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In the cell nucleus, chromatin is organized in space at multiple 
scales, from nucleosome positioning to chromosome territories. 
At a scale of tens to hundreds of kilobases, chromosomes fold 

into chromatin domains, also referred to as topologically asso-
ciating domains (TADs)1–3, defined by boundaries occupied by 
architectural chromatin-binding proteins (for example, CTCF and 
cohesin SMC complex) or noncoding RNAs (ncRNAs)4–6. At a larger 
scale, chromosomes spatially segregate into regions of preferential 
long-range interaction, consisting predominantly of transcription-
ally active (A) or inactive (B) chromatin compartments7. The pro-
posed mechanisms underlying compartmentalization are generally 
distinct from those forming TADs and loops6,8. Indeed, the multiple 
level of chromosome organization has been shown to be the result 
of various coexisting mechanisms, some of which involve protein 
macromolecular complexes, including polycomb-group proteins, 
cohesin, CTCF and Mediator complex9–11. Others involve repeti-
tive elements, the most common being simple sequence repeats that 
comprise up to half of the human genome12–15.

Additionally, increasing evidence suggests that nuclear-retained 
RNA has a role as a genome structure regulator at various levels 
of genome organization16–22. For example, nuclear-retained RNA 
is an integral component of chromatin23, constituting up to 10% 
of chromatin mass24 and can affect local structural organization of 
chromatin25, as well as serve as a guide to facilitate the recruitment 
of chromatin factors26. Within the nuclear space, RNA also forms 
an intricate network of compartments at varying RNA density, with 
high-density RNA regions being associated with transcriptionally 
active chromatin and preferentially located in the interface with 
inactive ones16. Finally, RNA molecules have been shown to play an 
active role in governing phase-separation effects related to spatial 
organization of the nucleus16,27–29.

An increasing number of lncRNAs have been proposed to act 
as nuclear organization factors in interphase and mitotic cells30,31. 
For instance, some lncRNAs such as NEAT1 or MALAT1 are 
fundamental components of nuclear bodies32 while others have 

chromatin-related functions that may influence chromosomal 
three-dimensional (3D) structure. For example, Xist silences 
the X chromosome by altering chromatin compaction via a 3D 
proximity-guided search33. ASAR15 plays a role in coordinat-
ing the synchronous replication of homologous autosomal chro-
mosomes and in maintaining their stability34. Other ncRNAs are 
stably associated with interphase chromosome territories35,36, 
and their disruption leads to chromatin condensation36. Further, 
lncRNAs could influence changes in gene expression or chromo-
some activity through various mechanisms such as recruitment of 
chromatin-modifying proteins via direct DNA binding acting in cis 
or in trans37–39.

However, given the structural complexity of RNAs organized 
into combinations of discrete functional domains40, the precise 
mechanisms by which RNAs associate with chromatin and modu-
late its overall structural organization are largely unknown. On the 
one hand, the association of RNA with chromatin can be mediated 
by the formation of ribonuclear-protein assemblies (indirect asso-
ciation), as in the case of SAF-A–RNA interactions that promote 
the formation of a chromatin mash responsive to transcription and 
which regulates local chromatin structure in an ATP-depended 
manner41, or as the locus-specific targeting of CTCF mediated by 
RNA interaction42. Moreover, several techniques that localize RNAs 
on chromatin have recently confirmed that a substantial proportion 
of RNA transcripts is directly associated with chromatin18,21,22. Direct 
RNA-DNA interactions can occur via the formation of triplex helix 
structures (single-strand RNA hybridizing via noncanonical base 
pairing with the major groove of double-stranded DNA), which 
permits RNA to bind DNA in a sequence-specific manner with 
no requirement for disruption of the double-helix complementary 
base pairing43. RNA–DNA triplex formation has also been shown to 
affect chromatin state through the recruitment of epigenetic modi-
fiers, particularly when the interacting RNA in the triplex structure 
is a lncRNA. This is the case for MEG3, HOTAIR and PARTICLE 
lncRNAs that directly interact with GA-rich chromatin motifs to 
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facilitate recruitment of polycomb-repressive complex 2 to target 
gene promoters37–39.

Here, we hypothesize that direct RNA-DNA interaction via 
the formation of triplex helix structures could play a role in spa-
tial structuring of the genome. To test this hypothesis, we used an 
integrative modeling protocol, in line with other modeling methods 
that have been already used to provide insight into the multiple lev-
els of chromosome organization44–49. Our modeling protocol, simi-
larly to other methods46,47, spatially brings close pairs of genomic 
loci enriched with predicted triplex-forming sequences targeted 
by selected lncRNAs, with the aim of reconstructing 3D models 
of entire chromosomes. The resulting structural models revealed 
that genomic triplex target sites targeted by selected lncRNAs cor-
relate with experimentally derived Hi-C maps and promote spatial 
segregation between compartment types, possibly by creating an 
RNA-rich interface between A and B compartments. Our models 
also suggest that this large-scale chromatin structure segregation 
effect may complement the local action of architectural proteins 
such as CTCF.

Results
lncRNAs with triplex-forming potential. Long noncoding RNA 
transcripts (that is, multiexonic RNA transcripts >200 nucleotides 
(nt) with triplex-forming potential were selected from the list of 
lncRNAs available in GENCODE v.19 (ref. 50 for the human genome 
(GRCh37)). The selected lncRNAs were filtered based on three cri-
teria (Fig. 1a). First, because it was necessary that lncRNA be cell 
type unspecific, the selected transcripts were nuclear enriched with 
an expression level ≥1 fragment per kilobase per million (FPKM) in 
cell lines K562 and GM12878. Second, it was required that lncRNAs 
result in high length-normalized RNA–DNA triplex-forming 
potential43 compared to a random selection of transcripts 

(P < 0.00001, Kolmogorov–Smirnov two-sample test). And third, 
lncRNA had to harbor putative triplex-forming oligos (TFOs) in 
a non-double-stranded portion of the transcript based on experi-
mentally available RNA secondary structure profiles51. These three 
filters ensured that the selected lncRNAs were expressed in several 
cell lines and had the potential to form triplex in a single-stranded 
part of the transcript. In total, we collected a set of 115 lncRNAs that 
passed these selection criteria and, as such, could potentially inter-
act directly with DNA (Supplementary Table 1).

