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Abstract 

 

Long noncoding RNAs (lncRNAs) play a pivotal role in the regulation of biological processes 

through various mechanisms that are not fully understood. Proposed mechanisms include regulation 

based on RNA–protein interactions, as well as RNA–RNA interactions and RNA–DNA interactions. 

Here, we focus on one possible mechanism that lncRNA might be using to impact biological 

function, the RNA–DNA triplex formation. We summarize currently available examples of lncRNA 

triplex formation and discuss the details surrounding orientation of triplex formation as one of the 

key properties guiding this process. We propose that symmetrical triplex-forming motifs, especially 

those in cis-acting lncRNAs, favor triplex formation. We also consider the effects of lncRNA 

structures, protein or ligand binding, and chromatin structures on the lncRNAs triplex formation.  
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Introduction 

 

Over the past decade, advances in the field of genome sequencing technologies have provided a 

deeper understanding of the complex genomic architecture (Kapranov et al., 2007; Consortium, 2004, 

2012). The most surprising insights that genome sequencing has revealed is that only a small fraction 

of the mammalian DNA encodes protein-coding messenger RNA (mRNA). However, that does not 

mean that the rest of the DNA is not transcribed, and we now appreciate that a large proportion of 

transcribed RNA corresponds to noncoding RNAs (ncRNAs), which are thought to play roles in 

important biological processes, particularly epigenetic regulation (Wilusz et al., 2009; Ponting et al., 

2009; Guttman et al., 2009; Kung et al., 2013; Morris and Mattick, 2014). 

 

Over the last several years, we have seen a steady increase in the interest in identifying ncRNAs and 

understanding their regulatory functions (Quinn and Chang, 2016; Bonasio and Shiekhattar, 2014; 

Batista and Chang, 2013; Lee, 2012). ncRNAs include a wide class of regulatory RNAs that can be 

classified into small ncRNAs such as microRNAs (miRNAs), small interfering RNAs (siRNAs), 

PIWI-interacting RNAs (piRNAs), and long noncoding RNAs (lncRNAs), which are more than 200 

nt in length (Cech and Steitz, 2014; Kowalczyk et al., 2012). Majority of mammalian ncRNAs, 

including lncRNAs, are highly conserved, strongly supporting the view that these RNAs play 

important in vivo roles (Struhl, 2007). Several recent studies have provided evidence for biological 

functions of lncRNAs, especially in the regulation of gene expression at various levels (Rinn and 

Chang, 2012; Mattick, 2004). These findings are consistent with the observation that a large number 

of lncRNAs are transcribed from loci with proximity to protein-coding genes, such as enhancer 

RNAs (eRNAs) and upstream antisense RNAs (uaRNAs) (Bonasio and Shiekhattar, 2014). 

 

lncRNAs regulate gene expression through complex mechanisms that are not fully understood 

(Guttman and Rinn, 2012; Hung and Chang, 2010). It has been suggested that lncRNAs fulfill their 

regulatory functions by serving as molecular signals, decoys, guides, and scaffolds (Wang and Chang, 

2011). The molecular mechanisms of lncRNAs can be simplified into these four main archetypes, 

but an individual lncRNA is not confined to one archetype and may function using several different 

mechanisms. For example, during X chromosome inactivation (XCI), Xist RNA acts as both a 

molecular signal for the chromosome-wide repression of gene expression and a guide for the 

recruitment of polycomb repressive complex 2 (PRC2) (Van Bemmel et al., 2016; Maclary et al., 

2013; Galupa and Heard, 2015; Zhao et al., 2008). Telomeric repeat-containing RNA (TERRA) can 

bind to the human telomere-binding protein TLS/FUS, recruit histone-modifying enzymes, and 

regulate telomere length through histone modifications (Takahama and Oyoshi, 2013; Takahama et 
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al., 2013). As these two examples suggest, lncRNA biological mechanisms converge on establishing 

intermolecular interactions with other biomolecules, such as proteins, DNA and other RNAs. 

