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ABSTRACT

Long-non-coding RNAs (lncRNAs) are defined as
RNA sequences which are >200 nt with no coding ca-
pacity. These lncRNAs participate in various biologi-
cal mechanisms, and are widely abundant in a diver-
sity of species. There is well-documented evidence
that lncRNAs can interact with genomic DNAs by
forming triple helices (triplexes). Previously, several
computational methods have been designed based
on the Hoogsteen base-pair rule to find theoreti-
cal RNA–DNA:DNA triplexes. While powerful, these
methods suffer from a high false-positive rate be-
tween the predicted triplexes and the biological ex-
periments. To address this issue, we first collected
the experimental data of genomic RNA-DNA triplexes
from antisense oligonucleotide (ASO)-mediated cap-
ture assays and used Triplexator, the most widely
used tool for lncRNA–DNA interaction, to reveal the
intrinsic information on true triplex binding poten-
tial. Based on the analysis, we proposed six compu-
tational attributes as filters to improve the in-silico
triplex prediction by removing most false positives.
Further, we have built a new database, TRIPBASE,
as the first comprehensive collection of genome-
wide triplex predictions of human lncRNAs. In TRIP-
BASE, the user interface allows scientists to apply
customized filtering criteria to access the potential
triplexes of human lncRNAs in the cis-regulatory re-
gions of the human genome. TRIPBASE can be ac-
cessed at https://tripbase.iis.sinica.edu.tw/.

INTRODUCTION

Long-non-coding RNAs (lncRNAs) are a type of non-
coding RNA with a length greater than 200 nt. With ad-
vances in sequencing technology, it has been revealed that
lncRNAs can be found in various aspects of the transcrip-

tome and are widely transcribed in species ranging from
invertebrates to humans. LncRNAs have gained more at-
tention in recent years and have been implicated in nu-
merous physiological and pathological processes. There is
well-documented evidence that lncRNAs can interact with
double-stranded DNA (dsDNA) by forming triple helices
(triplexes) to mediate gene expression (1,2).

Several experimental methods, such as chromatin isola-
tion by RNA purification (ChIRP) (3) and RNA and DNA
interacting complexes ligated and sequenced (RADICL-
seq) (4), have been developed to investigate the association
between chromatin and non-coding RNAs. These methods
use cross-linking to capture chromatin–protein–RNA com-
plexes and enrich the active fractions. However, they are not
well-suited to study direct RNA-DNA binding interactions,
particularly in the context of lncRNA–DNA:DNA triplex
structures. Fortunately, the antisense DNA oligonucleotide
(ASO)-based sequencing method (5) provides a genome-
wide approach to specifically detect lncRNA–DNA:DNA
interactions. This technology employs a cross-link-free
approach that eliminates RNA–DNA–protein complexes
and R-loop-mediated RNA–DNA interactions, resulting
in reliable evidence of RNA–DNA direct interactions
experimentally.

However, these biological experiments are expensive and
only limited numbers of lncRNAs were investigated in ex-
perimental RNA–DNA:DNA interactions. Therefore, an
important research topic is the identification of genome-
wide lncRNA–DNA:DNA triplexes using computational
methods. Most existing methods to date, including Triplex-
ator (6), LongTarget (7) and TRIPLEXES (8), are based
on the Hoogsteen base-pairing rules (9) to find the theo-
retical RNA–DNA:DNA triplexes according to RNA and
dsDNA sequences. However, according to the results of ex-
perimental assays in wet labs, only a small number of pre-
dicted triplex-target sites (TTSs) on DNA sequences using
the Triplexator tool can be considered actual interactions
(10–12). The low specificity is most probably due to a greedy
strategy of applying the Hoogsteen base-pairing rules in
enumerating all possible matches.
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Figure 1. The definitions of TTS, TFO, TMRs and five attributes for filtering false positives. (A) The nucleotide sequence of lncRNA that can form
hydrogen bonds with the DNA duplex is called a ‘triplex-forming oligonucleotide’ (TFO). The corresponding position of the triplex on DNA is called
the ‘triplex-target site’ (TTS). The successive TTSs are called TTS-merged regions (TMRs). (B) An example to illustrate the five attributes. The four blue
blocks stand for TTS1, which are all predicted by Triplexator and can form a DNA:RNA triplex with TFO1. The striped block stands for TTS2, which
can form a DNA:RNA triplex with TFO2. The width stands for the length of the TMR. H is the abbreviation of ‘hitting numbers’ for each nucleotide
sequence. In this TMR, for position 3, where it is covered by two TTSs, the hitting number H is thus 2. The area stands for the sum of the hitting numbers
of the TMR. As a result, the area of this TMR is calculated by adding up the hitting number H from position 1 to 14. The area of this TMR is 24. The
average height stands for the average of hitting number. Therefore, the average height is the area divided by width, and equals 24/14. The maximal height
is the maximal value of the hitting numbers for all the nucleotides of a TMR. Therefore, the maximal value from position 1 to 14 is three, which occurs at
positions 5 and 7. The n-edge stands for the number of times triplex formation occurs between a TFO in lncRNA and a TMR in DNA. Because TFO1
have four TTSs, the n-edge of TFO1 is 4.