Consistent with experimentally detected RNAs engaged in tri-
plex structures22, the selected lncRNAs were mainly antisense to 
either a known protein-coding gene RNA or long intergenic non-
coding RNA (51.6% and 31.5%, respectively; Fig. 1b) and were vari-
able in length, ranging from 6.2 to 285.9 kb (Fig. 1c). Distribution 
along the human genome of triplex target sites (TrTSs) engaging 
in triplex formation with lncRNAs indicated that the latter target 
mainly intergenic regions (51.8%) or introns of protein-coding 
genes (43.2%) (Fig. 1d).

TrTS hotpots in the 3D genome. To examine whether TrTSs form 
3D clusters, we investigated the presence of colocalizing TrTS 
(co-TrTS) hotspots, defined as highly interacting sites on GM12878 
intrachromosomal Hi-C maps5 at 50-kb resolution (Methods). 
Depending on the selected lncRNA and regardless of its length 
(Extended Data Fig. 1), a median of 18.5% (range 1.4–95.4%) of 
TrTSs significantly interacted. The vast majority of co-TrTS inter-
acting sites were between distal intrachromosomal loci (~90% 
>5 Mb and ~2% <1 Mb apart; Fig. 2a). This is in line with previous 
observations that lncRNA transcripts form direct RNA-DNA inter-
actions at long genomic distances18. These co-TrTSs were rich in 
purine nucleotides (Extended Data Fig. 1b) and depleted in DNase I 
hypersensitive sites probably devoid of nucleosomes (as DNA 
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Fig. 1 | characterization of lncRNAs with triplex-forming potential. a, Flowchart of lncRNA selection criteria. b, Classification of lncRNAs engaged in 
triplex structures based on transcript type. c, Length distribution of lncRNAs with triplex-forming potential, classified based on the categories shown in b. 
d, Genetic sequence features of TrTS engaging in triplex formation with lncRNAs.

NATuRe STRucTuRAl & MoleculAR BIology | VOL 28 | NOVEMBER 2021 | 945–954 | www.nature.com/nsmb946

http://www.nature.com/nsmb


AnAlysisNATuRE STRuCTuRAl & MOlECulAR BiOlOgy

linker) (Extended Data Fig. 1c), which is consistent with in vivo 
observations22,52. Indeed, in vivo nucleosomes specifically stabilized 
triple single-stranded RNA–double-stranded DNA helix structures 
located in the DNA linker at the nucleosomal entry-exit site. Most 
linker DNA in eukaryotes is torsionally relaxed53, and thus devoid 
of local positive supercoiling that can disrupt Hoogsteen H-bonds 
disfavoring triplex interaction54.

Furthermore, based on a 15-chromatin-state ChromHMM 
model specific for GM12878 (ref. 55), co-TrTSs were depleted of 
transcriptionally related active states (such as transcription elonga-
tion and transition chromatin states, with −0.75- and −0.52-fold 
change, respectively; Fig. 2b). Interestingly, co-TrTSs were generally 

enriched in repetitive elements (1.6-fold change) and poised chro-
matin (poised-promoter and polycomb-repressed chromatin states, 
with 1.12- and 0.66-fold change, respectively; Fig. 2b). Moreover, 
co-TrTSs associated significantly more with simple-repeat and 
low-complexity regions (4.7- and 5.5-fold change, respectively;  
Fig. 2c), which suggests that these lncRNAs could target mul-
tiple repetitive genomic sequences. Finally, co-TrTSs for multiple 
lncRNAs were found in all chromosomes, with the longest harbor-
ing larger numbers of lncRNA co-TrTSs (Fig. 2d) independently of 
their gene density (Extended Data Fig. 1d).

To further investigate whether different lncRNAs have varying 
preference for a specific subset of chromosomes, we calculated a 
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lncRNA co-TrTS potential for each chromosome (Methods). Some 
lncRNAs showed preference for only a specific subset of chromo-
somes while others had a widespread per-chromosome co-TrTS 
potential. A total of four different clusters of lncRNA were identi-
fied from more (cluster 1) to less (cluster 4) chromosome-specific 
groups (Fig. 2e and Extended Data Fig. 1e). The lncRNA chromo-
some co-TrTS potential also resulted in two major groups of chro-
mosomes being clustered in their propensity to host co-TrTS with 
the selected 115 lncRNAs (Fig. 2e). The first cluster includes chro-
mosomes such as 9 and 18, as well as all acrocentric chromosomes 
(that is, 13, 14, 15, 21 and 22) that have high co-TrTS potential with 
cluster 3 and 4 lncRNAs. The second cluster includes all remaining 
chromosomes, which have high co-TrTS independently of lncRNAs 
clusters (Fig. 2e).

Next, we surveyed whether co-TrTSs involving different lncRNA 
clusters were preferentially located in chromatin compartment A 
(open) or B (closed), as obtained from GM12878 Hi-C interaction 
maps5 at 100-kb resolution (Methods). Compared to genome-wide 
compartmentalization, bins in the genome containing lncRNA 
co-TrTSs were slightly enriched in differential compartments 
depending on their cluster (Fig. 2f). Bins of sites targeted by 
lncRNAs belonging to clusters 1 and 3 were enriched in the A com-
partment, with no clear enrichment in B. Cluster 4 was slightly 
enriched in both A and B. To assess whether those lncRNA co-TrTS 
genomic bins might be involved in the colocalization of compart-
ments, we next plotted interactions between those bins ranked by 
their component in the first eigenvector (Fig. 2g–j). Interestingly, 
although to varying degrees, in all four clusters co-TrTS interac-
tions were enriched in heterotypic (A-B) and depleted in homotypic 
(A-A or B-B) pairings (Fig. 2g–j) as compared to the genome-wide 
trend (Extended Data Fig. 1f). This result suggests that the selected 
lncRNAs could play a mechanistic role in compartment segregation, 
especially at the interphase between compartments A and B.