Therefore, one practical approach to expand our understanding of the lncRNA molecular 

mechanisms is to elucidate the RNA–protein and RNA–DNA interactions they engage in. lncRNAs 

can form RNA–protein complexes, which most commonly mediate the correct localization of 

chromatin regulatory proteins (Xist RNA) or recruitment of functional proteins with distinct protein 

interaction domains (HOTAIR) (Chu et al., 2015; Sarma et al., 2014; Tsai et al., 2010). In addition, 

lncRNAs can target specific DNA sequences by forming structures such as RNA–DNA hybrid 

duplexes or the RNA–DNA triplexes (Wang and Chang, 2011; Li et al., 2016). Given the structural 

complexity of lncRNAs, several different interactions might be involved in the molecular 

mechanisms relating to each individual lncRNA.  

 

Several excellent reviews have covered the biological roles of RNA-DNA triplexes in general (Duca 

et al., 2008; Bacolla et al., 2015; Buske et al., 2011; Jain et al., 2008) and the molecular mechanisms 

of lncRNAs (Guttman and Rinn, 2012; Hung and Chang, 2010; Wang and Chang, 2011). Here, we 

focus on the current knowledge about RNA–DNA triplex formation by lncRNAs. We start by 

discussing the structure of RNA–DNA triplexes and summarizing recently reported examples of 

RNA–DNA triplex formation by lncRNAs. We then discuss the importance of the orientation of 

triplex formation to the mechanism of lncRNA actions and the possible ways proteins and ligands 

may regulate triplex formation. 

 

Discovery and nature of triplex structures 

 

Not long after the discovery of the DNA double-helix structure in 1953 (Watson and Crick, 1953), 

Felsenfeld et al. suggested the possibility of triplex formation, whereby two pyrimidine strands and 

one purine strand would form a more complex structure (Felsenfeld et al., 1957). Over the decades, 

the evidence of triplex formation went from a scientific curiosity (Morgan and Wells, 1968; Beal and 

Dervan, 1991), to inspiring researchers to apply the concept of the triple helix to develop various 

sequence-specific triplex-forming oligonucleotides (TFOs) as DNA cleavage tools with major 

biological applications in chromosome mapping (Moser and Dervan, 1987; Le Doan et al., 1987; 

Broitman et al., 1987; Wells et al., 1988). 

 

In the triplex structure, a third strand can insert into the major groove of the duplex structure with 

sequence specificity (Hoogsteen, 1959; De los Santos et al., 1989; Koshlap et al., 1997; Pasternack et 

al., 2002; Radhakrishnan and Patel, 1994a, 1994b). As shown in Figure 1, each triplet can be formed 

by either Hoogsteen hydrogen bonding or reverse Hoogsteen hydrogen bonding between the third 
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base and the Watson–Crick base pair. Two types of triplexes can be formed based on the orientation 

of the third strand. Parallel triplex structures are formed by TA T, CG·C+, and CG·G triplets, and 

antiparallel triplexes are formed by TA·A, TA·T and CG·G. In the case of CG·C+, an acidic 

condition is favorable for triplex formation because the protonation of cytosine is required for 

effective triplet formation. Using these principles, one can determine the orientation of the third 

strand from its sequence (Figure 1B). The third strand with T(U)C motifs prefers to form parallel 

triplexes, whereas AG motifs prefer antiparallel triplexes, and GT(U) motifs can form either parallel 

or antiparallel triplexes.   

