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Abstract
Triplex-forming oligonucleotides (TFOs) can bind to the major groove of homopurine-
homopyrimidine stretches of double-stranded DNA in a sequence-specific manner through
Hoogsteen hydrogen bonding to form DNA triplexes. TFOs by themselves or conjugated to
reactive molecules can be used to direct sequence-specific DNA damage, which in turn results in
the induction of several DNA metabolic activities. Triplex technology is highly utilized as a tool
to study gene regulation, molecular mechanisms of DNA repair, recombination, and mutagenesis.
In addition, TFO targeting of specific genes has been exploited in the development of therapeutic
strategies to modulate DNA structure and function. In this review, we discuss advances made in
studies of DNA damage, DNA repair, recombination, and mutagenesis by using triplex technology
to target specific DNA sequences.

Keywords
Triplex-forming oligonucleotides; DNA damage; DNA repair; triplex technology; recombination;
mutagenesis; DNA structure

Introduction
In 1953 Watson and Crick described the double-helical structure of DNA [1]. Four years
later it was shown by Felsenfeld and Rich (1957) that nucleic acids can also interact to form
triple helical (or triplex) structures. Their RNA diffraction studies revealed that a stable
complex of poly(U) (polyuridylate) and poly(A) (polyadenylate) strands was formed in a 2:1
ratio in the presence of Mg2+ ions [2]. However, the advent of “triplex technology” occurred
nearly thirty years later once the synthesis of mixed sequence oligonucleotides was more
practical. In the late 1980s, it was demonstrated that short (typically 15 to 30 bp), synthetic,
triplex-forming oligonucleotides (TFOs) could bind through the major groove of duplex
DNA to form stable triple helical structures [3, 4]. The interaction between a TFO and its
target duplex DNA is sequence specific in nature [5] and is derived from the ability of
polypyrimidine TFOs to bind to polypurine stretches of B-DNA (C+•GC or T•AT base
triplets, where C+ indicates a protonated cytosine) in a parallel orientation (5′→3′ direction
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with respect to the purine-rich strand of the underlying duplex) through Hoogsteen hydrogen
bonding [6]. Similarly, polypurine TFOs can bind to polypurine stretches of B-DNA (G•GC
or A•AT base triplets) through reverse Hoogsteen hydrogen bonding in an anti-parallel
orientation (3′→5′ direction with respect to the purine-rich strand of the underlying duplex)
(Fig. 1). The Hoogsteen hydrogen bonds afford specificity and affinity of the TFO for its
target duplex. Thermodynamically, TFO base pairing with duplex DNA is similar to the
binding energy of Watson-Crick base pairing (∼0.22-0.64 kcal/mole less per base triplet for
Hoogsteen hydrogen bonds compared to a Watson-Crick base pair). TFO binding is
dependent on a number of factors, including ionic conditions, base composition, and the
sequence context of the TFO-binding site [7]. For example, melting temperature studies
indicated that the presence of GC repeats flanking the TFO-binding site increased triplex
stability [8]. Physical studies of triplex structures revealed that binding of TFOs to target
DNA induced significant structural distortions in the underlying duplex [9-15]. X-ray
diffraction studies [16], nuclear magnetic resonance studies [17] and studies using chemical
probing of triplex structure [5] provided evidence of helical distortions induced in the DNA
upon triplex formation [18]. X-ray crystallographic studies on triplex structure revealed
changes in the phosphate backbone torsion angles on the purine-rich strand. It was also
shown that the duplex-triplex junction had lower twists and higher openings, indicating
partial unwinding of the DNA, and that the presence of protonated cytosine (C+) caused an
additional narrowing of the purine-rich and Hoogsteen strands [15]. Such changes in the
helical parameters of DNA after formation of triplexes in vivo likely mediate induction of
several cellular DNA metabolic events, such as repair or recombination. These features,
along with facile chemistries to conjugate DNA damaging agents to TFOs, make triplexes
useful probes to study the structural basis of DNA damage recognition and processing. In
addition to their use as probes to study the structural basis of damage recognition, the repair
processing of triplexes is of interest because of the expanding use of TFOs to modify
mammalian genomes in vivo.

Because TFOs bind to their target duplex DNA sequences specifically and with high
affinity, they make useful tools for targeted genome modifications. Some of the initial
demonstrations of sequence-specific modification of DNA by chemically-modified TFOs
were shown through site-specific photo-crosslinking with azidoproflavine derivatives
attached to TFOs [19], and targeted cleavage of duplex DNA via an artificial photo-
endonuclease attached to the 3′-phosphate of a TFO [20]. Subsequently, it was
demonstrated that TFOs covalently linked to a photoactivatble crosslinking agent, psoralen,
can be used in a sequence-specific manner to induce DNA damage through the formation of
DNA interstrand crosslinks (ICLs) in mammalian genes [21, 22]. Through the use of TFO-
directed ICLs, DNA damage recognition and repair related processes and targeted
mutagenesis have been extensively studied (reviewed in [23, 24]). Antigene strategies based
on triplex formation via inhibition of transcription was one of the earliest [4], and continues
to be an important biological application of TFOs. In the past two decades triplex
technology has been used to study mechanisms of DNA damage and repair, mutation,
recombination, and gene targeting. This review will focus primarily on the involvement of
triplex technology in the advancement of our understanding of the mechanisms of DNA
repair, recombination, and mutagenesis in mammalian cells.

TFO target sequences are abundant in mammalian genomes
In order to maximize the utility of triplex technology for either mechanistic studies or for
therapeutic application, purine-rich stretches in the DNA target sites must be available to
allow for stable triplex formation. Further, to allow for TFO binding to unique sites, a
purine-rich stretch of 15 bases or more is desired. To predict the number of such TFO target
sequences (TTS) in the human and mouse genomes, Gaddis et al. [25] developed an
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algorithm to search both strands of the entire human (NCBI Human Genome; build 35.1;
2004) and mouse genomes (NCBI Mouse Genome; build 33; 2004) for potential TFO target
sites. Potential TTS were defined as purine stretches of a minimum of 15 bases, with at least
50% G with one pyrimidine interruption allowed within the purine-rich site. Sites with more
than 50% simple repeat sequences (e.g. G, A, GA, GAA, GGA) or sites within known repeat
sequence elements in the RepBase update database (Volume 10) were eliminated, as were
sites that were found more than 10 times in the dataset. This search engine is available at
http://spi.mdanderson.org/tfo, where the user can insert sequences of interest to identify
potential TTS. The results predicted that ∼98% of annotated human genes have at least one
TTS within the promoter/transcribed region, and ∼87% of the identified TTS are unique to
one gene. Similarly, ∼93% of the known protein coding genes of the mouse genome have at
least one potential TTS with ∼83% of the identified TTS unique to one gene. When two
human and twelve mouse genes predicted to have TTS by this search engine were tested for
their binding affinities to synthesized target duplexes in vitro, specific, high affinity binding
was detected with apparent dissociation constants between 1 × 10−9 and 1 × 10−7 M, as
predicted [26].

