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(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 HOMER101. (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 Figure 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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Fig. 2 

Restraint-based 
simulations for 
human 
chromosome 19. 
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(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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Comparisons 
of co-localized 
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(A) Distribution of the percentage of
satisfied restraints in the ensemble of
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Triplex Target 
Sites restraint-
based 
simulations. 

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.

Extended Data 
Fig. 4 

Correlation 
analysis of Hi-
C and 
simulated 
contact maps 
for 
chromosome 
22. 

Extended_Data
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(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.

Extended Data 
Fig. 5 

Triplex 
forming 
lncRNAs 
govern long-
range 
interactions. 
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(A-F) Diagonal correlations coefficient 
(dCCC) along the first 10Mb 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 250kb, 
which is the median length of 
convergent CTCF loops61. (G-I) 
Diagonal correlations coefficient 
(dCCC) along the first 10Mb between 
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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 classification114.
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xlsx 115 selected triplex 
forming lncRNAs. 
Table 2. Percentage 
of significant Hi-C 
interactions used as 
restraints. 

Supplementary Video 1 
Supplementary_Video
1.mp4

Randomly selected 
simulation from the 
1000 trajectories in 
the 
ENST00000541775. 
1 co-TrTS hotspots 
ensemble. The 
simulated beads are 
colored according to 
their compartment 
type based on A/
B calling derived 
from Hi-C data5 at 100 kb 
resolution (in red and 
blue for A-type and 
B-type beads, 
respectively), 
showing the 
segregation between 
compartment types 
in the simulation. The 
centromeric region is 
not shown. 
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ABSTRACT: 30 

An increasing number of long non-coding RNAs (lncRNAs) are being proposed to act as 31 
nuclear organization factors during interphase. RNA-DNA direct interactions can be 32 
achieved by the formation of triplex helix structures where a single-stranded RNA molecule 33 
hybridizes by complementarity into the major groove of the double-stranded DNA. However, 34 
whether and how these direct RNA-DNA associations influence genome structure in 35 
interphase chromosomes is still poorly understood. Here, we theorize that RNA organizes 36 
the genome in space via a triplex forming mechanism. To test this theory, we apply a 37 
computational modeling approach of chromosomes that combines restraint-based modeling 38 
with polymer physics. Our models suggest that co-localizing triplex hotspots targeted by 39 
lncRNAs could contribute to the large-scale chromosome compartmentalization cooperating, 40 
rather than competing, with architectural transcription factors such as CTCF.41 
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MAIN TEXT: 42 

INTRODUCTION 43 

In the cell nucleus, chromatin is organized in space at multiple scales, from nucleosome 44 
positioning to chromosome territories. At a scale of tens to hundreds of kilobases, 45 
chromosomes fold into chromatin domains, also referred to as topologically associating 46 
domains or TADs1-3, defined by boundaries occupied by architectural chromatin binding 47 
proteins (e.g., CTCF and cohesin SMC complex) or non-coding RNAs (ncRNAs)4-6. At a 48 
larger scale, chromosomes spatially segregate into regions of preferential long-range 49 
interaction, consisting predominantly of transcriptionally active (A) or inactive (B) chromatin50 
compartments7. The proposed mechanisms underlying compartmentalization are generally 51 
distinct from those forming TADs and loops6,8. Indeed, the multiple level of chromosome 52 
organization has been shown to be the result of various coexisting mechanisms, some of 53 
which involve protein macromolecular complexes, including Polycomb-group proteins, 54 
cohesin, CTCF, and Mediator complex9-11. Others involve repetitive elements, the most 55 
common being simple sequence repeats that comprises up to half of the human genome12-56 
15.57 

Additionally, increasing evidence suggests that nuclear-retained RNA has a role as a 58 
genome structure regulator at various levels of genome organization16-22. For example, 59 
nuclear-retained RNA is an integral component of chromatin23, constituting up to 10% of 60 
chromatin mass24, and can affect local structural organization of chromatin25, as well as 61 
serve as a guide to facilitate the recruitment of chromatin factors26. Within the nuclear space, 62 
RNA also forms an intricate network of compartments with different RNA density with high-63 
density RNA regions being associated with transcriptionally active chromatin and 64 
preferentially located in the interface with inactive ones16. Finally, RNA molecules have been 65 
shown to play an active role in governing phase separations effects related to spatial 66 
organization of the nucleus16,27-29. 67 

An increasing number of long non-coding RNAs (lncRNAs) have been proposed to act as 68 
nuclear organization factors in interphase and mitotic cells30,31. For instance, some lncRNAs 69 
such as NEAT1 or MALAT1 are fundamental components of nuclear bodies32, while others 70 
have chromatin-related functions that may influence chromosome 3D structure. For 71 
example, Xist silences the X chromosome by altering chromatin compaction via a 3D 72 
proximity-guided search33. ASAR15 plays a role in coordinating the synchronous replication 73 
of homologous autosomal chromosomes and in maintaining their stability34. Other non-74 
coding RNAs are stably associated with interphase chromosome territories35,36 and their 75 
disruption leads to chromatin condensation36. Further, lncRNAs could influence changes in 76 
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gene expression or chromosome activity through various mechanisms such as recruiting 77 
chromatin-modifying proteins via direct DNA binding acting in cis or in trans37-39. 78 