TrTSs as drivers of chromosomal conformation. To test whether 
the identified lncRNAs could act as 3D genome organizers by 
bringing spatially closer co-TrTSs, we focused on lncRNAs in clus-
ter 4 with the highest per-chromosome co-TrTS potential genome 
wide. In particular, simulations were carried out for a total of 
seven lncRNAs, with ENST00000541775.1 lncRNA presented as 
an example case in all figures. Briefly, the identified pairs of bins 
enclosing co-TrTS hotspots for a given lncRNA were restrained 
to be spatially close with steered molecular dynamics simulations 
of entire chromosomes, using a protocol similar to one previously 
published46,47. Each chromosome was modeled with a homogeneous 
beads-on-a-string representation, in which each bead represents 
50 kb of chromatin. At this coarse graining, the number of imposed 
restraints between co-TrTSs was <2.8% of all significant pairwise 
interactions in a Hi-C intrachromosomal matrix (Methods and 
Supplementary Table 2) that is, a very small percentage of all sig-
nificant interactions in a chromosome that can potentially drive 
chromosome folding. The steering process was repeated indepen-
dently 1,000 times for each of the 23 chromosomes. For each of the 
1,000 runs only those conformations best satisfying the imposed 
restraints were retained to constitute the final ensemble of 3D chro-
mosome models for further analysis. To validate our approach, we 
next compared the experimentally derived Hi-C interaction map to 
a contact map generated from the reconstructed ensemble of 3D 
models at 50-kb resolution (Methods, Fig. 3 and Extended Data 
Fig. 2). For example, the chr19 Hi-C interaction map displays the 
typical plaid pattern representing chromatin compartmentaliza-
tion (Fig. 3a). Interestingly, this plaid pattern was observed in the 
contact map generated from the ENST00000541775.1 ensemble of 
models for chr19 (Fig. 3b and Supplementary Video 1). To assess 
the significance of this observation, we defined a positive control 
where 3D models were reconstructed to impose restraints between 

pairs of significantly interacting loci that contained chromatin 
immunoprecipitation sequencing (ChIP–seq) peaks of CTCF tran-
scription factor, a well-known architectural protein involved in 
TAD organization6,56 (Methods and Fig. 3c). As a negative control, 
3D models were also reconstructed using randomly selected sig-
nificant Hi-C interacting pairs of loci (Methods and Extended Data 
Fig. 2a). The compartmentalization-derived plaid pattern appeared 
less pronounced for CTCF-derived models and was totally absent 
from the ensemble of models based on randomly selected interact-
ing pairs. Indeed, as measured by mean diagonal cross-correlation 
coefficient (dCCC; Methods), 3D models reconstructed by impos-
ing ENST00000541775.1 co-TrTS colocalization resulted in contact 
patterns significantly more similar to the Hi-C than 3D mod-
els reconstructed with the CTCF or random pairs of sites (mean 
dCCC = 0.58, 0.41 and 0.22 for ENST00000541775.1, CTCF and 
Random, respectively; Mann–Whitney rank test, ***P < 10−3;  
Fig. 3d and Extended Data Fig. 2c–e). Additionally, we derived 
a control where 3D models were reconstructed imposing 
restraints between pairs of significantly interacting loci enclosing 
low-complexity sites, to test the specific forming ability of co-TrTS 
(Methods and Extended Data Fig. 2b). Three-dimensional mod-
els reconstructed using ENST00000541775.1 co-TrTS colocaliza-
tion resulted in contact patterns significantly more similar to the 
Hi-C than the 3D models reconstructed with low-complexity pairs 
of sites (mean dCCC = 0.58 and 0.50 for ENST00000541775.1 and 
low-complexity models, respectively; Mann–Whitney rank test, 
***P < 10−3; Fig. 3d and Extended Data Fig. 2c,f). Given that the 
co-TrTSs targeted by ENST00000541775.1 overlap consistently (63%) 
with low-complexity pairs of bins, this result highlights that interac-
tions involving co-TrTSs targeted by lncRNA suggest a more accu-
rate reconstruction of chr19 than all the repetitive elements together. 
This piece of evidence reinforces the fact that co-TrTSs specifically 
targeted by lncRNAs could be driving compartmentalization.

The results obtained for the ENST00000541775.1 ensemble of 
models for chr19 were consistent along the entire genome (Fig. 3e),  
as measured by the element-wise Spearman cross-correlation coef-
ficient (spCCC; Methods). All chromosomes resulted in higher 
spCCC than the CTCF-driven models, with the exception of 
chromosomes 1 and 17. Moreover, all but chromosomes 1, 2 and 
9 resulted in contact maps with spCCC > 0.5 (Fig. 3e). Notably, 
3D models of acrocentric chromosomes (13, 14, 15, 21 and 22), 
as well as of chr19, resulted in the highest agreement with experi-
mental Hi-C maps (Fig. 3f). It is important to note that the results 
obtained from simulations are independent of the percentage of sat-
isfied restraints in the models. Indeed, on average, CTCF-imposed 
restraints were equally or even better satisfied than those derived 
from lncRNA (Extended Data Fig. 3a), which rules out the possibil-
ity that improved reconstruction can be simply accounted for by 
greater compliance of the steering process.

Next, to assess whether the observed correlations between con-
tact maps from the ensemble of models with the experimental 
Hi-C also hold true for lncRNAs apart from ENST00000541775.1, 
we reconstructed 3D models for six additional lncRNAs 
from cluster 4: ENST00000561611.2, ENST00000547963.1, 
ENST00000540866.2, ENST00000421202.1, ENST00000449111.1 
and ENST00000434346.1. Overall, the calculated contact fre-
quency maps from these ensembles of models highly corre-
lated (spCCC > 0.5) with experimental Hi-C data. Similarly to 
ENST00000541775.1, the 3D structures of acrocentric chromo-
somes and chr19 were better reconstructed than larger chromo-
somes such as 1 or 2 (Fig. 3f). Interestingly, despite a similar trend, 
some chromosomes were better reconstructed by different lncRNAs 
(Fig. 3f), although the triplex-forming potential of the selected 
lncRNAs did not correlate with the capacity to reconstruct genomic 
structure (Extended Data Fig. 3b). We also reconstructed 3D mod-
els of chr22 using as restraints all pairs of bins enclosing co-TrTS 
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hotspots for lncRNAs with genome-wide high per-chromosome 
co-TrTS potential (that is, from cluster 4). On chr22, on average, a 
TrTS hotspot was targeted by ten lncRNAs suggesting that co-TrTSs 
could be shared by many lncRNAs. Three-dimensional models 
reconstructed using all pairs of bins enclosing co-TrTS hotspots for 
cluster 4 as restraints resulted in significantly more similar contact 
maps to the experimental Hi-C datasets compared to models recon-
structed based on all but one of the lncRNAs alone (Extended Data 
Fig. 4a). Overall, our simulations on chr22 indicate that combining 
different lncRNAs results in better reconstruction than the majority 

(6/7) of individual lncRNAs, but no better than the best lncRNA for 
that specific chromosome, suggesting that there may be competi-
tion between individual lncRNAs and that there might be no syn-
ergy by combining the restraints detected for each lncRNA.

