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ABSTRACT

The existence of sequences in the human genome
which can be a target for triplex formation, and
accordingly are candidates for anti-gene therapies,
has been studied by using bioinformatics tools. It
was found that the population of triplex-forming
oligonucleotide target sequences (TTS) is much
more abundant than that expected from simple
random models. The population of TTS is large in all
the genome, without major differences between
chromosomes. A wide analysis along annotated
regions of the genome allows us to demonstrate
that the largest relative concentration of TTS is
found in regulatory regions, especially in promoter
zones, which suggests a tremendous potentiality
for triplex strategy in the control of gene expres-
sion. The dependence of the stability and selectivity
of the triplexes on the length of the TTS is also
analysed using knowledge-based rules.

INTRODUCTION

The sequencing of the human genome (1,2) has opened the
way for the design of new pharmacological therapies based on
the inhibition of the synthesis of pathological proteins. The
blocking of the synthesis of pathological proteins can be
performed at least by two different mechanisms: (i) by
inhibition of the translation of mRNA and (ii) by inhibition of
the transcription of the corresponding gene. The ®rst approach
de®nes the `anti-sense' strategy (in either its pure anti-sense
and its RNA-interference versions), where oligonucleotides
are used to speci®cally bind the target, the mRNA, blocking
then the corresponding protein synthesis (3,4). The second
approach de®nes the `anti-gene' strategy that consists of
blocking the transcription of speci®c genes by formation of a
triple helix (5±9) at the target DNA duplex.

DNA triplexes were theoretically suggested by Pauling and
Corey in 1953 (10), and probed experimentally by Rich and
co-workers 4 years later (11). They are formed when a
polypurine-rich DNA duplex binds a single-stranded poly-
nucleotide [triplex-forming oligonucleotide (TFO)], through

speci®c major groove interactions (reviewed in 5). Two types
of triplexes have been described, based on the orientation of
the third strand with respect to the central polypurine Watson±
Crick strand: (i) parallel triplexes and (ii) anti-parallel
triplexes. The ®rst can be formed following three different
motives: d(T´A-T), d(C´G-C)+ (where protonated cytosine is
needed in the third strand) and d(C´G-G), where Hoogsteen
hydrogen bonds stabilize the interaction between the Watson±
Crick (the ®rst two bases of the triad) duplex and the third
strand (Fig. 1). The second type of triplex is formed by three
triads: d(T´A-A), d(C´G-G) and d(T´A-T), where the third
strand makes reverse Hoogsteen pairs with the Watson±Crick
duplex (Fig. 1). In general, under normal laboratory condi-
tions, parallel triplexes are expected to be more stable than
anti-parallel triplexes (12,13). However, their pH dependence
[due to the presence of d(C´G-C)+ triads] might limit their
physiological stability.

The presence of a third strand introduces severe restrictions
in the ¯exibility of the DNA, changing its ability to recognize
speci®c proteins along the major groove (14,15), and accord-
ingly, altering all the mechanisms controlling DNA function.
This, and the speci®city of the recognition process between the
TFO and the duplex DNA explains the large number of
potential applications of triplexes in the biomedical and
biotechnological scenario (5±9). Thus, triplexes have been
used to construct arti®cial restriction enzymes or to direct
nuclease cutting in certain regions of the genome (6,16±17).
Triplexes bound to cleaving agents have been successfully
used to induce recombination in both episomal and chromo-
somal DNA in mammalian cells (18). It also has been reported
by different authors that triplexes complexed with psoralen
can be used to induce speci®c mutations in the genome
(19±21). Furthermore, recent studies by Glazer's group
(22,23) have shown that even when no chemical mutagen is
added, triplex formation induces a dramatic increase in the
rate of mutagenesis in the target duplex, probably as a
consequence of the inability of the NER system to repair
triplexes. These ®ndings open the possibility to use triplexes
as an alternative for knocking down/out speci®c genes (8,20).

Most of the biomedical impact of triplex technology is
related to the well known ability of triplexes to inhibit mRNA
synthesis in target genes, both in vitro (6,7,24,25) and in vivo
(6±8,26±28). Some of the genes whose expression can be
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inhibited by triplex formation include genes associated with
different diseases including cancer (6), suggesting that TFOs
could generate, in the near future, a new generation of drugs.
The inhibition of DNA transcription by triplexes can occur by
means of the inhibition of mRNA elongation (29,30).
However, the greatest transcription-inhibitory activity of
triplexes is found when the target duplex is in the regulatory
region of the gene (8).