 

The Hoogsteen hydrogen bonding by the third strand is weaker than the Watson–Crick hydrogen 

bonding in the duplex structure. Therefore, there are some limitations to the formation of the triplex 

structure, especially under physiological conditions (Duca et al., 2008). As mentioned above, an 

acidic condition is required for the protonation of cytosine during the formation of the CG·C+ triplet 

(De los Santos et al., 1989). Multivalent cations such as Mg2+ are frequently used in vitro to 

neutralize the unfavorable charge repulsion among three negatively charged nucleic acid strands 

(Floris et al., 1999). Molecular crowding conditions that mimic the cell environment are suggested to 

increase the melting temperature of triplex structures by the hydration effect (Nakano et al., 2014; 

Miyoshi and Sugimoto, 2008). Another study has shown that molecular crowding induces the 

formation of the i-motif structure by triplet repeat DNA oligomers under neutral pH, which implies 

an effect similar to the protonation of cytosine in triplex formation (Rajendran et al., 2010). To 

overcome these limitations, chemical modifications, including base, sugar, and backbone 

modifications, are used widely in the design of TFOs (Torigoe et al., 2001; Lacoste et al., 1997; 

Hojland et al., 2007; Roberts and Crothers, 1992; Lacroix et al., 2000). These modifications may 

facilitate triplex formation by increasing Hoogsteen hydrogen bonding or by restricting the third 

strand at the desired conformation by blocking the secondary structure formation, or other 

mechanisms. 

 

Given that triplex formation requires base pairing that is weaker than Watson-Crick or unusual 

protonation states for the bases involved, it is valid and an important question to ask whether triplex 

structures exist in vivo. Many bioinformatics tools have been developed to analyze the potential for 

the presence of triplex-forming motifs in the genome (Goñi et al., 2004; Buske et al., 2012). 

Bioinformatics analyses have suggested that a large population of triplex-forming motifs is present 

across the genome. Interestingly, these motifs tend to accumulate in the gene-regulatory regions, 

particularly in promoter regions, leading to a proposal that triplex formation might play significant 

regulatory roles in vivo. More direct evidence of triplex formation in vivo comes from using 

triplex-binding antibodies, as well as fluorescent molecules that selectively recognize triplex 
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structures (Lee et al., 1987; Agazie et al., 1994, 1996; Lubitz et al., 2010). The results of studies 

using immunofluorescence of triplex-specific antibodies strongly suggest the formation of the triplex 

structure in the nucleus. Most importantly, these antibodies exhibit a stronger affinity for RNA–DNA 

triplexes than for DNA triplexes, which indicates the formation of RNA–DNA triplexes in vivo. 

Recent studies have also demonstrated the presence of specific proteins that can interact with 

triplexes in vivo. For instance, helicases such as RecQ have been shown to unwind triplex structures, 

which strongly suggests a potential regulatory role of triplexes in vivo (Jain et al., 2010; Maine and 

Kodadek, 1994; Dixon et al., 2008; Brosh et al., 2001). 

 

Consistent with the RNA–DNA triplex, studies have suggested that RNA, as the third strand, forms 

more stable triplexes than its DNA counterparts (Roberts and Crothers, 1992). The first example of 

triplex formation between RNA polymers and the formation of intramolecular triplexes of RNA are 

well characterized. A 2′-methoxy group has also been introduced to stabilize the C3′-endo 

conformation of the sugar and to promote RNA-mediated triplex formation (Shimizu et al., 1992; 

Asensio et al., 1999). Therefore, third-strand RNA is favorable for the formation of the triplex. 

Recent studies have provided examples of lncRNA-mediated RNA–DNA triplex structures. In the 

following section, we discuss the reported lncRNAs that have been shown to form triplex structures. 

 

lncRNA:DNA:DNA triplexes in vivo 

 

Despite being recognized as a structure that RNA and DNA molecules can form in vitro very early 

on in the history of structural biology of nucleic acids, it took another 50 years to begin describing 

triplex structures in vivo and documenting their physiological relevance. In 2007 Martianov et al. 

reported triplex formation by a noncoding RNA that was transcribed as an interfering transcript from 

the minor promoter of the human gene encoding dihydrofolate reductase (DHFR) (Martianov et al., 

2007). This interfering RNA transcript had a repressive effect on the transcription of DHFR mRNA 

from the major DHFR promoter located downstream. This effect was observed only when the 

sequence of interfering transcript overlapped with the sequence of the core major DHFR promoter. 