In summary, colocalizion of TrTSs targeted by specific lncRNAs 
guided an accurate reconstructional 3D chromosomal organization 
based on polymer physics models, driven by a very limited number 
of restraints (<2.8% of the total significant interaction in a chro-
mosome). Importantly, this effect was mostly observed for chromo-
some compartmentalization.
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maps. f, spCCC between experimental Hi-C contact map and that derived from the ensemble of 3D models generated using colocalizing pairs of loci 
driven by the co-TrTS hotspots of seven representative lncRNAs with triplex potential belonging to cluster 4.
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Cooperative effect on 3D genome structure of CTCF and 
lncRNAs. The processes underlying the formation of TADs and 
loops are distinct from those forming compartments6,8,57. In fact, 
it has been proposed that TADs and loops are formed by the 
loop-extrusion model involving CTCF and cohesin complexes58–60. 
However, the molecular factors that drive compartmentalization 
in vivo remain unknown. Our results suggest that the identified 
lncRNAs, through the formation of triplex with DNA, could drive 
compartment formation. Next, we examined the interplay between 
the identified lncRNAs driving compartment formation and the for-
mation of local structures driven by CTCF-CTCF interactions. The 
3D models restrained by pairs of enriched CTCF sites resulted in 
high correlation at short genomic distances (Fig. 4a), with a signifi-
cant dCCC decay at about 250 kb of genomic distance, which is the 
median between convergent CTCF loops in the human genome61. 
These results confirmed that models restrained by a small percent-
age of CTCF pairwise sites were sufficient to reconstruct genome 
organization at short genomic distances, but could not recover Hi-C 
interactions at larger genomic distances. In contrast, 3D models 
restrained by lncRNA co-TrTSs resulted in contact maps that cor-
related best at large genomic distances (>1 Mb; Fig. 4b for lncRNA 
ENST00000541775.1 and Extended Data Fig. 5a–f for other simu-
lated lncRNAs).

Next, we asked whether these two driving forces act coopera-
tively to ensure chromosomal organization. To test this hypoth-
esis, we generated an ensemble of models using as restraints both 

CTCF and ENST00000541775.1 co-TrTS pairs of loci. The result-
ing 3D models had an overall higher dCCC for all chromosomes 
at both local and non-local genomic distance (Fig. 4c). Strikingly, 
the CTCF- and ENST00000541775.1-driven models for the major-
ity of chromosomes generally agreed better with the experimental 
data (Extended Data Fig. 3g–i), with an increase in overall cor-
relation for acrocentric chromosomes (Fig. 4d). Interestingly, for 
these chromosomes we observed a constant high correlation both 
at local- and non-local-scale structures (Fig. 4e–i and Extended 
Data Fig. 5g–i), with the ensemble of models driven by CTCF- and 
lncRNA-mediated interactions correlated as much as 0.8 with the 
experimental data for chr22. Overall, our results support the prem-
ise that the proposed local and non-local mechanisms of genome 
structure (that is, CTCF- and triplex-forming lncRNA, respectively) 
could synergize in the organization of the genome in space.

Compartment segregation via co-TrTSs. To characterize the relation-
ship between long-range interactions involving co-TrTS hotspots and 
the 3D architecture of chromosomes, we investigated which compart-
ments were more accurately reconstructed by our models. To do so, 
we decomposed the Hi-C experimental map by separating homotypic 
and heterotypic interactions and calculating the spCCC for each type 
of interaction (Methods). For the majority of chromosomes (18/23), 
homotypic B-type interactions were reconstructed more accurately 
by lncRNA co-TrTS-driven models than other types of compartmen-
tal interactions (Fig. 5a), suggesting that co-TrTSs are involved in 
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maintaining heterochromatin. However, in a few chromosomes (13, 
15, 21 and 22) the lncRNA co-TrTS-driven ensembles more accurately 
reconstructed the 3D organization of heterotypic interactions or, in 
the case of chr9, homotypic A interactions. Clustering by mean corre-
lation with homotypic and heterotypic interactions revealed the exis-
tence of three main groups of chromosomes (Fig. 5b): (1) one in which 
lncRNA co-TrTS-driven ensembles reconstructed better homotypic 
B-type interactions (including chromosomes 1, 2, 3, 5, 6, 8, 10, 12, 16, 
17 and 20); (2) a second group in which both homotypic interactions 
and, in a lower proportion, heterotypic interactions were better recon-
structed (chromosomes 4, 7, 9, 11, 18, 19 and X); and (3) a third cluster 
with heterotypic interactions accurately reconstructed (chromosomes 
13, 14, 15, 21 and 22). Interestingly, the observed trend was dependent 

on the proportion of homotypic B-type and heterotypic interactions 
present in a given chromosome, while it was independent of the pro-
portion of homotypic A-type interactions (Fig. 5c–e). Indeed, chro-
mosome models that better recapitulated the experimental Hi-C 
map (higher spCCC) were those with a greater extent of heterotypic 
interactions, as is the case for acrocentric chromosomes. Based on this 
evidence, we propose a model where lncRNA co-TrTS contributes to 
genome compartment segregation by creating an interface between 
compartments A and B (Fig. 5f).

Discussion
Here, we have theoretically tested the hypothesis that triplex-forming 
lncRNAs contribute to the 3D organization of nuclear chromatin, 
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by performing steered molecular dynamics simulations of polymer 
models of chromosomes. Collectively, the findings from this study 
have several implications.