Despite the promising results found, triplex technology still
presents some shortcomings (5) mostly related to: (i) their
reduced stability, (ii) sequence restrictions due to the need of
polypurine tracks in the triplex target sequence, (iii) suscep-
tibility to nucleases and (iv) problems to deliver TFOs in the
cellular nucleus. A large amount of chemical, biochemical and
biotechnological research is now focussed on trying to solve
these practical problems of triplex technology (6,7,31,32).
However, a very basic question is still unanswered: what is the
triplex-forming potential of the human genome? In this paper,
we perform a very extensive analysis of the human genome in
order to determine how many triplex-forming oligonucleotide
target sequences (TTS) exist, their location and their potential
as targets for anti-gene therapy.

MATERIALS AND METHODS

Genome information

Sequence information of the human genome was taken from
the UCSC database (version hg12; June 28, 2002) (http://
genome.ucsc.edu/goldenPath/28jun2002) developed by the
International Human Genome Mapping Consortium (1). The
de®nition of genes, exons, coding regions, repetitive regions

and conserved human±mouse regions were also taken from the
UCSC Genome Browser Database (http://genome.ucsc.edu/
cgi-bin/hgGateway; 33). Annotation of the genes considered
in this study was obtained from the refGene (refSeq)
collection, after removing redundant or overlapping genes.
Promoter regions were selected as those located 100 bp
upstream of the beginning of the gene. A more diffuse
upstream regulatory region is selected as that located
1900 bases upstream of the promoter region. Putative
downstream regulatory regions are de®ned 2000 bases down-
stream of the end of the gene. The best human/mouse
conserved regions were those listed in the
chrN_blatzBestMouse list in the UCSC database (http://
genome.ucsc.edu/goldenPath/28jun2002). Only highly con-
served blocks larger than 100 bases were considered. Repeated
sequences were those obtained using the RepeatMasker
software and listed in the chrN_rmsk database (http://
genome.ucsc.edu/goldenPath/28jun2002; http://www.geospiza.
com/products/tools/repeatmasker.htm; 34), and were used
without further manipulation. Single nucleotide polymorph-
isms (SNPs) were mapped combining SNP databases in UCSC
(snpNih and snpTsc) and the dbSNP database of genetic
variation (35).

De®nition of TTS

Possible TTS were de®ned as polypurine tracks of any size.
No mismatching in the triplexes was allowed, which means
that a strict triplex de®nition was used. In order to determine
whether or not the population of TTS is that expected from a
random distribution (36), we developed a simple, but ¯exible
random model, which assuming a binomial behaviour of the

Figure 1. Schematic representation of Hoogsteen and reverse Hoogsteen-based triads in parallel and anti-parallel triplexes.
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TTS distribution, allows the calculation of the expected
number of TTS of a given length (in a given genome). This
considers that the expected number (P) of TTS of length n in a
given genome of length m can be expressed as shown in
equation 1, where qn is the probability that a nucleotide
belongs to a TTS of length n. The factor 2 appears because the
TTS can happen in either DNA chains. The probability factor
qn is computed from the average number of TTS of size (n) in
the random model using equations 2 and 3. The key parameter
<i> is determined assuming that the number of TTS in the
random model follows a binomial distribution (see equation
3):

P = 2 3 m 3 qn 1

qn = n (<i> / m) 2

<i> » (m ± n ± 1) 3 a2 3 (1 ± a)n±1 3

Combining equations 2 and 3 we obtained equation 4 which
provides us an approximated expression for P in a random
model. Note that equation 4 is in fact an approximate solution,
but provides a TTS distribution very similar to that obtained in
numerical simulations of 50 randomly generated genomes
with the size of the human genome (see Results). In an ideal
binomial model a should be equal to 1/2 in equations 3 and 4.
However, since transitions Pur±Pyr, Pyr±Pur and Pur±Pur are
not equally probable in our genome, other values of a might
be more suitable. In fact, the ®tting to the human genome
shows that the most realistic value for a is 0.44 (the value used
in the paper):

P » 2 3 n 3 (m ± n ± 1) 3 a2 3 (1 ± a)n±1 4

Prediction of triplex stability

The stability of the triplex measured in terms of the melting
temperature depends on many factors, such as sequence,
concentration of the TFO, length of the triplex, presence of
modi®ed nucleotides in the TFO or pH (for the most stable
parallel triplexes). A rough prediction of the melting tem-
perature of triplexes in the genome, created using the parallel
motif, was determined using Roberts and Crothers empirical
equations (37) (equations 5±7). The stability of the corres-
ponding anti-parallel triplexes is more dif®cult to determine
and depends on the concentration of divalent cations, and on
the possible existence of alternative structures (like the G-
DNA). However, recent experiments by Eritja and co-workers
(38) suggest that, in general, even for the worst cases, anti-
parallel triplexes are only a few degrees less stable than the
corresponding parallel triplexes at pH 4.5:

Tm � 310� DH0

DH0 ÿ DG0
37 ÿ 310� R� ln 4

CTFO

� � 5

where CTFO is the concentration of target + triplex-forming
oligonucleotides. The enthalpy (DH0) and Gibbs free energy
(DG0) are evaluated (in kcal/mol) using equations 6 and 7:

DH0 = ±4.9(CC) ± 8.9(TC + CT) ± 7.4(TT) 6

where XX means the number of dinucleotides of this
particular type in the TFO:

DG0
37 = ±3.00(C) ± 0.65(T) + 1.65(CC) + 6.0 + (C)(pH ±

5.0)[1.26 ± 0.08(CC)] 7

where (X) means the number of nucleotides of type X in the
TFO.

For discussion purposes we have considered three different
TFO concentrations (mM and nM), assuming very dilute
concentration for the TTS. As a reference, state of the art
delivery methodologies allow the delivery of up to 20±
70 mmol of TFO in the interior of the nuclei (31). Two
different pH values were considered, physiological (7.0) and
acidic (4.5). The use of the latter provides insight into the
stability of triplexes formed with TFOs containing modi®ed
nucleotides. Triplexes with melting temperature above 50°C
were considered as stable. This high temperature implies that
we are using a conservative threshold of triplex stability, and
probably more triplexes than those detected here can be stable
under physiological conditions.

To determine the differential stability of triplexes in the
human genome we compared our calculations with two
background models. The ®rst (labelled Random) assumes
equal populations of A and G and equal possibility for Pur/Pur,
Pur/Pyr and Pyr/Pur transitions, the second one (labelled
Random H.G) was generated with the restrictions necessary to
maintain the ratio A/G and the transition probabilities at the
values found in the human genome. In both cases, 50 random
genomes with the same length as the human genome were
generated.

All the software developed here for the localization and
analysis of TTS is available as C-programs upon request to the
authors.

RESULTS AND DISCUSSION

The amount of nucleotides appearing in TTS in the human
genome is several times larger (Fig. 2) than that expected from
a random distribution (see Materials and Methods), and the
difference increases as does the size of the tracks. Thus, TTS
longer than 20 nt are very rare in random systems, whereas
TTS longer than 30 nt are commonly found in the human
genome. The existence of such a large density of TTS (or
nucleotides in TTS with respect to total nucleotides) could be
due in principle to two different phenomena: (i) massive
duplication of a small number of TTS (this will imply a large
amount of TTS in repetitive DNA) and (ii) the existence of a
subtle biological effect related to these sequences. We have
investigated both possibilities.

The density of TTS (de®ned as the number of nucleotides in
TTS related to the total number of nucleotides, i.e. the
probability of a nucleotide being part of a TTS) for different
chromosomes is similar (data not shown), the largest density
of TTS is found in the 19 chromosome and the lowest in the Y
chromosome. The analysis of the base composition shows, in
general, a larger population of adenines than guanines. For
example, for TTS of 15 nt in length there are ~60% adenines,
and for TTS of 30 nt or more the percentage of adenines
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increase to almost 80%. It is worth noting that adenines
constitute ~60% of the purines in our genome, which means
that in long tracks, adenines are over-represented in TTS. We
should note that the larger population of adenines in TTS is
favourable from the point of view of triplex formation, since
Watson±Crick guanines are targeted (Fig. 1) either by
Hoogsteen cytosines (leading to a strong pH dependence of
the triplex) or by reverse Hoogsteen guanines [leading then to
a strong competition in the TFO between single-stranded (that
are needed for triplex formation) and tetraplexes] (5).

To analyse whether or not TTS are located in regions of
importance for anti-gene therapy, we divided (see Materials
and Methods) the human genome into repeated regions (~50%
of the genome), genes (the 10 000 of the RefGene collection),
best human±mouse conserved regions (~5% of the genome)
and general regulatory regions (2000 bases up and down-
stream of the 10 000 selected genes). The pro®le of TTS found
for the genes (Fig. 3) reproduces very well the corresponding
pro®le found for the total human genome. On the contrary, the
highly conserved human±mouse region shows a lower ability
to make triplex than the average genome, which can be partly
explained by the fact that a good portion of highly conserved
regions are protein-coding regions, where, as noted below, a
low quantity of TTS is found. Interestingly, repeated and
regulatory regions exhibit larger concentrations of long TTS
than the average for the genome (Fig. 3).