Subsequent studies have shown that the noncoding DHFR minor transcripts can bind to the 

transcription factor TFIIB, form a stable triplex with the G-track sequence in the major promoter, 

and impede the formation of the transcription preinitiation complex (PIC). The formation of RNA–

DNA triplexes was confirmed by an electrophoresis mobility shift assay (EMSA) in vitro using 

either long RNA transcripts or short RNA oligonucleotides. The potential triplex-forming motif 

found in noncoding DHFR minor transcripts was a particularly AG-rich sequence, which suggests an 

antiparallel triplex formation between lncRNAs and the DNA sequence. 
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Promoter-associated RNAs (pRNAs) regulate the transcription of ribosomal RNA (rRNA) genes by 

forming stable RNA–DNA triplex with the promoter sequence (Schmitz et al., 2010). pRNAs form 

triple helical structures with the transcription factor binding site TTF-1 in the rRNA promoter. Most 

importantly, the formed RNA–DNA triplex specifically recognizes DNA methyltransferase 

DNMT3b, the enzyme that promotes heterochromatin formation in the rDNA promoter by DNA 

hypermethylation and subsequently silences the rRNA genes. The triplex-forming motif of pRNA 

contains mainly G, U, and C, and may form a parallel triplex with the promoter DNA based on the 

principle of triplex orientation. 

 

Another interesting lncRNA, Fendrr, plays an important role in the development of the mammalian 

heart and body wall and has been suggested to regulate neighboring and distant genes by recruiting 

either PRC2 or the Trithorax group/Mixed lineage leukemia (TrxG/Mll) protein complexes in the 

target promoter (Grote et al., 2013; Grote and Herrmann, 2013). Recent studies have reported that 

Fendrr can form RNA–DNA triplexes in the promoter region of developmental genes such as Foxf1 

and Pitx2. The RNA–DNA triplex serves as an anchor to recruit PRC2, which in turn leaves the 

repressive histone marks in the abovementioned gene promoters, thereby facilitating proper tissue 

differentiation. Triplex formation of Fendrr with target DNA sequences was confirmed by in vitro 

pull-down experiments using a UC-rich triplex-forming motif. Although acidic conditions and 

protonation of cytosine are believed to be required for formation of triplex of UC-rich motifs, this 

study suggested the possibility that UC-rich motifs do form RNA–DNA triplex in vivo. 

 

This possibility of RNA–DNA triplex formation by UC-rich motifs under physiological conditions 

was supported by a study of the antisense lncRNA Khps1 (Postepska-Igielska et al., 2015). Khps1 is 

transcribed in the antisense direction to the proto-oncogene SPHK1 and recruits the histone 

acetyltransferase p300/CBP to the SPHK1 promoter. The recruited p300/CBP acetylates the histones, 

which results in an active chromatin confirmation in the SPHK1 promoter, thereby providing access 

to the E2F1 transcription factor, and activates SPHK1 expression. The experimental evidence 

reported in that study suggested that the resultant RNA–DNA triplex could be formed by the 

UC-rich motif of the third-strand lncRNA Khps1. Interestingly, the gel shift indicating triplex 

formation was observed with EMSA with 10 mM Mg2+ at pH 7.5 without the need for an acidic 

condition. 

 

Recent studies of two lncRNAs have provided considerable evidence of the formation of RNA–DNA 

triple helixes through AG-rich motifs of third strand lncRNAs. One study reported that the antisense 

lncRNA PARTICLE is transcribed from the promoter of MAT2A when cells are exposed to low-dose 

radiation (O’Leary et al., 2015). Surface plasmon resonance (SPR) experiments suggested that the 



  7 
 

AG motif of PARTICLE forms a triple helix with the MAT2A promoter to recruit PRC2, which in 

turn methylates the CpGs of the respective promoter, thereby negatively regulating the expression of 