To fill this gap, we first addressed the issue of a mas-
sive number of triplex predictions by identifying the opti-
mal filtering combination according to the empirical evalu-
ations using the experimental data of ASO-seq (5). We an-
alyzed the predicted lncRNA–DNA interactions via using
Triplexator on ASO-seq to obtain several filters that could
remove a large number of predicted lncRNA–DNA inter-
actions (false positives) not present in the ASO-seq peaks.
Based on the analysis, we have constructed TRIPBASE,
a public database for the in silico prediction of human
lncRNA–dsDNA triplexes. The current release contains 25
914 protein-coding genes, 7 325 744 enhancer regions and
17 932 lncRNA transcripts. Currently, TRIPBASE covers
>1.5 trillion TTS predictions for all lncRNA transcripts
and offers 26 982 244 TTS-merged regions (TMRs) for
query. In addition, TRIPBASE provides a graphical user in-
terface allowing scientists to search, browse and download
the lncRNA triplexes of interest.

MATERIALS AND METHODS

Dataset

We downloaded the human whole genome from the En-
sembl database (GRCh38, release 99) and gene annotation
and lncRNAs sequences from GENCODE (release 35). Be-
cause transcript isoforms share many identical sequences,
only the longest isoform of lncRNAs was selected. For cis-
regulatory DNA sequences, the region from –5000 to +200
of a transcription start site was defined as the promoter re-
gion of protein-coding genes, and enhancer regions were
collected from EnhancerAtlas 2.0 (13), including enhancer
regions from 197 human cell and tissue types. In total, there
are 7 325 744 enhancer regions.

Filtering criteria

We employed Triplexator (6) to obtain the putative TTSs
of each lncRNA using the following set of parameters:
triplex length = 15, maximal error rate = 20 and consec-
utive error number = 2. For a given lncRNA, as shown in

Figure 1A, the nucleotide sequence of the lncRNA that can
form hydrogen bonds with the DNA duplex is called the
‘triplex-forming oligonucleotide’ (TFO). The correspond-
ing position of the triplex on DNA is called a ‘triplex-target
site’ (TTS). The successive TTSs are called TTS-merged
regions (TMRs). The adjacent TTSs without overlapped
DNA regions are considered independent TMRs. Of note,
five TTS attributes within a TMR, i.e. width, area, average
height, maximal height and n-edge, are used to set the cri-
teria for filtering TMRs (Figure 1B). Herein, width stands
for the length of the TMR, i.e. the number of base pairs.
Given that a base pair in a TMR might be ‘hit’ by multiple
TTSs, for each base pair we define ‘hitting number’ as the
number of TTSs that hit that base pair. Area, average height
and maximal height stand for the sum, the average and the
maximal value of the hitting numbers within a TMR, re-
spectively. The n-edge is the largest number of times that
triplex formation can occur by TFOs of the lncRNA. In ad-
dition, a previous study has demonstrated that masking the
secondary structures of lncRNAs improves the true positive
rate (TPR) of the prediction (14). Accordingly, we applied
RNAplfold (15) to predict the secondary structure of lncR-
NAs with a cut-off probability of 0.5. The secondary struc-
ture masked as ‘N’ in the lncRNA transcript sequences is
also a filter criterion to remove TMRs which were bound to
the secondary structure of the lncRNA region.

Design of TRIPBASE

TRIPBASE consists of seven tables (Figure 2). ttriplexator result
contains predictions from Triplexator. The primary keys
in ttriplexator result are set to ensure every hit in predictions
is unique. tchromosome contains chromosome information, in-
cluding chromosome number and length. tassay peak is estab-
lished to record lncRNAs involved in assays, such as ASO-
capture-seq. tpromoter gene map records 25 914 protein-coding
genes in order to display gene regions on a display panel
and also promoter regions regarding protein-coding genes.
thomo sapients enhancer gene list records 7 325 744 enhancer regions
from EnhancerAtlas 2.0, and thomo sapients enhancer gene interaction
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Figure 2. The database relationship diagram of TRIPBASE. TRIPBASE consists of seven tables, namely ttriplexator result (predictions from Triplexator),
tchromosome (chromosome information), tassay peak (lncRNAs involved in assays), tpromoter gene map (25 914 protein coding genes), thomo sapients enhancer gene list
and thomo sapients enhancer gene interaction (interactions between genes and enhancer regions) and ttmr territory (attributes of TMRs).

is set to record interactions between genes and enhancer
regions. ttmr territory contains TMRs with their different
attributes.