First, we predict the existence of lncRNAs with triplex-forming 
potential that do not randomly position themselves along the 
genome, but instead establish widespread preferential contacts 
between active and inactive chromatin regions. Their triplex-forming 
sequences are enriched in contacts with GA-rich repetitive ele-
ments, as simple-repeat and low-complexity regions that are over-
represented in both prokaryotic and eukaryotic genomes62, and are 
mainly located in repressed loci of the genome. Interestingly, it has 
been shown in vivo that both short and long purine-rich sequences 
can engage in triplexes63 and that a G-rich triplex target site leads 
to a more stable63 and more specific pH-independent triplex inter-
action64. Many thousands of uncharacterized lncRNAs are related 
to interspersed repeat elements65,66 and show prolonged half-lives67, 
which opens up the possibility of the existence of widespread 
lncRNA-enriched hotspots that stably form patches located in mul-
tiple distal genomic locations. Some of the identified lncRNAs with 
triplex-forming potential have preference only for a specific subset 
of chromosomes, while others show a widespread binding potential 
with all chromosomes. The latter appears to be the only subgroup 
targeting acrocentric chromosomes.

Second, triplex target hotspots could act as ‘anchor palates’ that 
can be used as restraints during modeling to accurately recon-
struct the 3D organization of entire chromosomes, reproducing the 
plaid pattern characteristic of Hi-C interaction maps. Specifically, 
we found that acrocentric chromosomes and chr19, both located 
in the nuclear center68, can be better reconstructed than larger 
chromosomes.

Third, we found that lncRNAs could be drivers for long-range 
interactions in contrast to more local genomic structures, such as 
TADs and loops, that often involve architectural proteins such as 
CTCF, and that these two driving forces might act cooperatively. 
These findings support the model in which chromatin organiza-
tion is driven by the interplay of loop extrusion and compartmen-
tal segregation8, and highlight that cooperativity between these 
two regimes, rather than competition, is what synergistically may 
govern overall 3D organization. Most importantly, our models sup-
port that colocalizing triplex sites targeted by lncRNAs could be 
key molecular factors driving compartmental segregation. These 
sites are shared by many lncRNAs, and multiple lncRNAs can tar-
get a chromosome dependently of chromosome size, suggesting 
that this could be a widespread mechanism. This is well in line 
with experiments showing that perturbation of RNAs by RNase A 
treatment which, together with other effects, can also disrupt tri-
plex structures, induces changes in the nuclear organization of 
both euchromatin30 and heterochromatin69. Interestingly, chromo-
some conformation experiments on RNase A-treated cells displayed 
subtle perturbation in long‐range interactions between B-type 
compartments, even though TAD structures were largely intact70. 
Conversely, transcriptional activity perturbation led to weakening 
of TAD boundaries without drastic alterations in genomic compart-
mentalization70. These results suggest that pre-existing RNAs may 
play a role in genomic compartmentalization rather than newly 
transcribed transcripts.

Fourth, in our simulations, homotypic B interactions are gener-
ally better reconstructed than other types of interaction, suggest-
ing that co-TrTSs are involved in maintaining heterochromatin. 
Interestingly, B-type compartments at single cells, although located 
in close proximity to each other, tend to intermingle less than 
the A type45. We hypothesized that coating of heterochromatin 
with lncRNAs could prevent intermixing of these compartments. 
Additionally, our models can more accurately reconstruct the 
structure of chromosomes with a higher presence of heterotypic 
interactions, suggesting possibly that coating of lncRNAs could 

also actively promote segregation between compartment types. 
Interestingly, RNA-dense compartments, composed of RNA with 
high connectivity and associated with active chromatin regions, are 
preferentially located spatially closer to inactive ones16, which would 
be in line with our hypothesis of accumulation of lncRNAs at the 
compartment interface. Notably, acrocentric chromosomes, which 
are better reconstructed by our models, carry nucleolar organizer 
regions on their short arms71 and are associated with the nucleolus72. 
Indeed, the nucleolus is another nuclear compartment where RNAs 
with high connectivity are found16, further sustaining our hypoth-
esis. Interestingly, and also in agreement with our hypothesis, other 
evidence shows that in mouse embryos, L1 transcripts, another class 
of triplex-forming potential RNAs73, are required to seed homo-
typic B interaction clustering15 while other mechanisms may further 
reinforce and stabilize compartmentalization as the attachment of 
repeat DNA sequences to other subnuclear structures such as the 
nucleolus74.

Fifth, from a physics viewpoint, compartmentalization has been 
proposed to result from phase separation promoted by attraction 
among compartments of the same or similar chromatin state75–77. 
It has been hypothesized that these attractions may result from 
coassociation of domains with subnuclear bodies that, themselves, 
appear to be formed as condensates mediated by weak multivalent 
self-attraction between proteins such as heterochromatin protein 1 
(ref. 76), scaffold attachment factor A41 or polycomb-repressive 
complexes78. These observations are in line with mechanistic mod-
eling studies8,79–82 in which compartmentalization has been pro-
posed to result from the attraction among chromatin particles of 
similar compartments. Our modeling approach suggests an addi-
tional mechanism where the possible coating of lncRNAs could 
create an interface between compartments A and B and promote 
their mutual segregation, while also preventing the intermixing of 
B chromatin. This could be due to the formation of lncRNA foci at 
TrTS-enriched sites on chromatin that, due to the capacity of RNAs 
for multivalent binding with various RNA-binding proteins, act as 
‘sticky patches’ for the recruitment of protein complexes facilitat-
ing their phase separation. Additionally, one could also speculate 
that lncRNA foci directly influence specific chromosomal interac-
tions, especially between chromatin patches enriched in sequence 
repeats (simple-repeat and low-complexity regions). The direct 
binding of triplex-forming lncRNAs at widespread repeat patches 
in the genome could mediate the proximity between multiple loci of 
similar sequence motifs, thus promoting the formation of a chroma-
tin network regulating large-scale chromatin structure. These two 
models of action are not mutually exclusive, and could coexist in 
maintaining A/B compartmentalization. This is supported by new 
evidence showing that, in condensates with high RNA density, RNA 
molecules are localized at the surface, limiting condensate growth 
and coalescence83, and, we speculate, possibly leaving RNAs to 
interact with macromolecules outside the condensate.