MAT2A after irradiation. The next lncRNA to be reported was MEG3, which is transcribed from 

human maternally expressed gene 3 (MEG3) (Mondal et al., 2015). In an attempt to characterize the 

targeting mechanism of lncRNAs in chromatin, the authors used a modified chromatin oligo affinity 

precipitation (ChOP) method to perform genome-wide mapping of MEG3 binding sites; they found 

that these binding sites were enriched with AG-rich motifs. Subsequently, they performed various 

experiments using EMSA, CD spectra analysis, immunostaining with anti-triplex dA.2rU antibody 

and pull-down experiments, and found that AG-rich motifs guide MEG3 to its target genes through 

the formation of RNA–DNA triplexes. MEG3 can also interact with PRC2 and facilitate recruitment 

of PRC2 to target sites, such as the distal regulatory elements of transforming growth factor β 

(TGF-β) genes. The systematic studies reported by Mondal et al. strongly suggested that RNA–DNA 

triplex formation may be a general mechanism of target-site recognition by lncRNAs. 

 

In addition to these direct evidence of triplex formation by lncRNAs, other reports, especially those 

focusing on the genome-wide mapping of target binding sites of lncRNAs, have provided indirect 

evidence of the possibility of triplex formation by AG-rich motifs. For example, the chromatin 

isolation by RNA purification (ChIRP) method has been developed for the deep sequencing of 

lncRNA occupancy sites in the genome (Chu et al., 2011; Simon et al., 2011). HOTAIR and 

Drosophila roX2 lncRNAs were found to preferentially occupy AG-rich DNA motifs across the 

genome. Considering the number of AG-rich motifs in these lncRNAs, it is likely that they target the 

AG-rich DNA motifs across the genome through triplex formation. A very recent report suggested 

lncRNA HOTAIR could function on mesenchymal stem cells by forming triplex with the AG-rich 

motifs in the promoter of target genes (Kalwa et al., 2016). The authors predicted the triplex-forming 

motifs and analyzed the triplex formation by gel electrophoresis. The triplex formation by HOTAIR 

was thought to recruit PRC2 and LSD1 which are involved in gene silencing. 

 

Although GT(U) motifs could form both parallel and antiparallel triplex with DNA duplex 

containing AG motifs according to the principle of triplex formation, so far there are no reports of 

triplex formation by lncRNAs with GU motifs. Actually, previous report excluded the possibility of 

triplex formation between RNA with GU motif and DNA with AG motifs by gel electrophoresis 
(Semerad and Maher, 1994). By testing the different combinations of RNA–DNA duplex and the 

third strand, the report suggested that only DNA third strand with GT motif could form stable triplex 

with DNA duplex with AG motif but not the RNA. These results might explain why lncRNAs with 

GU motifs are not favorable in the triplex formation with DNA duplex. 
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From these examples of RNA–DNA triplex formation by lncRNAs, one may conclude that triplex 

formation plays an important role in lncRNA function (Figure 2). lncRNAs inhibit the binding of 

transcription factors and dissociate the preinitiation complex; they also serve as guides for the 

recruitment of histone-modifying proteins or DNA methylation enzymes to specific sites in 

chromatin. For example, lncRNAs recruit PRC2 for histone modification or DNMT3b for DNA 

methylation in promoter regions. It has been suggested that during these epigenetic processes, triplex 

formation provides the general mechanism of action used by lncRNAs for the sequence-specific 

targeting of DNA sequences to chromatin modifiers in the genome. 