In 2009, Jenjaroenpun and Kuznetsov [27] developed a database to predict and annotate
probable TTS, G-quadruplex motifs, and other regulatory DNA elements in the human
genome. This search engine is available for public access at http://ggeda.bii.a-star.edu.sg/
∼piroonj/TTS_mapping/TTS_mapping.php. Existing TTS models predict from the human
genome sequence that TTS are frequently present in gene regulatory regions [25, 27-29]. In
an attempt to understand why TTS are overrepresented in mammalian genomes, Goñi et al.
(2006) predicted that the curved and rigid structure of TTS may confer unique physical
properties to the promoter region that allow for enhanced DNA-protein interactions [29].
Nevertheless, these preliminary predictions suggest tremendous potential for modulating
gene function for a large number of genes in the human genome through the proper
utilization of triplex technology. TFO binding in the major groove of the duplex DNA
causes local distortions in the helix, which can initiate DNA repair events at the TFO
targeted site. Similarly, TFOs associated with reactive molecules can initiate DNA repair
activities once bound to the duplex DNA. However, there are several barriers to successful
association of TFOs to their cognate binding sites particularly in vivo. Much research has
been done to chemically modify TFOs to overcome these barriers. Some of these limitations
and potential solutions to expand the utility of triplex technology via TFO modification are
discussed in the following section.

Modifications of TFOs to increase triplex formation and stability
There are several potential limitations to the efficacy of triplex technology, particularly in a
cellular environment. Efficient uptake of TFOs into the nucleus, stability once inside the
cell, and specific, high-affinity binding in a chromosomal context must be achieved for
successful triplex formation in vivo. Pyrimidine TFOs which form triplexes in the parallel
motif require a protonated cytosine (C+:GC) for Hoogsteen hydrogen bond formation, and
are therefore pH sensitive [30]. Purine TFOs form stable triplexes in the anti-parallel motif
in a pH-independent fashion; however, these G-rich oligonucleotides tend to form
alternative structures, such as G-quartets under physiological K+ concentrations [31-34].
Stable triplex formation also requires a contiguous homopurine run, as pyrimidine
interruptions within the purine stretch can inhibit triplex formation [35-37]. Moreover, in an
intracellular environment, charge repulsion between the three polyanionic strands and
accessibility of binding sites in a chromosomal context can create obstacles to stable triplex
formation [38].
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Significant progress has been made in developing chemically modified TFOs to improve
triplex stability (for reviews see Jain et al, Biochimie, 2008 [39]; and Fox & Brown, Quart.
Rev. Biophys., 2005 [40]). For example, replacement of cytosine by 5-methylcytosine
abolishes the pH dependency of pyrimidine-rich TFOs [41, 42]. The use of 2′-deoxy-6-
thioguanosine or 7-deaza-2′-deoxyxanthosine in G-rich TFOs inhibits secondary structure
formation [31, 33, 34]. Introduction of W-shaped nucleoside analogs (WNA) decreases
steric repulsion and therefore increases the stability of purine-rich TFOs, particularly at sites
of pyrimidine interruptions in the polypurine target site [43-45]. Similarly, modifications of
thymidine to 2′ deoxyuridine (dU), 5-propargylamino-dU and 2′-aminoethoxy, 5-
propargylamino-dU bis-substituted derivatives have been shown to increase triplex stability
[8, 46-49]. Recently, Semenyuk et al. [50] characterized several pyrmidine motif TFOs with
various analogues for binding to a target sequence containing a CG inversion. They found
that N4-alkyl-5-methylcytosine derivatives improved binding at the target site, and that a
TFO containing an N4-(2-guanidoethyl)-5-methylcytosine at the inversion site was active in
a cell-based gene targeting assay [50]. Such studies using base analogues to improve the
binding and bioactivity of TFOs at base interruptions will contribute toward the successful
expansion of available triplex targets in cells.

TFOs modified with a 3′ propylamine group show reduced nuclease mediated degradation
in vivo [51]. Backbone modifications such as replacement of the phosphodiester linkages of
natural DNA with positively charged, RNAase H-insensitive phosphoramidate linkages or
morpholino oligonucleotides can increase triplex stability under conditions of neutral pH
[52-55]. Though these morpholino oligonucleotides are nuclease resistant and form triplexes
under physiological K+ concentrations, there are some limitations associated with their
application; e.g., triplex formation with morpholino backbone-modified TFOs is preferred in
the pyrimidine motif [56]. Triplex-forming peptide nucleic acids (PNAs) represent a
backbone modification in which the bases are attached to a polyamide backbone. PNAs can
be used to form highly stable triplexes [57, 58] with nuclease and protease resistance [59].
Important sugar modifications include 2′-O-methyl ribonucleotides [60, 61] and 2′-O-
aminoethylribose [62-64], which form RNAase H-resistant, stable triplexes with lower
levels of structural distortion in the duplex DNA compared to unmodified TFO-derived
triplexes [65]. Locked nucleic acids (LNA) contain 2′-O, 4′-C-methylene-linked
ribonucleotides, which result in a locked C3′-endo sugar conformation. This modification
reduces the flexibility of the ribose and allows for stable triplex formation (reviewed by
Peterson and Wengel, 2003 [66]). Importantly, extensive sugar modification has been shown
to decrease the biological activity of TFOs in vivo [67]. Thus, chemical modifications of
TFOs should be considered based upon the specific application. Table 1 summarizes some
of the improvements in TFO binding through the use of such modifications. Clearly,
continued advances in chemical modifications to oligonucleotides are essential for the
successful application of TFOs in vivo, but comprehensive treatment of this subject is
beyond the scope of this review. For recent and more comprehensive reviews on chemical
modifications of oligonucleotides, please see the following [68, 69].