To dissect both proposed plausible mechanisms for maintain-
ing genome compartmentalization and to shed light on their 
coexistence, further microscopy and molecular experiments will 
be critical. To this end, it will be necessary to overcome various 
limitations in conducting experiments that take into account the 
repetitive nature of the identified lncRNAs. Imaging multicopy 
targets of specific repetitive DNA and messenger RNAs has been 
achieved using oligoprobes comprising between one and sev-
eral dozen individually designed oligos84–87. However, targeting 
simple-repeat and low-complexity regions would lead presum-
ably to a substantial amount of off-target binding that needs to be 
taken into account during the experimental design. Visualization 
of foci enriched in triplex-forming lncRNAs requires simultane-
ous imaging, at super-resolution (combining, for example oligoS-
TORM45,87 and immuno-STORM88), repetitive triplex-forming 
lncRNAs, the double-stranded DNA–single-stranded RNA 
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triplex with specific antibody labeling89–91 and the surround-
ing genomic regions. This challenging experiment will help to 
reveal the locations of triplex hotspots at the interface of com-
partments, and of heterochromatin coated with the identified 
lncRNAs and, importantly, to quantify the variation that arises 
at the single-cell level. Alternatively, to confirm the hypothesis 
driven by our integrative modeling approach one could perform 
knockdown experiments of triplex-forming lncRNAs92. However, 
in designing such experiments one should consider that here we 
predicted that multiple lncRNAs can target the same chromo-
some, and therefore the interference of only one lncRNA could 
easily be compensated by the presence of others. Indeed, experi-
ments that broadly perturb triplex formation, or the strength 
of RNA binding with the duplex63,64 changing the propensity of 
lncRNAs to perform triplex, will be necessary although extremely 
challenging. Alternatively, the association of the triplex form-
ing lncRNAs at the predicted chromatin triplex hotspot could 
be tested via genome-wide RNA-chromatin proximity ligation 
approaches, for example using RADICL-seq93, that is based on an 
improved protocol for the detection of intergenic transcripts and 
ncRNAs and for investigating long-range RNA-chromatin asso-
ciations, or RNA-associated chromosome conformation experi-
ments94. However, ideally, these experiments should be expanded 
to account for long-read sequencing to identify with more confi-
dence repeat-element-rich lncRNAs.

The challenges for microscopy and molecular biology experi-
ments to investigate highly repetitive triplex-forming lncRNAs 
highlight the importance of the theoretical approach introduced 
here in guiding future experiments and in revealing drivers of 
genome organization that are experimentally challenging to iden-
tify. Indeed, our computational modeling enabled us to unveil that 
direct lncRNA–DNA interaction may have a role in compartment 
segregation and act cooperatively, rather than competitively, with 
CTCF-mediated chromatin folding.
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Methods
Identification of triplex-forming lncRNAs. Selection of nuclear-enriched lncRNAs. 
The GENCODE v.19 (ref. 50) lncRNA set was downloaded from https://www.
gencodegenes.org/human/release_19.html, and transcripts with ≥200 nucleotides, 
multiexonic and nuclear-enriched (expression level >1 read per kilobase million) in 
cell types GM12878 and K562 (based on RNA-sequencing (RNA-seq) expression 
data from ENCODE96, IDs: ENCSR000CPO and ENCSR000CQF for GM12878, and 
ENCSR000CQM, ENCSR530NHO and ENCSR000CPS for K562, respectively), were 
defined as nuclear-enriched lncRNAs, numbering 1,120 in total (Fig. 1a).

Prediction of TFOs and TrTSs. Putative triplex sites were identified using 
Triplexator43, which defines a TFO in lncRNAs as well as their TrTSs in the target 
genome (here, the human GRCh37 assembly). Triplexator analysis was performed 
with the following default parameters: 10% error rate (number of mismatches), 
25% guanine content, minimum triplex length of 15 base pairs (bp) and using 
canonical triplex-formation rules for the purine motif, which have been suggested 
as being more physiologically relevant97, do not require acidic pH and are stabilized 
mainly by bivalent cations such as Mg2+ (ref. 98). As a control, we generated an in 
silico set of RNA molecules of identical length and base-composition distributions 
of the selected lncRNAs. This set was then used to obtain background distribution 
of Triplexator triplex-forming potential scores. Only those lncRNAs with a score 
exceeding the upper quartile level in the background distribution were then 
retained, which resulted in a total of 339 lncRNAs (Fig. 1a).

lncRNA secondary structure profile. Parallel analysis of RNA structure (PARS) 
scores were computed for the selected transcripts as previously described51 (GEO 
ID: GSE50676). Transcripts for which the putative TFOs were not localized 
in double-stranded parts of the lncRNA were selected. A total of 115 lncRNAs 
contained TFOs in single-stranded RNA sites (Fig. 1a).

TrTS and lncRNA annotation. The transcript and genomic characteristics of TrTSs 
were annotated with HOMER using the script annotatePeaks.pl, with default 
parameters99.

3D colocalization of TrTSs. Hi-C interaction maps. Individual 
chromatin-chromatin contact frequencies from GM12878 cells at 50- and 100-kb 
resolution were obtained from the original publication (GEO ID: GSE63525) and 
were normalized as previously reported5.

Intrachromosomal interaction calling. To identify significant interactions between 
pairs of TrTS hotspots, we implemented an intrachromosomal peak calling 
similarly to one previously published100. First, we generated an all-versus-all TrTS 
pairs set using as reference the previously generated TrTS profile. Second, the set 
of significant TrTS pairs for each chromosome, c, was identified by comparing 
distribution of intrachromosomal Hi-C interaction frequencies between TrTS pairs 
at genomic distance d with that of intrachromosomal Hi-C interaction frequencies 
with comparable sequence-based distance. Next, the minimum number of 
observations required in distribution was set equal to the number of observations 
present in the diagonal of the Hi-C interaction matrix of each chromosome. For 
this, Hi-C interaction frequencies between bins of neighboring sequence-based 
distance in the distribution were concatenated. The set of co-TrTS pairs was 
defined as TrTS pairs exceeding the upper quartile level. Finally, 3D colocalization 
of the co-TrTS set was quantified by calculating an enrichment score, given by 
log2 of the ratio between observed colocalization and that expected by chance at a 
specific genomic distance.