 

Cis- and trans-acting mechanisms 

 

As described above, lncRNAs can form triplexes and regulate gene expression in either a cis-acting 

manner (on neighboring genes) or a trans-acting manner (on distant genes) (Guttman and Rinn, 2012; 

Guil and Esteller, 2012). In the cis-acting manner, lncRNAs are usually transcribed from the 

promoter regions of target genes, form a triplex with promoter DNA sequences, and regulate gene 

expression. In the trans-acting manner, lncRNAs specifically target binding sites through triplex 

formation with distant DNA sequences. This suggests that triplex formation may be a general 

mechanism to explain why trans-acting lncRNAs can target specific genes in remote regions 

(Mondal et al., 2015). How the lncRNAs form triplexes with DNA sequences and whether there is 

any requirement for triplex formation by lncRNAs are important questions that need to be answered 

in order to understand the mechanism of triplex formation by both cis-acting and trans-acting 

lncRNAs. 

 

With respect to the orientation of triplex formation, it is interesting that the sequence of the third 

strand is not the same, but rather, in reverse orientation to target DNA sequences in both the parallel 

and antiparallel triplex structures (Figure 1B) (Yamagata et al., 2016). For example, in the parallel 

triplex, the direction of the UC motif in the RNA is 5′ to 3′, whereas the direction of the TC motif in 

the DNA is 3′ to 5′. In the antiparallel triplex, the direction of the AG motif in the third strand RNA 

is 3′ to 5′, whereas the direction of the AG motif in the DNA is 5′ to 3′. This means that the third 

strand RNA cannot sequence-specifically target double-stranded DNA (dsDNA) of the same 

sequence, and it can bind only if the sequence is in the reverse orientation. This interesting 

observation is based on the fact that the triplex-forming motif of lncRNA can only form a triplex 

with the corresponding DNA sequence when it is symmetrical, because the symmetrical sequence in 

the reverse orientation is exactly the same as the original sequence. Triplex forming RNAs harboring 

such symmetrical sequence were coined as palindrome RNA, which has the ability to form 

intermolecular triple helix structures with DNA duplex at the transcription site (Buske et al., 2011). 
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The requirement for symmetrical motifs is important when considering cis-acting lncRNAs because 

they are transcribed and bind to DNA sequences in the same or neighboring regions (Figure 3A). 

The transcribed lncRNA with symmetrical triplex-forming motifs must change orientation and form 

a triplex structure with the corresponding DNA sequence. We propose that the change in orientation 

and symmetrical motifs are important for triplex formation by cis-acting lncRNAs. As shown in 

Table 1, the triplex-forming motifs of cis-acting lncRNAs are either fully or partially symmetrical. 

This supports our hypothesis of the need for symmetrical motifs for the formation of RNA–DNA 

triplex structures during gene regulation. 

 

In the case of trans-acting lncRNAs, if the triplex forming motif is symmetrical, it will target dsDNA 

with the same sequence; if not, it will target dsDNA in the reverse direction (Figure 3B). Therefore, 

symmetrical motifs are also important for the identification of target sites of trans-acting lncRNAs. 

Based on the above discussion, we propose the model of the effects of symmetrical motifs on triplex 

formation by lncRNAs shown in Figure 3. RNA–DNA hybrid duplex formation has also been 

suggested as one of the potential mechanisms for lncRNA actions (Wang and Chang, 2011). The 

major difference between the formation of the RNA–DNA hybrid duplex and the RNA–DNA triplex 

is that, for the RNA–DNA hybrid duplex, the sequence and orientation are exactly the same as the 

corresponding DNA sequence. 

 

Concluding remarks 

 

Despite the large numbers of lncRNAs reported, their structures have received little attention and 

their structure–function relationships remain unclear (Novikova et al., 2013). Many methods have 

been developed for the detection and determination of RNA 2D and 3D structures, such as chemical 

or enzymatic probing, UV crosslinking, NMR, X-ray, and various software predictions (Mortimer et 

al., 2014; Zahran et al., 2015; Kubota et al., 2015; Magnus et al., 2014; Tijerina et al., 2007). 

However, when it comes to triplex formation by lncRNAs many important questions remain open. 