Triplex technology in studies of DNA damage and repair
TFOs conjugated to DNA damaging agents (as well as unmodified TFOs) have been
successfully used as tools to study mechanisms of DNA repair. An early example of such a
TFO conjugate was provided by Povsic and Dervan [70] where TFOs were conjugated at the
5′ end to an electrophile, which was shown to alkylate a guanine base adjacent to the TFO
target site. Another example of triplex-directed DNA alkylation damage includes TFOs
conjugated to aryl nitrogen mustards which can specifically alkylate strands of the target
duplex DNA [71]. Other well studied TFO-DNA damaging agent conjugates include
phenylsulfoxide derivatives of 2-amino-6-vinylpurine [72], and DNA crosslinking agents
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such as psoralen [21, 22, 73]. Psoralen is a photoreactive DNA crosslinking agent that has
been extensively employed in triplex technology to induce site-specific DNA damage. The
repair of psoralen DNA ICLs has been recently reviewed by Vasquez (2010) [23]. TFOs
conjugated to reactive molecules that introduce DNA strand breaks are also of great interest.
Panyutin and Neumann (1994) showed that the decay of 125I labeled TFOs caused DNA
double-strand breaks (DSBs) within 10 bp of the position of the 125I deoxycytosine residue
in the TFOs [74]. In a subsequent study, it was shown that their repair was mutagenic in a
cellular context [75]. TFOs attached to semi-synthetic nucleases [76], to EDTA•Fe [3], and
to restriction endonucleases, which function in a Mg2+-dependent manner [77] efficiently
induce DSBs but lack efficient control over the timing of DNA damage induction. This can
be overcome by covalently linking photoactivatable derivatives to TFOs, so that the timing
of damage can be controlled. For example, ellipticine, quinacridine, and pyrene derivatives
linked to TFOs can be activated upon irradiation, resulting in cleavage on both strands of the
target duplex [20, 78, 79]. In the sections below we discuss the use of unmodified TFOs to
induce DNA damage and repair, followed by studies of DNA damage and repair induced by
TFOs covalently linked to specific DNA damaging agents.

Induction of DNA repair by TFOs
The ability of TFOs to bind to undamaged DNA and stimulate DNA repair was
demonstrated by initiation of repair synthesis on a TFO-bound plasmid in HeLa cell-free
extracts [80]. Following incubation of the TFOs with the plasmid in HeLa cell-free extracts,
increased α-32P dCTP incorporation was detected compared to a control plasmid (that did
not contain a TFO binding site), indicating TFO-induced DNA repair synthesis [80]. Higher
rates of TFO-induced repair synthesis correlated with higher levels of mutagenesis, which
indicated that the processing of triplexes was, at least in part, error-prone. In order to
determine which DNA repair pathway(s) was involved, the experiment was repeated using
XPA-deficient cells, which are deficient in the nucleotide excision repair (NER) mechanism.
The results indicated no significant increase in mutagenesis in the absence of functional
NER, suggesting involvement of the NER pathway in the mutagenic or error-prone repair of
the triplex structure [80]. The ability of TFOs to induce mutations at specific sites has
important implications for triplex-mediated therapeutic approaches. These findings are also
consistent with the ability of endogenous intra-molecular triplex structures (i.e. H-DNA) to
induce mutagenesis in vivo [81-85].

The role of transcription-coupled NER (TC-NER) in triplex processing was studied on
plasmids in HeLa nuclear extracts, where the triplex structure was used as a transcription
inhibitor [86]. The results indicated a strong correlation between the presence of a promoter
and the level of induction of transcription-related repair in the presence of triplex structures.
Subsequently, when individual transcription components TFIIH, TFIID, and RNA Pol II
were immuno-depleted in HeLa nuclear extracts, inhibition of the repair was evident,
suggesting that the triplex-induced repair synthesis was indeed related to transcription. The
ability to repair triplex structures was altered in nuclear extracts of Cockayne's syndrome A
cells (which are defective in TC-NER), XPC cells (defective in global genome-NER (GG-
NER)), and XPA cells (defective in both GG-NER and TC-NER), indicating that GG-NER
and TC-NER are both involved in the repair of triplex structures [86]. These studies, and
others highlight the potential of triplex technology, in the absence of covalent modifications
to the genome, to stimulate DNA repair in cells for use in gene therapeutic applications.

DNA repair stimulated by TFOs conjugated to DNA damaging agents
The conjugation of TFOs to psoralen derivatives presents a powerful approach to modify
DNA in vitro and in cells. When irradiated with UVA light (365 nm), psoralen forms
monoadducts and covalent ICLs preferably at 5′-TpA-3′ sites. Such ICLs are processed by
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the UvrABC nuclease in E. coli. This endonuclease system also identifies and processes
triplex structures that are associated with DNA ICLs. There is evidence to suggest that
psoralen ICLs directed by pyrimidine TFOs are processed differently by UvrABC compared
to those directed by purine TFOs. Duval-Valentin et al. (1998), reported that a 14-mer
pyrimidine, 3′-psoralen and a 5′-acridine conjugated TFO when photo-crosslinked to its
target sites was identified by the UvrABC excinuclease, but in vitro excision experiments
indicated that the presence of the triplex structure was inhibitory to the excision process
[87]. On the other hand, Christensen et al., (2008) demonstrated that psoralen ICLs directed
by purine-rich TFOs were efficiently processed by the UvrABC excinuclease. The purine
TFO was displaced by the UvrA and UvrB subunits, and the psoralen ICLs were incised
efficiently in a UvrA-concentration dependent manner [88]. The apparent differences in the
processing of ICLs targeted by pyrimidine-rich TFOs versus purine-rich TFOs should be
further explored to establish the biological relevance of these observations.

Plasmid-based studies of TFO-directed psoralen adducts in S. cerevisiae indicated that
efficient repair depends on the nature of the lesion formed; monoadducts were repaired more
efficiently than ICLs, as expected [89]. In addition, the introduction of ICLs resulted in
frequent mutations, with A→T, T→A and T→G transversions and multiple insertions at the
targeted site. Analysis of mutations in NER, error-prone repair (EPR) or recombinational
repair-deficient yeast strains indicated that either NER and EPR together or EPR alone could
be responsible for generating the mutations. When the psoralen-modified TFO was bound to
a target site in the yeast URA3 gene, the furan-sided adducts and the pyrone-sided adducts
produced by psoralen plus UVA were not processed in a similar manner [90]. Bypass of
these adducts and/or error-generating repair led to T→G substitutions or G insertions for
furan-sided adducts, while processing of pyrone-sided adducts resulted in T→A or T→C
substitutions or insertions of A, indicating that the enzymes responsible for lesion bypass
may recognize structural differences of the lesions.