Analysis of co-TrTSs. Motif analysis. De novo motif analysis was performed using 
the findMotifsGenome.pl Perl script in HOMER, with default parameters99.

Enrichment analysis. Enrichments between the ‘test’ and ‘query’ sets were calculated 
from the log2(observed/expected) ratio of direct overlaps, using bedtools intersect 
(with ‘–f 0.9 –wo’ flags); for the randomly shuffled ‘query’ set we used bedtools 
shuffle (with ‘–chrom’ flag). The ‘query’ sets are represented by the co-TrTS. 
Different test sets were used: (1) chromatin state profile (chromHMM 15 state 
profile94) for GM12878 from the UCSC table browser (http://genome.ucsc.edu/
cgi-bin/hgFileUi?db=hg19&g=wgEncodeBroadHmm); (2) repeat elements profile 
using RepeatMasker95 annotations from the UCSC table browser (https://genome.
ucsc.edu/cgi-bin/hgTrackUi?g=rmsk); (3) DNAse sequencing in GM12878 cells 
from the ENCODE project96 (ENCODEid: ENCFF097LEF, ENCFF273MVV and 
ENCFF804BNU); and (4) chromatin compartment (Compartment analysis).

Per-chromosome co-TrTS potential. Per-chromosome co-TrTS potential 
(CPcoTrTS) is the fraction of nucleotide subsequences (nt_TTS) participating in 
co-TrTS formation per kilobase in a specific chromosome:

CPcoTrTS = log10
( 100 × nt_TTS

lkb

)

where lkb is chromosome length in kilobases.

Compartment analysis. To segment the genome into compartments A and B, 
normalized Hi-C matrices at 100-kb resolution were transformed into correlation 
matrices using Pearson product–moment correlation. The first eigenvector of a 
principal component (ev1) on each of these matrices was used as a quantitative 
measure of compartmentalization, and H3k4me1 and CG content data were 
used to assign negative and positive ev1 categories to the correct compartments 
(using the rich_in_A option in TADbit). If necessary, the sign of ev1 (which is 
arbitrary) was inverted so that positive ev1 values corresponded to compartment 
A regions, and vice versa for B. To measure inter- and intracompartment strength, 
we followed a previously reported strategy101. Briefly, for each chromosome 
we calculated observed/expected Hi-C matrices at 100 kb and then sorted 
the bin of observed/expected according to their ev1 values (from lowest to 
highest). The resulting map was coarse grained into a 25 × 25 matrix. Finally, all 
intrachromosomal interactions with similar ev1 values were aggregated to obtain 
compartmentalization saddle plots as the average of these coarse-grained maps 
over all chromosomes.

3D colocalization of CTCF sites. CTCF ChIP–seq data for GM12878 cells were 
obtained from the ENCODE project96 (ENCODEid: ENCSR000AKB). Colocalized 
CTCF peaks were defined as the subset of selected interactions (Intrachromosomal 
interaction calling) that contained in their base at least one CTCF peak.

3D colocalization of low-complexity sites. Colocalization of low-complexity sites 
was defined as the subset of selected interactions (Intrachromosomal interaction 
calling) that enclose low-complexity repetitive elements as listed in RepeatMasker95 
annotations from the UCSC table browser (https://genome.ucsc.edu/cgi-bin/
hgTrackUi?g=rmsk).

Chromosome ensemble modeling. Chromosome representation. Each 
chromosome was described with a beads-on-a-string model based on a previously 
implemented protocol46,47. Thus, a chromosome is represented by n spherical beads 
with diameter σ containing 50 kb of chromatin, which determines the genomic unit 
length of each model.

System setup for molecular dynamics. All simulations were done using the 
LAMMPS package102. The potential energy of each system comprises the terms 
of the Kremer–Grest polymer model103, including chain connectivity (finitely 
extensible nonlinear elastic, FENE, with K = 300.0 kBT/σ2, where K is the 
attractive force strength, kB is the Boltzmann constant and T is the temperature 
equal to 300 K; and R0 = 1.5σ, where R0 is the maximum extend of the bond) 
and excluded-volume (purely repulsive Lennard-Jones with ε = 10.0 for 
nearest-neighbor beads, 1.0 otherwise and cutoff = 6√2σ; where ε is the interaction 
energy) interactions. Each model chromosome was initially prepared in an 
elongated, solenoidal-like configuration resulting from stacked rosette patterns104, 
placed randomly inside a cubic simulation box of size 300σ centered at the origin 
of the Cartesian axis O = (0.0, 0.0, 0.0), tethered at the center of the box using a 
harmonic (spring constant Kt = 50.0 kBT/σ2 and equilibrium distance deq = 0.0σ, 
where σ is the particle diameter) to avoid any border effect, and energy minimized 
using a short run of the Polak–Ribiere version of the conjugate gradient algorithm 
(LAMMPS command minimize 1.0e-4 1.0e-6 100000 100000)102.

Equilibration procedure. Each simulation was carried in the canonical ensemble 
(constant temperature, constant volume) (T = 1.0 kBT). The integration time step 
was set equal to 0.006 τLJ, where τLJ is the internal time unit and m = 1.0 is the bead 
mass, which was set equal to the LAMMPS default value. Each system was relaxed 
with a run of unrestrained Langevin dynamic for 6,000 τLJ. After this relaxation 
phase, production runs were performed with a steered molecular dynamics 
protocol using the COLVARS LAMMPS-plugin105.

Steered molecular dynamics protocol. The steered molecular dynamics 
protocol was used to progressively favor the spatial proximity of the identified 
colocalizing loci (Intrachromosomal interaction calling) using harmonic 
restraints between target pairs of beads. For each restraint, the equilibrium 
distance was set to one bead diameter (σ). The spring constant k(L,t) was 
weighted with the sequence-separation L between restrained beads47 to 
ensure that the steering process was not dominated by target pairs at the 
largest sequence separation. k(L,t) was progressively increased during the 
steering phase in 1,000 discrete steps (si), each lasting 60 τLJ, by multiplying 
the sequence-separation weighted value of k by si. The initial values of k 
ranged between 0.002 and 0.006 kBT/σ2 and the final ones between 2.2315 and 
6.7714 kBT/σ2. To sample a reliable 3D ensemble structure, the steering process 
was repeated independently 1,000 times for each chromosome and, in each 
individual run, only a random set including 10% of potential restraints was 
applied. For each of the 1,000 replicate runs, the conformation satisfying the 
majority of imposed restraints within a radius of 2σ was retained to form the 
ensemble of 1,000 3D models used for further analysis.