RESULTS AND DISCUSSION

Filters for selecting potential lncRNA–dsDNA triplexes

The ASO-capture data of NEAT1-associated DNA down-
loaded from NCBI’s Gene Expression Omnibus (GEO:
GSE120850) were used as the ground truth to evaluate
the TMRs of the lncRNA NEAT1. The original dataset
contains 7 601 780 raw TMRs, of which 18 986 TMRs
intersected with assay peaks (positive group) and 7 582
794 TMRs were located outside of peak regions (negative
group). To improve the performance of triplex prediction,
we employed a brute-force approach that searches for differ-
ent combinations of the five attributes within the TMRs and
secondary mask conditions. As shown in Figure 3, filtering
the data using the six criteria improves the TPR but keeps a
sensible false-positive rate (FPR). For the unmasked TMRs,
using maximum height ≥ 2, average height ≥ 1, width ≥ 15,
area ≥ 30 and n-edge ≥ 1 (i.e. the large red dot) reaches the
highest TPR of 85%, while the FPR is 54%. For the TMRs
with secondary mask conditions, using width ≥ 17 instead
(the large blue dot) achieves 64% TPR and 30% FPR. In
TRIPBASE, we apply the filtering criteria that reach the

Figure 3. The scatter plot shows FPR and TPR obtained by different com-
binations of filters, either using whole lncRNA transcript sequences (i.e.
small blue dots) or with masked lncRNA transcript sequences with sec-
ondary structure masked (i.e. small purple dots). The larger dots denote
the filtering combinations that reach the highest TPR/FRP ratio (m), the
longest distance from the diagonal line (d) and the highest TPR rate.
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Figure 4. How to use TRIPBASE. TRIPBASE allows a user to search for TMRs in the cis-regulatory regions, including the promoter of the protein-coding
genes, enhancer regions and a segment of chromosomes, and to query an annotated lncRNA from GENCODE.

highest TPR under the unmasked condition as our recom-
mendation parameters to show the TMR candidates.

TRIPBASE

Based on the above analysis, we have built a new database
named TRIPBASE, as the first comprehensive collection
of genome-wide triplex predictions of human lncRNAs.
TRIPBASE stores and visualizes >1.5 trillion triplex pre-
dictions for a total of 17 932 lncRNAs interacting with the
cis-regulatory elements in the human genome. The home-
page of TRIPBASE allows a user to search for TMRs in the
cis-regulatory regions, including the promoter of protein-
coding genes, enhancer regions and a segment of chromo-
somes, and to query an annotated lncRNA from GEN-
CODE (Figure 4). Additionally, users can search for TMRs
by specifying a chromosomal segment of up to 10,000 bp in
length.

TRIPBASE displays a graphic browser that easily navi-
gates the TMRs in a specific range of a chromosome. By
default, TRIPBASE will show the subset of TMRs with our
recommended criteria. The TMRs are ranked according to
their area by default. The user can choose another ranking
method or refine the filtering criteria according to their pre-
ferred parameters to get different subsets of TMRs. By hov-
ering over the TMRs, genes, promoters and enhancers, users
can obtain detailed information such as TMR attributes
or interacting genes and enhancers. In addition, users can
download the complete list of TMRs by clicking the ‘down-
load’ button. Finally, users can run Triplexator with cus-
tom lncRNAs and DNA sequences on the Tools page.
Taken together, TRIPBASE offers an integrative platform
that will help users to identify functional lncRNA target
sites in the cis-regulatory elements by evaluating the TMR
information.

It is important to note that currently there is only one
publicly available ASO-seq experiment. To validate the
performance of our filtering parameters on other biolog-
ical experiments for RNA–dsDNA interaction, we con-
ducted the same analysis on two lncRNAs, MEG3 and HO-
TAIR, whose RNA–DNA interaction data were obtained
by CHOP-seq and CHiRP-seq experiments, respectively.
However, CHOP-seq and CHiRP-seq are cross-linking-
based methods which might contain interactions other than
RNA:DNA triplexes such as those via a protein or R-loop.
Our results suggest that the proposed filtering parameters
can still reduce the FPR in different types of lncRNA–DNA
interaction experiments, but slightly less effectively than by
ASO-seq. For example, using the parameters with maxi-
mum height ≥ 2, average height ≥ 1, width ≥ 15, area ≥ 30
and n-edge ≥ 1, we obtained a TPR of 71% and an FPR of
67% for MEG3, and a TPR of 67% and an FPR of 80% for
HOTAIR.

Due to the computing resource limitations, the current
released TRIPBASE only predicted lncRNA–DNA inter-
actions in promoter and enhancer regions. However, we of-
fer a solution by providing users with a programmatic API
access, allowing them to analyze their data independently
(https://tripbase.iis.sinica.edu.tw/data/). In the future, we
plan to expand our computational facilities to enable the
prediction of the lncRNA–DNA interactions across the en-
tire human genome. In addition, we hope to include more
species, starting with those with smaller genome sizes, such
as yeast, Drosophila and Arabidopsis, to provide compara-
tive genomic information on lncRNA–DNA interactions.

DATA AVAILABILITY

TRIPBASE can be accessed at https://tripbase.iis.sinica.
edu.tw/.
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