To study the effect of the third strand in the processing of TFO-directed psoralen ICLs,
plasmid substrates were designed to contain a single psoralen ICL in the presence or absence
of an adjacent TFO [91]. When substrates containing psoralen ICLs were incubated in HeLa
cell extracts an ∼5-fold increase in DNA synthesis (i.e. repair synthesis) was observed
compared to the background level. However, in the presence of a triplex structure adjacent
to the crosslink, the repair synthesis was decreased by 30-40%, suggesting that repair of
psoralen ICLs is modulated in the presence of an adjacent triple-stranded DNA structure
[91]. Similar repair studies in human HEC59 cancer cell extracts deficient in the DNA
mismatch repair (MMR) protein MSH2 resulted in ∼50% reduction of repair synthesis,
indicating that MSH2 is an important component in the efficient processing of TFO-induced
psoralen ICLs in mammalian cells [92]. TFO-directed ICL-induced mutagenesis studies in
the same MSH2 proficient and deficient human cells indicated that MMR was not required
for the mutagenic repair of ICLs, and thus is likely involved in error-free processing of these
lesions, perhaps through a pathway involving homologous recombination during S-phase
[92].

A psoralen-conjugated pyrimidine TFO containing 2′-O-(2-aminoethyl) residues was used
to target mutations to a site in the hamster HPRT in Chinese hamster ovary (CHO) cells
[93]. The TFO-directed ICLs led to mutations, predominantly in the form of base
substitutions and deletions at the targeted site. Studies in repair-deficient mammalian cell
lines indicated that TC-NER was not essential for the base substitutions or deletions, nor
was MMR [94], consistent with observations from studies in MSH2-deficient human cells
described above [92]. The NER complex, ERCC1-XPF, was involved in generating base
substitutions, but was not required for the deletion events. Cells that were engineered to
block polymerase ζ expression showed ∼3-fold fewer base substitutions compared to wild-
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type cells, indicating that these base substitutions could result from lesion bypass by the
error-prone polymerase ζ [94].

Using a PNA clamp to form a PNA:DNA:PNA triplex to stimulate DNA repair in HeLa
cell-free extracts, Rogers et al. (2002) found that the repair synthesis induced by the PNA
triplex was significantly higher than that of a DNA triplex at the same site [95]. The
increased repair stimulated by the PNA triplex relative to a DNA triplex may be due to
greater helical distortions created by PNAs and/or the differences in the chemical
composition of the two types of triplex structures [95]. The repair synthesis stimulated by
the PNA-generated triplex was substantially reduced in XPA immune-depleted HeLa cell
extracts, implicating NER in the processing of PNA triplex structures [95].

Recombinational repair stimulated by triplex formation
Intermolecular recombination events

Homologous recombination (HR) has been used successfully to modify mammalian
genomes for a variety of applications [96-98]. However, there are several limitations
associated with the targeted modification of mammalian genomes via HR. One is the low
frequency of HR in mammalian cells, and the high frequency of non-targeted integration of
transfected DNA [99]. In an effort to overcome these barriers and to enhance targeted
recombination frequencies, several strategies have been developed (summarized in Table 2
[100-105]). Among these strategies, the sequence-specific DNA binding by TFOs has
provided a tool through which the frequency of targeted HR can be increased. For example,
in 1995 Sandor and Bredberg studied the role of HR in the repair of TFO-directed psoralen
ICLs and reported that HR can be stimulated by such treatment in human cells [106]. Their
studies were carried out using a supF-based mutation/recombination reporter system, which
contained a TFO binding sequence at the 3′ end of a mutant supF gene. These shuttle
vectors, which can replicate in mammalian and bacterial cells, were treated with psoralen-
conjugated TFOs and UVA irradiated to produce site-specific ICLs and were subsequently
co-transfected into Jurkat human lymphoblastoid T-cells. A replication-defective plasmid
carrying the homologous wild-type supF gene, the donor plasmid, was also transfected into
the cells. Thus, correction of mutations in the supF gene was possible through a successful
intermolecular recombination event [106]. The results indicated that TFO-directed ICLs
induced a relatively low frequency of intermolecular recombination, at a frequency of
∼0.05% compared to a 0.003% spontaneous reversion mutation frequency. The induction of
HR by the TFO-directed ICL was ∼40 times lower than that induced by DSBs, an efficient
HR substrate [106]. Studies from our laboratory on the role of TFO-directed ICLs in
inducing intermolecular HR indicated an ∼6-fold increase in HR frequencies above the
spontaneous background levels in mammalian cells, which was relatively high when
compared to the ∼12-fold increase in HR caused by the DSBs in this system [107]. The
differences in levels of HR stimulation seen in various studies may be due in part to the
systems used to analyze the effects of TFO-directed ICLs on HR. For example, Liu et al.
(2009) used plasmids containing one copy of the supF reporter gene with either a 4 bp or a
24 bp deletion (as compared to point mutations in the supF gene used in studies by Sandor
and Bredberg, 1995) in an SV40 shuttle vector system along with a replication-proficient
donor plasmid containing a wild-type supF gene. The recombination spectra consisted
largely of gene conversion (GC) events (∼70%), with the frequency of such events being
highest with TFO-directed ICL treatment, whereas treatments with the TFO only or a DSB
resulted in many illegitimate recombination events [107]. The recombination frequencies
were found to be dependent on the size of the deletion in the supF gene, and the polarity of
the TFO-directed ICL relative to the target gene [107].
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PNA triplexes have also been shown to induce site-directed HR. Rogers et al. (2002)
demonstrated that a bis-PNA conjugated to a donor DNA molecule induced mutation
frequencies at the targeted supF gene ∼5-fold (0.82%) above background, and was found to
be more active than its TFO-DNA counterpart [95]. Similar studies using PNA triplexes to
correct a splice site mutation, IVS2-1, in the beta-globin gene in mammalian cells
demonstrated recombination frequencies ∼3-fold above the background levels [108].

