]. However,
there are still some serious limitations considering its
applications, that need to be by-passed (e.g., there is a
dependency on ionic conditions for its possible sequence-
specific targeting of DNA).

Recombination triplexes. Recombination DNA (R-
DNA) triplexes require the RecA protein and therefore
these triplexes are considered enzymic triplexes [11]. In
R-DNA, the third strand is identical to one strand of the
duplex and so binds parallel to that strand. A major dif-
ference with the above modes is that there is no restriction
on the sequences capable of forming R-DNA triplexes
(i.e., homopurine and homopyrimidine stretches).
Studies recently gained special interest in the light of
results reporting mutation correction by gene targeting in
cell cultures using short double-stranded chimeric deoxy-
and 2'-O-methyl oligonucleotides as the source of wild-
type gene sequence. Although the mechanism of muta-
tions is not yet definitely ascertained, repair is likely
involved instead of recombination [12]. These results are
encouraging and offer an alternative to the use of viral-
based vectors in gene therapy, even though this strategy
has met with some difficulties to be reproduced in differ-
ent cell lines.

MAKING USE OF TRIPLEX DNA STRUCTURES
TO REGULATE GENE EXPRESSION

Due to the highly sequence-specific recognition of
double-helical DNAs by TFOs, these molecules consti-
tute a valuable tool for site-directed modification of
genomic DNA. Synthetic TFOs have been designed with
the purpose of using them to manipulate genes and gene
function, both in vitro and in vivo. Their applications
extend from inhibiting gene expression, by restricting
protein binding to the DNA, and thus preventing its repli-
cation, to directing site-specific DNA damage and induc-
ing mutagenesis, or even inducing DNA recombination,
in conjunction with RecA proteins [4].

Transcription and replication inhibition: the antigene
strategy. Triplex DNA structures can be designed to
interfere with transcription and replication at different
levels, as well as with the elongation step of the growing
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Fig. 2. Types of double-stranded DNA targeting: 1) polyamide
binding in the minor groove; II) PNA-induced strand dis-
placement; III) TFO-binding through Hoogsteen or reverse-
Hoogsteen base pairs.

DNA and RNA molecules, by hampering DNA and RNA
polymerase elongation procedures, respectively [13].

The first example of TFO-directed inhibition of gene
transcription in cells was demonstrated by Postel et al. on
the human c-myc gene, nearly twelve years ago. By target-
ing a site in the promoter region, the TFO presumably
bound its target site on the duplex DNA, forming a triple
helical DNA structure able to interfere with either the
binding of transcription factors or the progression of the
polymerase during transcription [14]. The mode of action
is as follows: a) if the target site includes the recognition
sequence for a transcription factor, then the TFOs com-
pete with this factor for access to the major groove of the
DNA; b) if the target site is close to the TATA box or
between the TATA box and the transcription start, TFOs
disrupt the assembly of the initiation complex. Finally, if
the target site is in the transcribed region of the gene,
triplex formation can cause premature termination of
transcription [15]. In spite of all the above facts, there also
seems to be a growing number of indications that TFOs
can act as repressors of transcription in cell cultures as
well, with the most convincing results so far being
obtained for the interleukin-2 receptor a (IL-2Ra) pro-
moter [16, 17]. Similar effects were also observed for
human immunodeficiency virus (HIV) transcriptional
inhibition in chronically infected cells [18].

The use of TFOs for DNA replication inhibition is
less studied than their use for transcription inhibition.
Only recently did biochemical scientists examine the
effect of triplex formation on DNA replication. They
demonstrated that TFOs could inhibit in vivo replication
of DNA by cither blocking the binding proteins, such as
DNA polymerases (that are required for replication to the
DNA), or by directly blocking the progression of the
DNA polymerase along the DNA strand [19, 20].
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Supporting the above, it was observed that in vitro forma-
tion of putative intramolecular triplexes (H-like triplexes)
on single-stranded DNA templates trapped many differ-
ent types of DNA polymerases, thus obstructing them
from pursuing DNA replication [21]. However, despite
the above claims, the conclusion that in vivo replication of
DNA will be inhibited by triplex formation may be pre-
mature, because DNA helicase is undeterred in separat-
ing DNA strands in the presence of triplex structure, as
Maine and Kodadek stated [22]. In addition to that,
treatment of tissue culture cells with TFOs does not lead
to cell cycle arrest, as it would be expected if DNA repli-
cation was halted.