For example, given the potential structural complexity of lncRNAs, we are yet to understand how 

the RNA–DNA triplex forms and what regulates triplex formation. For example, if the 

triplex-forming motifs are located in the loop structure, is it possible for the loop sequence to bind 

directly to the DNA sequence? By contrast, if the triplex-forming motifs are involved in other 

secondary structures, such as hairpin structures, the structural equilibrium between RNA structures 

and RNA–DNA triplex formation must be considered. As shown in Table 1, some AG motifs are 

potentially G-rich sequences, suggesting possible competition between RNA G-quadruplex and 

triplex structures. Structural competition has been reported between RNA G-quadruplex and hairpin 
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structures, as has the fact that different ions or small molecules can regulate these preferences 

(Bugaut et al., 2012). 

 

Some proteins interact directly with RNA–DNA triplex structures or regulate RNA–DNA triplex 

structures. For example, it has been suggested that Argonaute proteins may stabilize the miRNA–

DNA triplex structure (Toscano-Garibay and Aquino-Jarquin, 2014). Some helicases have also been 

found to unwind the triplex formation or remodel RNA structures. It has been suggested that the 

helicase domain of the chromatin remodeler ATRX can remodel the structure of the repeat A region 

of Xist RNA to facilitate PRC2 binding (Sarma et al., 2014). These studies suggested the possible 

structural regulation by proteins in the formation or unwinding of the RNA–DNA triplex structure. 

The fact that RNA binds to the major groove of duplex DNA also suggests competition between 

RNA–DNA triplexes and protein binding. Moreover, in the case of pRNAs mentioned above, the 

RNA–DNA triplex structure may recruit DNMT3b and methylate the promoter CpGs, which 

suggests functional interactions between the triplex and proteins (Schmitz et al., 2010).  

 

Small molecules that interact selectively with the triplex structure may also regulate or target the 

triplex structures formed by lncRNAs. For example, amino sugars such as neomycin are groove 

binders of triplex structure and other molecules with a planar structure such as quinoxaline 

derivatives are selective intercalators of triplex structures (Arya, 2011; Arya and Coffee, 2000; Arya 

et al., 2001a; Zain et al., 1999; Duval-Valentin et al., 1995; Escudé et al., 1998). Small ligands 

targeting miRNA triplex structures were also reported (Watkins, 2015; Nahar, 2015). These ligands 

might regulate the functions of lncRNAs by directly targeting the triplex structure. However, 

selectivity towards RNA–DNA triplex is quite important for the design of small molecules as RNA–

DNA hybrid duplex, RNA triplex, DNA triplex and other hybrid triplex structures could also form in 

vivo. For example, neomycin was suggested to induce and stabilize the RNA–DNA triplex formation 

in vitro (Arya et al., 2001b). The design of selective ligands towards RNA–DNA hybrid duplex may 

shed light on the development of RNA–DNA triplex specific ligands (Shaw and Arya, 2008; Shaw et 

al., 2008). Overall, the emergence of triplex formation by lncRNAs may provide an important 

direction for the design of RNA–DNA triplex targeted ligands. 

 

Accumulating evidence shows that lncRNAs may also control chromatin structure, including 

nucleosome positioning and chromosome looping (Böhmdorfer and Wierzbicki, 2015). The 

examples of triplex formation included in Table 1 also suggest that triplex formation is often 

associated with the recruitment of histone-modifying proteins such as PRC2. Therefore, triplex 

formation at the chromatin level should be considered, especially for the trans-acting lncRNAs that 

target distant genes. Previous studies have suggested that nucleosome structures can affect or even 
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inhibit triplex formation (Brown and Fox, 1996, 1998a, 1998b, 1999). Therefore, nucleosome and 

chromatin structures may affect RNA–DNA triplex formation in a manner similar to that of 

sequence-specific DNA binders such as polyamides (Dudouet et al., 2003; Suto et al., 2003; 

Gottesfeld et al., 2001; Han et al., 2014). 