Intramolecular recombination events
Intramolecular recombination can also be stimulated by psoralen-conjugated TFOs. Faruqi
et al. (1996) investigated targeted recombination induced by TFO-directed ICL formation in
episomal substrates within mammalian COS-7 cells [109]. These studies were carried out
using SV40 shuttle vectors with two tandem supF genes containing different point mutations
and a TFO-binding site between the gene copies. Correction of the mutations through a
successful intramolecular recombination event between the two gene copies was detected as
a wild-type blue bacterial colony phenotype. TFO-directed ICLs stimulated recombination
to a greater extent than ICLs alone, and a variety of products were generated from gene
conversions events and point mutations, suggesting that the damage induced by TFO-
directed psoralen ICLs was processed via several mechanisms [109].

A number of parameters involved in triplex-induced intramolecular recombination events,
such as the distance between the reporter genes and the orientation of the triplex structure
relative to the reporter genes, indicated that the distance between the two mutant reporter
genes influenced the intramolecular recombination events, largely via single-strand
annealing (SSA), while the position of the reporter genes relative to the ICL did not have a
substantial effect on SSA [110]. Using an SV40 shuttle vector that harbored two tandem
mutant supF genes, one with small (8 bp) deletion and the other with a larger (24 bp)
deletion, Liu et al. (2008) found that when the distance between the two supF genes was less
than 60 bp, the recombination events were mostly gene conversions (GC). Interestingly,
these GC events had a bias in that nearly every GC event occurred in the supF gene
containing the smaller 8 bp deletion [110]. Further experimentation is needed to understand
the events that lead to such a preference in copy choice. However, the location of the ICL on
the intervening sequence between the two mutant supF genes did not have a significant
effect on the HR spectra [110]. In the presence of ICLs, recombination between the two
mutant supF genes was dependent on the distance between the two genes. In the presence of
TFO-directed psoralen ICLs a distance of 1.4 kb between the two reporter genes stimulated
recombination ∼4-fold above the background levels. When this distance was reduced to ∼60
bp, the resulting induction of recombination was reduced to 2-fold above background. The
nature of this distance-dependent increase in TFO-directed ICL stimulated recombination
was not observed with the triplex structure only (in the absence of the ICL), while the ICL
only (in the absence of the TFO) was able to stimulate recombination albeit to a lesser extent
than that of the TFO-directed ICL [110].

Triplex formation alone can stimulate recombination; for example, it was found that a TFO
targeted to a region between tandem copies of mutated supF genes induced an
intramolecular recombination frequency 5-fold above background in COS-7 cells [111]. The
TFO-induced recombination was dependent on functional NER, while the recombination
stimulated by TFO-directed psoralen ICLs was only partially dependent on the NER
pathway [111].

Recombination in a chromosomal context
TFOs have also been used to stimulate recombination in a chromosomal context in cells.
TFOs alone or conjugated to psoralen have been designed to target sites within the CHO
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adenine phosphoribosyltranasferase gene (APRT) specifically and with high affinity [22,
112]. Such high affinity interactions of a specific psoralen-conjugated TFO with the APRT
gene stimulated HR ∼5-fold in CHO cells [104]. Knauert et al. (2006) demonstrated that
TFOs attached to short single-stranded oligonucleotides (donor molecules) can induce HR in
CHO-derived cells at a chromosomal locus [113]. In this study, a mutant firefly luciferase
(Fluc) gene containing a TFO-binding site was cloned into a plasmid and transfected into
CHO cells. When the cells were treated with TFOs conjugated to donor wild-type DNA, the
correction of the luciferase gene was 5 to 9-fold higher (recombination frequencies up to
0.1%) compared to the donor DNA alone, indicating that TFOs can stimulate intermolecular
recombination within mammalian cells [113]. The authors extended these studies to examine
the ability of phosphoramidate-modified TFOs and 2′-O, 4′-C-methylene LNA-modified
TFOs conjugated to homologous donor DNA to induce HR. Previous structural studies by
Asensio et al. revealed that upon binding, DNA-based TFOs induce more distortion of the
underlying DNA duplex compared to RNA-based TFOs [114]. Consistent with this
observation, in this particular study the phosphoramidate-modified TFOs stimulated HR,
while the LNA-modified TFOs did not, suggesting that the helical distortion induced by the
phosphoramidate TFO was important in stimulating HR in these assays [113].

The ability of TFOs to induce a high frequency of recombination within a chromosomal
locus via gene conversion events was demonstrated by Luo et al. (2000) by using
microinjection to deliver TFOs and psoralen-conjugated TFOs into the nucleus of mouse
derived LTK cell lines [115]. Using the herpes simplex virus thymidine kinase (tk) gene as a
marker, two tandem mutant copies of the tk gene were integrated into a single locus in the
mouse genome containing a supF reporter gene and a TFO binding site between the copies.
Microinjection of the TFOs generated recombinants at a frequency of ∼1%, ∼2,500-fold
over the background frequency [115]. Subsequent analysis of the recombinants indicated
that they were generated exclusively through gene conversion events. Microinjection of
psoralen-conjugated TFOs led to similar recombination frequencies, which were comparable
with I-SceI induced DSB-mediated recombination frequencies in mammalian cells [116,
117].

Taken together, these studies indicate that TFOs and TFO-directed psoralen ICLs can be
used to stimulate recombination events at specific genomic sites. However, this approach is
currently limited because psoralen requires UVA irradiation to form ICLs, and UVA does
not penetrate internal organs. Thus, approaches such as the use of laser-induced two-photon
excitation, where irradiation at 765 nm is used to photoactivate psoralen, may provide
advances for clinical applications [118]. A summary of triplex-mediated induction of
recombination in mammalian cells is provided in Table 3.