It is understood that both transcription and replica-
tion inhibition induced by TFOs constitute the basis of an
antigene strategy [23]. The basic idea is that the binding
of a TFO to a target gene could prevent its normal func-
tioning. Most studies of this strategy concerned the inhi-
bition of transcription and were partially inspired by the
existence of functionally important homopurine-
homopyrimidine stretches in many eukaryotic promoters,
which are appropriate targets for TFOs. Although there
seems to be some discouragement about the in vivo
inhibitory effects of TFOs, the antigene strategy, if used
correctly, could potentially lead to rational drug design.

TFO-directed mutagenesis. Perhaps one of the most
exciting prospects for triplex forming oligonucleotides is
the possibility of generating site-specific mutations in
mammalian cells, which provides a means to modify the
genome in somatic cells by directly inactivating or cor-
recting a gene of interest [24]. One such approach is to
utilize triplex formation to induce site-specific DNA
damage, by delivering DNA damaging agents to specific
DNA sequences. Alkylating compounds, intercalators,
photoactivatable cross-linkers, and '*I have been
attached to oligonucleotides used to form triplexes [25].
Furthermore, psoralen-modified TFOs have been
employed to induce TA to AT transversions at a targeted
site on extrachromosomal plasmids, both in vitro and in
vivo, and on chromosomes in mammalian cells, such as
the human adenosyl phosphoribosyl transferase gene
(Aprt) [26], or the supF gene integrated in the genome of
transgenic mice [27]. The damage seen includes single-
strand nicking, double-stranded breaks, and photochem-
ical cross-linking of the two duplex strands.

Under some circumstances, triplex formation alone
appears to stimulate mutations in target genes, even when
DNA damaging agents are not attached to the TFO.
Noncovalent triplexes were shown to induce both point
mutations and deletions more than 10-fold above the
spontaneous mutation rate, by a process, which probably
involves excision and transcription-dependant repair.
These results were obtained on the supF gene with (G, A)
TFOs [28] and more recently with short clamp-PNA
[29], carried by a plasmid shuttle vector or a mouse chro-
mosome, respectively. The triplex is apparently recog-
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nized as DNA damage and the damage repair pathways
are activated. The “correction” of the perceived damage
may itself cause the mutation through errors in repair.
This point of view is also supported by the fact that TFO-
induced mutagenesis was absent in cells deficient in the
nucleotide excision repair (NER) damage recognition
factor, XPA [28], suggesting that the triplex structure cre-
ates a sufficient helical distortion to provoke DNA repair,
albeit in an error-prone manner. Similar results were
observed in cells deficient in the CSB factor, which func-
tions in the pathway of transcription-coupled repair [28].

The major problem with the use of TFOs for direct-
ed mutagenesis, as well as for transcription or replication
inhibition, is in matching high sequence selectivity with
binding that is sufficiently strong to interfere with genetic
processes. Under physiological conditions, TFOs bind
weakly to their targets, which by itself favors a high
sequence selectivity. However, to significantly affect
genetic processes, the TFO must be rather long, which
limits the number of potential targets, as such long
homopurine-homopyrimidine stretches are infrequent.

TFO-induced recombination. Homologous recombi-
nation is a general process in various organisms by which
genetic information is rearranged to create genetic varia-
tions and which plays important roles in the repair of
damaged DNA and is essential to reductive cell-division
(meiosis) in eukaryotes. An apparatus for homologous
recombination has to find homologous sequences within
the entire genomic DNA to form intermolecular duplex
points that are general intermediates for recombination.
In 1979, it was discovered that the Escherichia coli recA
gene product, RecA protein, recognizes and pairs homol-
ogous sequences between single- and double-stranded
DNA to form stable heteroduplex joints, through a Mg?*-
and ATP-dependent reaction in vitro [30, 31]. This
action, also known as the “synapsis step”, requires
searching for homology between the presynaptic filament
and the double-stranded DNA target, which may be done
by using Watson—Crick complementary rules on the par-
tially separated double-stranded DNA forming a D-loop,
or by triplex formation, creating what is known as
“recombination”, “parallel”, or R-DNA [32]. The given
names emphasize that chemically homologous DNA
strands are parallel in R-DNA but antiparallel in standard
triplexes and that any sequence can adopt an R-DNA
conformation, while homopurine-homopyrimidine
stretches are strongly preferable in adopting standard
triplex structure.