3D chromosome ensemble analysis. Contact map generation. A contact map (C) 
was calculated at 50-kb resolution to visualize the frequency of contacts from the 
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ensemble of chromosomal models. Two beads were considered as constituting a 
contact when their Euclidean distance was <2σ cutoff.

Comparison of contact maps derived from models and Hi-C interaction maps. The 
degree of similarity between two maps was computed by TADbit106 using different 
metrics: (1) element-wise spCCC; (2) off-dCCC, where spCCC was calculated 
between corresponding off-diagonals for both matrices, thus generating a genomic 
distance profile of intrachromosomal interaction correlation; and (3) eigenvector 
correlation, with Pearson correlation between the first eigenvectors of each matrix.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
RNA-seq datasets were downloaded from ENCODE with accession nos. 
ENCSR000CPO, ENCSR000CQF, ENCSR000CQM, ENCSR530NHO and 
ENCSR000CPS. The PARS dataset was downloaded from Gene Expression 
Omnibus (GEO) with accession no. GSE50676. Hi-C was downloaded from 
GEO with accession no. GSE63525. CTCF ChIP–seq was downloaded from 
ENCODE with accession no. ENCSR000AKB. DNAse sequencing was downloaded 
from ENCODE with accession nos. ENCFF097LEF, ENCFF273MVV and 
ENCFF804BNU. The GENCODE v.19 lncRNA set was downloaded from https://
www.gencodegenes.org/human/release_19.html.

code availability
Custom scripts used to identify colocalizing loci and perform restraint-based 
modeling are available at http://sgt.cnag.cat/3dg/datasets/. The custom 
python scripts for analysis used the libraries Numpy107, Pandas108, Seaborn and 
Matplotlib109, Scipy110 and Multiprocessing111.
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Extended Data Fig. 1 | genomic features of co-localized Triplex Target hotspot. (a) Percentage of TrTS that co-localize genome-wide versus the 
length of the identified lncRNAs with triplex forming potential. The blue line represents a linear regression model fit and the transparent shade is the 
95% confidence interval. (b) Top three enriched motifs (Methods) for co-localizing Triplex Target Sites over background obtained with HOMER99. (c) 
Enrichment of co-TrTS hotspots in DNase I hypersensitive sites. (d) Number of lncRNAs with triplex forming potential with respect to chromosomal gene 
density. (e) Co-TrTS potential distribution per-chromosome for the four clusters defined in Fig. 2e. Box boundaries represent 1st and 3rd quartiles, middle 
line represents median, and whiskers extend to 1.5 times the interquartile range (two-sided Mann-Whitney rank test, using python default parameters, 
***: p < 10−3; n = 897, 506, 667, and 575 for cluster 1, 2, 3, and 4, respectively. (f) Compartmentalization saddle plot (Methods) of all intra-chromosomal 
interactions in GM12878 cell line.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Restraint-based simulations for human chromosome 19. (a,b) Contact maps derived from the ensemble of 3D models generated 
using co-localizing pairs of randomly selected loci (A) and low complexity enriched genomic sites (B). (c-F) Matrices of Pearson cross-correlation 
coefficients of top six eigenvectors for chromosome 19 of the experimental Hi-C compared to the four simulated datasets (that is, ENST00000541775.1, 
CTCF, random, and low complexity for c, d, e and f, respectively).
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Extended Data Fig. 3 | comparisons of co-localized Triplex Target Sites restraint-based simulations. (a) Distribution of the percentage of satisfied 
restraints in the ensemble of models using co-localizing pairs of loci driven by the ENST00000541775.1 co-TrTS hotspots and the CTCF enriched sites. 
Box boundaries represent 1st and 3rd quartiles, middle line represents median, and whiskers extend to 1.5 times the interquartile range; n = 1000 equal to 
the size of the 3D models ensemble. (b) Element-wise Spearman cross-correlation coefficients (spCCC) between the experimental Hi-C contact map and 
the contact maps derived from the 3D models generated using co-localizing pairs of loci driven by the co-TrTS hotspots of 7 representative lncRNAs with 
triplex potential belonging to cluster 4.
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Extended Data Fig. 4 | correlation analysis of Hi-c and simulated contact maps for chromosome 22. (a) Distribution of the diagonal cross-correlation 
coefficients (dCCC) (Methods) in chromosome 22 of the contact maps derived from the ensemble of 3D models with Hi-C. Box boundaries represent 
1st and 3rd quartiles, middle line represents median, and whiskers extend to 1.5 times the interquartile range. The statistical significance of the difference 
between each pair of dCCC distributions has been assessed with the two-sided Mann-Whitney rank test using python default parameters. The p-values 
are < 10−3 unless reported; n = 1026 equal to the number of beads in chromosome 22.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Triplex forming lncRNAs govern long-range interactions. (a-f) Diagonal correlations coefficient (dCCC) along the first  
10 Mb between the experimental Hi-C contact map and the contact maps derived from the ensemble of the 3D models generated using lncRNAs  
with triplex potential from cluster 4: (A) ENST00000547963.1, (B) ENST0000043436.1, (c) ENST00000449111.1, (D) ENST00000561611.2,  
(e) ENST00000540866.2, and (F) ENST00000421202.1 co-TrTS hotspots for each of the 23 chromosomes (grey) and genome-wide average (blue). 
Vertical red bar marks 250 kb, which is the median length of convergent CTCF loops61. (g-i) Diagonal correlations coefficient (dCCC) along the first 10 Mb 
between the experimental Hi-C contact map and the contact maps derived from the ensemble of 3D models generated using CTCF enriched genomic loci 
(orange), ENST00000541775.1 co-TrTS hotspots (light blue), and CTCF & ENST00000541775.1 enriched genomic loci (yellow) for all (g) metacentric, 
(H) submetacentric, and (I) acrocentric chromosomes. Chromosomes are classified according to the standard Denver classification112.
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