Triplex-stimulated mutagenesis
Mutagenesis in mammalian cells using plasmid-based assays

Another well-studied application of triplex technology is the use of TFOs to induce site-
specific mutations to modify or inactivate targeted genes. Initial studies using psoralen-
modified TFOs to target a site in a double stranded λ-phage genome indicated that
mutagenesis could be stimulated ∼100-fold above the background level by TFO-directed
psoralen ICLs [119]. Approximately 56% of the mutations characterized were T:A→A:T
transversions at the target site, as expected from error-prone repair of psoralen ICLs. In
order to study TFO-directed mutagenesis in mammalian cells, this system was modified
such that the supF mutation-reporter gene was incorporated into an SV40-based shuttle
vector. This vector was treated with a psoralen-modified TFO and UVA irradiation, and was
then transfected into monkey COS-7 cells. After 48 hours of replication and repair the
plasmids were isolated and grown in bacterial cells to identify mutations that had occurred
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in the supF gene. The results indicated that targeted mutagenesis occurred efficiently in
mammalian cells, where ∼6% of the plasmids were mutated compared to 0.2% in the
bacterial cells [120]. Characterization of the mutants revealed ∼55% T:A→A:T
transversions, ∼15% other point mutations, and ∼30% small deletions at the targeted site
[120]. Triplex formation in the absence of psoralen ICLs or other DNA damaging agents has
also been shown to be mutagenic. For example, using a system similar to the supF-shuttle
vector described above, Wang et al. (1996) demonstrated an ∼13-fold increase in TFO-
targeted mutagenesis in COS-7 cells above the background, which was dependent on TC-
NER [80].

Mutagenesis in mammalian cells in a chromosomal context
To study triplex-mediated mutagenesis in mammalian chromosomes, transgenic mice with
chromosomally integrated copies of a recoverable lambda vector containing a 30-bp triplex
target site within the supF mutation-reporter gene were developed, and transformed cell
lines from the mice were established. When these cells were treated with psoralen-modified
TFOs in the presence or absence of UVA irradiation, mutations in the supF target gene were
stimulated 10-fold above background levels, suggesting that the triplex structure alone was
mutagenic [121]. Results from these experiments and other similar TFO targeting
experiments [122] led to the conclusion that TFOs were capable of inducing targeted
mutagenesis on chromosomal targets in mammalian cells.

Homopurine-homopyrimidine mirror-repeat sequences in the genome have the capacity to
adopt intramolecular triplex structures or H-DNA [123, 124]. Naturally occurring
intramolecular triplex-forming sequences have been shown to stimulate mutagenesis in cells
and in mice, providing further evidence for the mutagenic potential of triplex-forming
structures in vivo. The predominant form of mutation generated by H-DNA in mammalian
cells and mice are deletions resulting from DSBs [82] [81]. Bacolla et al. [83] found that
breakpoints of large-scale deletions coincide with non-canonical DNA structures such as H-
DNA, and such structure-forming sequences have been found to correlate with chromosomal
breakpoints in tumors, implicating these structures in chromosomal rearrangements and
translocation-related cancer etiology. For example, an H-DNA-forming sequence from the
human c-MYC gene, which maps to translocation breakpoints in cancer, was found to
stimulate mutations ∼20-fold above background levels in mammalian cells [82]. The
majority of these mutants contained large-scale deletions surrounding the triplex site [82].
This same H-DNA-forming sequence was shown to be mutagenic in a chromosomal context
when incorporated on chromosomes of transgenic mutation reporter mice, where ∼8% of the
F1 offspring suffered deletions and/or rearrangements near the H-DNA region [81]. The
expansion of GAA repeats in the frataxin gene is associated with the autosomal recessive
neurological disorder, Freidreich's ataxia, and these GAA repeats have the capacity to adopt
H-DNA triplex structures [125, 126]. Studies in S. cerevisiae demonstrated that GAA H-
DNA-forming repeats led to chromosome fragility that was dependent on the repeat length
and orientation [84]. These sequences have also been shown to lead to large-scale
expansions, consistent with the early onset of Friedreich's ataxia [85]. Together, these
findings suggest that naturally occurring triplex-forming sequences in the genome can be
mutagenic and involved in genomic instability, disease etiology, and genome evolution.

The efficiency of TFO targeting appears to be cell-cycle dependent in mammalian cells,
with most mutations occurring in S-phase, likely due to a chromatin structure that allows for
greater efficiency of TFO binding [127]. For example, TFO-induced mutagenesis was more
efficient in CHO cells in S-phase (mutation frequencies of 0.15 – 0.22%) compared to cells
at quiescence (mutation frequencies 0.02 – 0.03%). A triplex target site in the HPRT gene in
CHO cells was used to measure the efficiency of TFO binding, and it was estimated that up
to 30% of the HPRT targets were crosslinked with the psoralen-modified TFOs in S phase
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[127]. Similar experiments with free psoralen resulted in mutation frequencies ∼5-fold
above the background frequencies, but were not cell-cycle dependent [127].

Targeted mutagenesis in animal models
An important “proof of concept” study supporting therapeutic applications of triplex
technology was reported in 2000 [128]. TFOs were successfully used to direct specific
mutations on chromosomal targets in somatic cells of mice. To induce mutagenesis,
transgenic mice containing chromosomally integrated copies of a recoverable lambda vector
containing a 30-bp TFO binding site within the supF gene were treated with specific TFOs
or scrambled control oligonucleotides. The 3′-propanolamine-modified oligonucleotides
were delivered through intraperitoneal injections of 1 mg per day for five days, and DNA
was isolated from various tissues 10 days post-injection for mutation screening. Mutation
frequencies in the targeted supF gene were ∼5-fold higher than background levels in most
tissues screened. However, there was no increase in mutations in the brain, consistent with
the inability of the oligonucleotides to cross the blood-brain barrier [51]. As expected, the
majority (∼85%) of the mutations were located within the 30-bp target site, and 40% of
those mutations were single-base insertions or deletions, which were speculated to occur
through template misalignment at the triplex site, perhaps via error-prone repair events
provoked by the triplex structure.

Cellular proteins that recognize triplex DNA structures
Naturally occurring non-canonical DNA structures such as intramolecular triplexes (H-
DNA) can cause genome instability [81, 82]. Proteins that interact with such structures have
been of great interest as they may have roles in maintaining genome integrity. Triplex
technology has been extensively used to identify and characterize such cellular proteins. In
1991 Kiyama and Camerini-Otero identified a 55 kDa protein from HeLa cells that
interacted with a T(34).A(34).T(34) pyrimidine motif triplex [129]. This was the first
demonstration of human cellular proteins interacting specifically with triplex structures with
high affinity, and suggested that triplex structures are indeed formed in vivo. However, the
biological functions of these proteins were not clear. Six years later Guleysse et al. (1997)
demonstrated a similar phenomenon with a pyrimidine motif triplex formed by a single-
stranded 55-bp oligonucleotide that could fold to form an intramolecular triplex structure
and isolated a ∼55 KDa protein, which interacted efficiently with and stabilized the triplex
structure [130].