In order to analyse in more detail the presence of TTS in
regions of special relevance, we divided the gene region into:
(i) exons, (ii) coding sequences (i.e. the exons after removing
UTR), (iii) introns, (iv) promoter regions (100 nt upstream of
the beginning of the gene), (v) regulatory region upstream
(1900 nt) promoters and (vi) downstream (2000 nt) regulatory
regions. Very interestingly (Fig. 3), only two lines appear
below that of the global human genome: the exon and the
coding regions. This is likely to re¯ect the compositional bias
in the nucleic acid sequence associated with the coded
polypeptide. The relative number of nucleotides in TTS is
larger in all regulatory regions than in the whole genome
(Fig. 4). Interestingly, the very short promoter region contains
a very large concentration of nucleotides in TTS (Fig. 4),
indicating that the crucial region of control of gene expression
can be easily targeted for triplex formation. The existence of
this large concentration of TTS in a key region of the genome
strongly suggests some subtle biological function for this type
of sequence, which might be related to some structural

properties which can favour interaction of DNA with control
proteins. In any case, for the purpose of this paper we must
emphasize that the existence of a large density of TTS in the
promoter region provides a tremendous opportunity for the use
of triplex-based approaches in anti-gene therapies. In fact,
many genes of possible therapeutic impact show extremely
large TTS (>40 nt) in the promoter region. Examples are
SCA1 (the gene causing type 1 spinocerebellar ataxia),
ATP6V1B1 (the gene encoding for ATPase related to
sensorineural deafness), PAWR (a key gene in apoptotsis),
HIPK3 (a kinase involved in multidrug-resistant cells),
SOX10 (mutations in this gene leads to Waardenburg±
Hirschsprung disease), NOVA1 (an onconeural antigen
related to breast and small cell lung cancer), and many other
examples that will be discussed in more detail in a further
communication.

Repetitive regions represent ~49% of the human genome
(1,2), and are clearly those where sequencing is more dif®cult,
and where a larger portion of gaps in the genome sequence
exists. Our analysis shows that, as a whole, repetitive regions
have a high density of TTS, just after the TTS-rich promoter
region, a result that is not unexpected considering that a part of
the repetitive DNA is de®ned by polypurine tracks. In order to
study more precisely the distribution of TTS in repetitive
regions, we analysed TTS density in different classes of
repetitive DNAs: (i) long interspersed elements (LINE), (ii)
small interspersed elements (SINE), (iii) long terminal repeat
(LTR), (iv) transposons and (v) unclassi®ed repeated DNA
(low complexity, simple repeated, satellites and others). LTR
and LINE regions show a density of TTS similar to that of the
`no repeated' part of the genome (Fig. 5). DNA transposons
show a TTS density lower than the no-repeated part of the
genome, denoting their origins as coding sequences (see

Figure 3. Probability (in %) of a nucleotide being part of TTS of different
lengths in different regions of the human genome.

Figure 2. Number of TTS tracks of different lengths found in the human
genome and in random models. The pro®le found in human genome is
compared with that found in analytical or numerical random models (see
text for details).

Figure 4. Probability (in %) of a nucleotide being part of TTS of different
lengths in different parts of the gene region.
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discussion above). SINEs present a density of TTS larger than
that of the non-repetitive part of genome, and quite interest-
ingly, a TTS versus length of the track (in the sequence-length
considered) pro®le quite different to the exponential decay
found in the other cases (Fig. 5). This suggests that at least a
part of SINEs was generated by massive duplication of a
number of different short/medium sequences of DNA, biasing
the distribution of possible TTS. Finally, unclassi®ed repeated
sequences also show a non-exponential decay with length.
This is due to the fact that simple repeated sequences
(obtained by massive replication of small DNA fragments)
and low complexity DNA [rich in polypurine sequences (1,2)]
are incorporated within this family of repetitive DNA.