 

In summary, we have described the current evidence that supports the idea that lncRNAs triplexes 

exist and play significant biological roles. We also discussed the orientation of triplex formation 

based on the cis- and trans-acting mechanisms, and explored the possibility that proteins or small 

molecules can regulate triplex structures. We suggest that triplex formation represents a general 

mechanism for targeting DNA sequences by lncRNAs, and that triplexes may directly interact with 

functional proteins. However, the major concern is the need for direct evidences that support the 

triplex formation as the common mechanism followed by lncRNAs to target DNA sequence 

particularly in gene regulation. Until now, the triplex-forming motifs of lncRNAs are manually 

designated or predicted by software. The exact crystal or NMR structures of triplex formation in the 

context of lncRNA and its associated proteins are yet to be reported. Moreover, the design of 

selective RNA–DNA ligands that could regulate the functions of lncRNAs offers new opportunities 

for the development of drug targeting lncRNAs. Given the increasing numbers of lncRNAs recently 

reported, one may anticipate that more examples of lncRNAs involved in triplex formation will be 

reported and these questions could be addressed in the near future. 
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FIGURE LEGENDS 

 

Figure 1. Triplex formation between the third strand oligonucleotide and dsDNA. 

(A) Examples of Hoogsteen and reverse Hoogsteen hydrogen bonding in the triplex formation. 

(B) Illustration of parallel and antiparallel triplex formation. The arrow indicates 5’ to 3’ direction. 

(C) Structure of RNA–DNA triplex. The third strand RNA (brown) binds to the major groove of 

duplex DNA. Picture was generated by the reported RNA-DNA triplex structure (PDB 1R3X) 

(Gotfredsen et al., 1998). 

 

Figure 2. Examples of lncRNAs that are reported to form RNA–DNA triplexes. 

lncRNAs can form a triplex structure with a DNA sequence in either neighboring or distant genes 

and regulate their expression. lncRNAs also interact with various regulatory proteins such as 

transcription factors and chromatin modifiers. 

 

Figure 3. Orientation of triplex formation by lncRNAs. 

(A) If a transcribed lncRNA forms a triplex with a DNA sequence in the same region, it must change 

its orientation; in this case, the symmetrical triplex-forming motif is favorable. 

(B) In the case of the trans-acting mechanism, a change in orientation is also needed for triplex 

formation. The lncRNA can form a triplex with the same symmetrical sequence or a reversed 

asymmetrical sequence. 
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Table 1. Examples of triplex formation by lncRNAs. 

 

lncRNA Triplex forming motifs  

(5’ to 3’) 

cis vs trans Associated proteins 

pRNA of 

DHFR 

ACAAAUGGGGACG

AGGGGGGCGGGGC

GGCC 

cis on DHFR gene Interact with TFIIB and dissociate 

the preinitiation complex 

(Martianov et al., 2007) 

pRNA of 

rRNA gene 

GUCGACCAGUUGU

UCCUUUG 

cis on rRNA gene Recruit DNMT3b for DNA 

methylation 

(Schmitz et al., 2010) 

Fendrr UCCCCUCCAUCCUC

UUCCUUCUCCUCCU

CCUCUUCUUU 

cis on Foxf1 gene; 

trans on Pitx2 gene. 

Bind to PRC2 and TrxG/MLL 

(Grote et al., 2013) 

Khps1 UCCCCCUUUUUUU

UUCCUCCU 

cis on SPHK1 gene Recruit p300/CBP to the SPHK1 

promoter 

(Postepska-Igielska et al., 2015) 

PARTICLE AAGGGGGGGGGAA cis on MAT2A gene Interact with G9a and SUZ12 

(subunit of PRC2) 

(O’Leary et al., 2015) 

MEG3 CGGAGAGCAGAGA

GGGAGCG 

trans on  TGF-β   

pathway   genes 

Recruit the PRC2 to target site 

(Mondal et al., 2015) 

HOTAIR AGAGGAGGGAAGA

GAG 

trans on PCDH7, 

HOXB2 et al. 

Bind to PRC2 and LSD1 

(Kalwa et al., 2016) 
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