Using several purine motif intermolecular triplexes as probes, Musso et al. (1998) isolated
three different triplex-specific polypeptides with apparent molecular masses of ∼100 KDa,
∼60 KDa and ∼15 KDa from HeLa cell extracts [131]. Interestingly, these proteins did not
interact with a variety of pyrimidine motif triplexes tested, but interacted with purine
triplexes that contained either phosphodiester or phosphorothioate backbones. A similar
approach was used to identify and characterize triplex binding proteins in S. cerevisiae. A
purine triplex-specific binding protein of ∼35 KDa was isolated and identified as STM1, a
protein involved in transcriptional repression and mitosis in yeast [132]. Further
characterization of this protein established it as a ribosome-associated protein, which also
interacts with telomere-proximal Y element DNA sequences [133]. This 80S ribosome
associated protein was shown to facilitate protein synthesis under nutrient starved conditions
and may be involved in the mTOR signaling pathway [134]. Similar purine motif triplex
probes and southwestern library screening identified another protein that binds triplex
structures, a product of the yeast CPD1 gene, which is involved in chromosome segregation
[135].
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In addition to using triplexes as probes to identify proteins that bind to such structures,
triplex technology has been used to study a critical step in DNA repair mechanisms; the
recognition of DNA damage and structural distortions. The DNA damage recognition
complexes, XPA-RPA and XPC-RAD23B, from the NER mechanism have been shown to
bind to TFO-directed psoralen ICLs independently and together as a complex [136, 137].
Recognition of the TFO-directed psoralen ICL by XPC-RAD23B was not affected by the
presence of XPA. However, RPA and XPC-RAD23B influenced each other, with a biphasic
dependence on RPA concentrations. The MMR protein complex, MutSβ, also formed a high
affinity complex with TFO-directed ICLs in vitro [138]. Chromatin immunoprecipitation
experiments demonstrated that MutSβ interacted with TFO-directed psoralen ICLs on a
plasmid transfected into human 293T cells [138]. Moreover, when the NER damage
recognition complexes, XPA-RPA and XPC-RAD23B, were incubated with MutSβ in the
presence of TFO-directed ICLs, stable complex formation occurred between the proteins on
the lesions [138]. These results suggest that proteins from NER and MMR interact to
recognize TFO-directed ICLs, and underscore the possibility of crosstalk between the MMR
and NER pathways in resolving genome destabilizing DNA lesions.

Triplex technology has also been used to study helicases that unwind mutagenic non-B DNA
structures. RPA, though not a helicase, when present in equimolar concentration with triplex
substrates has been reported to dissolve triplex structures, but not G4 tetraplex structures,
which suggests that the high in vivo concentration of RPA may function as a negative
regulator of triplex formation [139]. RecQ helicases, such as the Bloom and Werner
helicases unwind triplex structures with a 3′→5′ polarity and require a 3′ single stranded
tail [140]. The FANCJ helicase can efficiently unwind purine and pyrimidine motif triplex
substrates in an ATP-dependent manner, and requires a 5′ overhang on the third strand for
efficient unwinding [141]. Recently it was demonstrated that the DHX9 helicase
immunoprecipitated with intermolecular triplex substrates in mammalian cell extracts [142].
Further characterization of this helicase indicated that it can unwind a triplex substrate with
a 3′→5′ polarity with respect to the third strand in the presence of ATP and a 3′-overhang
on the third strand [142]. The ability of these helicases to unwind intermolecular triplexes
implicates them in genome maintenance through resolving mutagenic DNA structures.

Emerging roles of architectural DNA binding proteins in triplex-mediated
DNA repair

It is becoming increasingly evident that architectural DNA binding proteins are involved in
triplex-associated DNA damage recognition and repair. One of the most abundant non-
histone chromosomal DNA binding proteins is the high mobility group protein 1, HMGB1.
HMGB1 is known to bind non-canonical DNA structures through interactions in the minor
groove of the DNA duplex [143-146]. HMGB1 has also been shown to bind to certain types
of DNA lesions, in particular, those that are substrates for NER. Examples include UV-
induced DNA lesions [147], cisplatin-DNA lesions [148], and TFO-directed psoralen ICLs
[149]. In agreement with its high affinity binding to non-canonical DNA structures, HMGB1
and some family members (e.g. HMGB2 and SRY) have been shown to enhance triplex
formation on plasmid DNA containing (GGA/TCC)11 repeats with d(GGA)11
oligonucleotides [150]. Due to its preference for distorted DNA, it is thought that HMGB1
may interfere with the binding and processing of DNA lesions by NER proteins, a
phenomenon known as “repair shielding” [151]. However, subsequent investigation by
Reddy et al. (2005) demonstrated that the architectural protein HMGB1 forms stable ternary
complexes with TFO-directed psoralen ICLs with the NER DNA damage recognition
proteins, XPA and RPA, in a cooperative fashion [149]. This association suggests that
HMGB1 may modulate DNA repair by recruiting NER damage recognition factors to
lesion-containing sites. Later it was also demonstrated that the NER damage recognition
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complex, XPC-RAD23B, could form stable ternary complexes with HMGB1 on TFO-
directed psoralen DNA ICLs. Further, association of XPA and XPC-RAD23B on TFO-
directed psoralen ICLs in the presence of HMGB1 was also demonstrated [152]. These
interactions of HMGB1 with NER proteins on triplex substrates indicate that HMGB1 may
function to enhance interactions between DNA damage recognition proteins and their
substrates. Further assessment of processing of TFO-directed ICLs on plasmids using a supF
mutation-reporter system transfected into mouse embryonic fibroblasts lacking the HMGB1
protein demonstrated that HMGB1 is indeed an NER co-factor in the sense that it promotes
repair of TFO-directed psoralen ICLs in mammalian cells [153].