The next step in our analysis was to follow the presence of
SNPs in TTS sequences. SNPs are the major source of genetic
variability in humans (39). Thus, knowing the impact of SNPs
in TTS may be of biomedical interest for the purpose of
designing individual-adapted therapies. Results in Figure 6
show that the probability of a position in the human genome to
be part of a TTS is largely increased if it exhibits
polymorphism. No obvious reason was found for this inter-
esting behaviour other than mutations will be made more
easily, or worse repaired, in TTS, or that transient triplexes are
formed in polypurine tracks leading to an increase in the
mutagenic rate (22,23). However, for biomedical and
biotechnological purposes, what is clear is that this ®nding
reinforces the interest of anti-gene strategies in individual-
directed therapies, as taking into account the structural
variability of the protein in the process of drug design is
much more complex than designing oligonucleotides with
varying sequences.

Previous analysis shows that TTS are more abundant in the
genome than expected, and that they are particularly frequent
in regions of special relevance for gene expression, suggesting
a priori that anti-gene strategies may be very promising.
However, to assess the real biomedical and biotechnological
impact of triplex strategies two questions must be answered:
(i) what is the selectivity TFO (i.e. what is the degree of
uniqueness of a given TTS in the genome) and (ii) how stable
are the triplexes formed? To answer the ®rst question we
computed how many of all the possible combinations of TTS
of a given length are present in the human genome, and in the
gene region (genes + regulatory regions). As shown in
Figure 7, the human genome samples all possible sequence
space in TTS shorter than 17, and no selectivity is possible for
the complementary TFOs. As noted in Figure 7, the percent-
age of TTS sampled in the human genome decreases below

50% for TTS longer than 21 nt, and TTS are almost unique for
lengths >26 nt, making it possible to design 100% speci®c
TFOs. If only the gene region is considered in the analysis, the
minimum length of the TTS needed to de®ne speci®c TFOs is
smaller [19 (one secondary interaction is expected on average)
and 24 (no secondary interaction expected)]. In summary,
selectivity can be reached with relatively small oligonucle-
otides which can be easily introduced inside the cell
(6,7,31,32).

In order to determine the stability of triplexes under
physiological conditions we follow Crother's empirical rules
(see Materials and Methods), which allow us to determine the
melting temperature of parallel triplexes based on the triplex
sequence, concentration of oligonucleotides (i.e. the amount
of TFO that can be internalized at the nuclei), the triplex
length and the pH (acidic pH makes anti-parallel triplexes
more stable). The stability of parallel triplexes largely depends
on the pH. Thus, at acidic pH (4.5), ~3% of the human genome
is found in TTS susceptible to form stable triplexes (melting
temperature >50°C) at micromolar concentrations of TFO.
When the pH is raised to 7.0 only 0.2% of the human genome
can form stable triplexes. For anti-parallel triplexes, no pH
dependence is expected, and on the basis of recent experi-
ments by Eritja's group (38) the range of stabilities are
expected to be those corresponding to parallel triplexes at
moderately acid pH (~5±6).

The human genome shows a surprisingly good ability to
form stable triplexes, much better than that expected from
numerical random models (data not shown, but available upon
request) at any pH, but the difference is especially large for
neutral pH, indicating that triplexes in the human genome are

Figure 6. Probability (in %) of a nucleotide being part of TTS containing
SNPs (results for both snpNih and snpTsc databases are included). The base
line corresponding to the whole human genome is displayed for
comparison.

Figure 7. Coverage of the space of sequences of TTS in the human genome
and in the gene region.

Figure 5. Probability (in %) of a nucleotide being part of TTS of different
lengths in different parts of the repetitive DNA.
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less sensitive to the pH than expected. The larger density of
stable triplexes is found in the regulatory regions, in particular
in promoter regions, where triplexes are stable even in
unfavourable pH conditions (data not shown, but available
upon request). In summary, our results strongly suggest that
there is a large percentage of the human genome that can lead,
under physiological conditions, to stable triplexes. In fact, our
calculations strongly suggest that in the design of TFOs the
requirement for selectivity is stricter than the requirement for
stable triplexes.

CONCLUSIONS

In silico analysis of the human genome allows us to identify
regions that can lead to triplex formation when a suitable TFO
is available. The regions susceptible to form triplex (TTS) are
more common in the human genome than expected by random
models, even when these models are adapted to the compos-
ition of the human genome. A large density of TTS, which can
yield stable and speci®c triplexes under physiological condi-
tions, are found in promoter regions, opening interesting
possibilities for the use of triplexes in the control of gene
expression. Also, interestingly, TTS present an unusually
large number of SNPs, which suggests that triplex strategies
may be of interest in individual-oriented therapies (in fact,
several examples are found of SNPs located in large TTS
segments located in promoter regions). Overall, our results
show the large possibilities of triplex technology in the
biomedical and biotechnological scenario.
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