Triplex induced recombination has been demon-
strated in an SV40 shuttle vector in mammalian cells
using psoralen-modified TFOs to damage the DNA,
resulting in enhanced recombination frequencies of up to
25-fold [33], confirming the fact that double-stranded
DNA breaks can stimulate recombination. Furthermore,
similar to the results seen with TFO-directed mutagene-
sis, triplex formation alone is sufficient to stimulate
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recombination in mammalian cells. When a plasmid con-
taining duplicated copies of the supF reporter gene was
transfected into mammalian cells in the absence of pso-
ralen-conjunction, a fivefold induction in recombination
occurred, which was found to be dependent on the pres-
ence of the NER pathway [34], engaged presumably to
recognize the “lesion” and generate recombinogenic
intermediates that contain some combination of either
single- or double-stranded breaks.

In spite of the fact that the above data seem to be
most consistent with the idea of “recombination” triplex
formation, a careful analysis of three-stranded complexes
formed under RecA protein using chemical probing indi-
cates that base pairing in the parental duplex is disrupted.
The incoming single-stranded DNA appears to form
W-C pairs with the unwound complementary strand of
the duplex, leading to the formation of D-loop-like struc-
tures, rather than “recombination” triplexes [35], a con-
clusion which is also supported by the fact that N7 posi-
tion of guanines, involved in Hoogsteen hydrogen bond-
ing, is not required for the formation of three-stranded
complexes by RecA protein [36].

In conclusion, we must note that, even in the
absence of a clear understanding of the structure of three-
stranded joints promoted by RecA protein, interesting
applications in gene targeting have already been found.
The first example is the use of such complexes to block
specific methylation sites in double-stranded DNA, with
a technique called RARE, for RecA-Assisted Restriction
Endonuclease cleavage, resulting in site-specific cleavage
of DNA and separation of genome fragments, with obvi-
ous therapeutic applications [37].

APPLICATIONS OF TRIPLE
HELICAL FORMATIONS

Although many advances have been made in triplex
technology over the last decade, there are still limitations
that need further investigation. Several parameters must
be optimized to allow facile gene modification, including
extending the triplex binding code, enhancing the stabil-
ity of the oligonucleotide inside the cell, increasing the
binding affinities of TFOs to their target duplexes, and
many more. In several recent reports, site-specific pso-
ralen-TFO adducts were detected in genomic DNA,
using a single-strand ligation PCR assay [25]. But, while
there is a wealth of indirect evidence for triplex formation
on the chromosome (as indicated by triplex-directed
transcription and replication inhibition, induced mutage-
nesis, and recombination), there is still very little direct
physical evidence of triplex formation in intact cells. We
herein describe the basic tools of antigene therapy, name-
ly antisense and antigene drugs, and attempt a compari-
son of these methods with former pharmacological prac-
tices.
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Antisense and antigene drugs. The principle of anti-
sense drugs is simple: An oligonucleotide (mimic) is tar-
geted to the mRNA of the gene exploiting nuclease com-
plementarity and, upon binding of the antisense drug, the
mRNA is inactivated and therefore does not direct the
synthesis of the protein gene product. Inactivation can
result from direct blockage of the translational machinery
or from triggering of mRNA degradation by RNase H, an
enzyme that specifically degrades the RNA strand of
RNA/DNA duplexes. This makes necessary the develop-
ment of a biologically stable oligonucleotide analog with
superior hybridization capacity, commonly known as
“antisense” oligonucleotide. Antigene drugs, on the other
hand, focus on the fact that the genome can also act as a
target for oligonucleotides and their analogs, because
these may bind to homopurine or homopyrimidine
sequences by means of triple-helix formation or, in the
case of PNA, of strand invasion. Although in vitro exper-
iments have indicated that gene transcription can be
inhibited by oligonucleotides bound to promoter regions
of the gene [17, 38] and by using PNAs, the synthesis of
antigene drugs based on oligonucleotides and their
analogs is probably even further into the future than the
production of antisense drugs.

Pharmacology versus gene therapy. Gene therapy,
involving the use of both antisense and antigene drugs,
may prove an interesting approach in patient treatment
in the future. DNA vectors can be constructed to gener-
ate RNA transcripts in situ in the nucleus, in such a way
that the RNA sequence allows for triple helix formation
on a targeted DNA sequence [39, 40]. This strategy was
first tested to regulate insulin-like growth factor-1 (IGF-
1) and its receptor gene at the transcriptional level [41],
where only the RNAs containing the oligopurine
sequence were shown to down-regulate IGF-1 and IGF-
1R. Cloned cells down-regulated for the above genes
were expended and re-injected into tumor-bearing ani-
mals, inducing tumor regression. Although these tech-
niques appear to be very promising, there are still many
questions to be answered and many obstacles to be sur-
passed [42] before they become part of everyday clinical
practice and substitute modern pharmacological prac-
tice.

Many thanks are expressed to Dr. Achilleas
Antonopoulos for his assistance in data accumulation.
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