Conclusion
Triplex technology continues to provide an important tool to study targeted DNA damage
and repair. While the mechanisms involved in processing TFO-directed triplex structures
and associated lesions are not fully understood, it is known that proteins from several repair
pathways are involved. This repair processing can be error-prone as evidenced by TFO-
targeted induction of mutations. Advances in synthesizing chemically modified TFOs have
been essential to improve our understanding of the complexity of the cellular DNA repair
machinery, where proteins from various DNA repair pathways can interact in concert or
compete with each other in processing DNA lesions directed by TFOs. From the existing
literature it appears that NER is the predominant pathway involved in triplex-associated
lesion repair. Through the use of triplex technology, induction of unscheduled DNA repair
synthesis (as occurs during NER) could be used as a strategy to improve the efficacy of
antimetabolite chemotherapeutics [154]. The estimated high frequency of TTS in the human
genome provides feasibility to the use of triplex technology as a therapeutic targeting
approach with broad application. Interestingly, these TTS display a high frequency of single
nucleotide polymorphisms (SNPs) [28]. Using a SNP prediction software, PupasView,
which can map SNPs in the genome provided by Ensemble, 364,314 SNPs were mapped on
the 5.4 million putative TTS (∼7%) within the entire human genome [155], which in turn
opens the possibility of individualized treatment options.

Limitations to triplex technology still exist, particularly for in vivo applications, such as
uptake of the TFOs into cells, affinity and specificity for the binding site, and in vivo
stability. Thus, contemporary research is focused on improving the effectiveness of this
approach to genome modification primarily through chemical modifications of TFOs and
improved cellular delivery systems. Though restrictions still exist, triplex technology has
been a key strategy in moving the field of targeted genome manipulation forward.
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Abbreviations

APRT adenine phosphoribosyltransferase

bp base pair

CHO Chinese hamster ovary

DSB DNA double-strand break

EPR error-prone repair

GC gene conversion

GG-NER global- genome nucleotide excision repair

HPRT hypoxanthine-guanine phosphoribosyltransferase

HR homologous recombination

ICL DNA interstrand crosslink

LNA locked nucleic acid

MMR mismatch repair

NER nucleotide excision repair

PNA peptide nucleic acid

SSA single-strand annealing

SNP single nucleotide polymorphism

TC-NER transcription-coupled nucleotide excision repair

TFO triplex-forming oligonucleotide

TFO-ICL TFO-directed psoralen DNA interstrand crosslink

tk thymidine kinase

TTS TFO target sequence

UVA ultraviolet radiation A (320 – 400 nm)

WNA W-shaped nucleoside analog
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Figure 1. Model of a psoralen-modified TFO bound to duplex DNA
Space filling model of a 19-mer psoralen-modified TFO bound to its target 38 bp duplex.
The TFO is shown in red, the psoralen derivative is in yellow, the pyrimidine-rich strand of
the target duplex is in green, and the purine-rich strand in blue. The TFO is bound to the
target purine-rich strand (blue) in an anti-parallel fashion via reverse Hoogsteen hydrogen
bonding in the major groove. Reprinted with permission from Vasquez et al., Biochemistry,
35, 10712-10719, Copyright 1996 American Chemical Society.
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Figure 2. Schematic of TFO-induced recombination detection through a blue-/white-screening
assay
‘Gain of gene function’ or ‘loss of gene function’ is studied through formation of blue and
white bacterial colonies. The production of a blue colony on Isopropyl β-D-1-
thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-
Gal) containing agar plates requires a functional supF gene. The supF gene encodes for a
suppressor tRNA for an amber mutation in the LacZ gene present in the genomic DNA of E.
coli MBM7070 indicator bacterial cells. Functional beta-galactosidase oxidizes the X-Gal
present in the media to indole blue, which gives rise to the blue colony phenotype. In the
schematic representation, two copies of the supF gene, which have deletions at different

Mukherjee and Vasquez Page 24

Biochimie. Author manuscript; available in PMC 2013 January 15.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



positions (SupFΔ1 and SupFΔ2) are inserted into a replication-proficient shuttle vector.
When E. coli MBM7070 cells are transformed with plasmid and grown on IPTG/X-Gal agar
plates, the resulting colonies are white due to non-functional supF genes. Recombination
events in the mammalian cells can produce a functional supF gene, so that when these
recombinants are transformed into E. coli MBM7070 cells, they form blue colonies on
IPTG/X-Gal plates. The recombination frequency is calculated by dividing the number of
recombinant (blue) colonies by the total number of colonies (blue and white). Plasmid map
adapted from (Liu et al., NAR, 2008).
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Table 1
Chemical modifications of TFOs

Position Modifications Improvements Reference number

Nucleobase

Replacement of C1 by 5-MeC2 Alleviates pH dependency of Pyrich3 TFOs [41]

WNA4 Decrease steric repulsion of Purich5 TFOs, stabilization against TA/
GC interruptions

[43-45]

2′-dU6 Enhance thermal stability and binding affinity [46]

5-AdU7 Enhance stability and binding affinity at neutral pH [47]

2′-AE7,8 Enhance thermal stability [48]

Sugar

2′-O-Me-RNA Enhance thermal stability [60]

2′-AE ribose Reduce charge repulsion, increase in association rate at physiological
pH, nuclease resistant

[63, 64]

LNA9 Enhance thermal stability at neutral pH, decrease in dissociation rate [66, 156]

Backbone

Phosphoramidate linkages Triplex stability in the absence of Mg2+ ions at neutral pH, decrease in
dissociation rate, RNase H resistant

[52, 54]

(Morpholino oligonucleotides) Higher melting temperature, increase in association rate, RNase H
resistant

[53]

Phosphorothioates Nuclease resistant, increased half-life in cells [55, 157, 158]

PNA Higher stability, nuclease and protease resistant [57, 59, 159]

1
Cytosine;

2
5 methyl-cytosine;

3
Pyrimidine-rich;

4
W-shaped nucleoside analogs;

5
Purine-rich;

6
C-5 propyne analogs of 2′-deoxyuridine;

7
5-aminopropargyl-dU;

8
aminoethoxy;

9
Locked nucleic acid;

10
Peptide Nucleic Acid
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Table 2
Strategies to stimulate targeted HR

Strategies Mechanisms Limitations Reference number

Microinjection into nuclei Homology-directed integration Cell damage [105]

AAV1 vectors Homology-directed integration Significant random integration [101, 102]

Rare cuttingendonucleases(e.g. I-SceI) Site-directed DNA double-strand
breaks Prior introduction of recognition site [103]

ZFN2 Site-directed HR Off target effects not fully
characterized [100]

TFO Site-specific distortion of DNA Nuclear delivery and accessibility of
binding sites in genome [104]

TFO-conjugated to a DNA damaging
agent

Site-specific distortion and damage
of DNA

In vivo activation of the reactive
molecule required [104]

PNA with donor DNA Site-directed HR Cellular uptake [95, 108]

1
Adeno-associated virus;

2
Zinc finger nucleases
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