However, given the structural complexity of RNAs organized into combinations of discrete 79 
functional domains40, the precise mechanisms by which RNAs associate to chromatin and 80 
modulate its overall structural organization are largely unknown. On the one hand, the 81 
association of RNA to chromatin can be mediated by the formation of ribonuclear-protein 82 
assemblies (indirect association), as in the case of SAF-A/RNA interactions that promote the 83 
formation of a chromatin mash responsive to transcription that regulates local chromatin 84 
structure in an ATP-depended manner41 or as the locus-specific targeting of CTCF mediated 85 
by RNAs interaction42. Moreover, several techniques that localize RNAs on chromatin 86 
recently confirmed that a significant proportion of RNA transcripts are directly associated 87 
with chromatin18,21,22. RNA-DNA direct interactions can occur via the formation of triplex helix 88 
structures (single-strand RNA hybridizing via non-canonical base pairing with the major 89 
groove of double-stranded DNA), which permits the RNA to bind the DNA in a sequence-90 
specific manner without requiring disruption of the double helix complementary base-91 
pairing43. RNA-DNA triplex formation has also been shown to affect chromatin state through 92 
the recruitment of epigenetic modifiers, particularly when the interacting RNA in the triplex 93 
structure is a lncRNAs. This is the case of MEG3, HOTAIR and PARTICLE lncRNAs that 94 
directly interact with GA-rich chromatin motifs to facilitate recruitment of polycomb 95 
repressive complex 2 to target genes promoters37-39.  96 

Here, we hypothesize that RNA-DNA direct interaction via the formation of triplex helix 97 
structures could have a role in spatially structuring the genome. To test this hypothesis, we 98 
used an integrative modelling protocol, in line with other modeling methods that have been 99 
already used to provide insight into the multiple levels of chromosome organization44-49. Our 100 
modelling protocol, similarly to other methods46,47, spatially brings close pairs of genomic loci 101 
enriched with predicted triplex forming sequences targeted by selected lncRNAs with the 102 
aim of reconstructing 3D models of entire chromosomes. The resulting structural models 103 
unveiled that genomic triplex target sites targeted by selected lncRNAs correlates with 104 
experimentally derived Hi-C maps and promotes spatial segregation between compartment 105 
types, possibly by creating an RNA-rich interface between A and B compartments. Our 106 
models also suggest that this large-scale chromatin structure segregation effect may 107 
complement the local action of architectural proteins such as CTCF.108 
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RESULTS 109 

lncRNAs with triplex forming potential 110 

LncRNA transcripts (that is, multi-exonic RNA transcripts larger than 200 nucleotides) with 111 
triplex forming potential were selected from the list of lncRNAs available in GENCODE v1950 112 
for the human genome (GRCh37). The selected lncRNA were filtered based on three criteria 113 
(Figure 1A). First, lncRNA had to be cell type unspecific, as such, the selected transcripts 114 
were nuclear-enriched with expression level >= 1 FPKM in the K562 and GM12878 cell lines. 115 
Second, lncRNAs had to result in high length-normalized RNA-DNA Triplex Forming Potential43 116 
compared to a random selection of transcripts (p-value<0.00001; Kolmogorov–Smirnov two-117 
sample test). And third, the lncRNA had to harbor putative Triplex Forming Oligos (TFOs) in a 118 
non-double-stranded portion of the transcript based on experimentally available RNA 119 
secondary structure profiles51. The three filters ensured that the selected lncRNAs were 120 
expressed in several cell lines and had a potential to form triplex in a single-stranded part of 121 
the transcript. In total, we collected a set of 115 lncRNAs that passed these selection criteria 122 
and, as such, could potentially interact directly with DNA (Extended Data Table S1). 123 

Consistent with experimentally-detected RNAs engaged in triplex structures22, the selected 124 
lncRNAs were mainly antisense to a known protein-coding gene RNAs or long intergenic 125 
noncoding RNA (51.6% and 31.5%, respectively; Figure 1B), and were variable in length 126 
ranging from 6.2 to 285.9 kilobases (kb) (Figure 1C).  Distribution along the human genome 127 
of the Triplex Target Sites (TrTS) engaging in triplex formation with the lncRNAs indicated 128 
that the lncRNAs target mainly intergenic regions (51.8%) or introns of protein-coding genes 129 
(43.2%) (Figure 1D). 130 

131 

Triplex forming target sites hotpots in the 3D genome 132 

To examine whether the TrTSs form 3D clusters, we investigated the presence of co-localizing 133 
Triplex Target Site (co-TrTS) hotspots, defined as highly interacting sites on GM12878 intra-134 
chromosomal Hi-C maps5 at 50 kb resolution (Methods). Depending on the selected lncRNA, 135 
and regardless of its length (Figure S1A), a median of 18.5% (range 1.4% to 95.4%) of TrTS 136 
sites significantly interacted. The vast majority of co-TrTS interacting sites were between distal 137 
intra-chromosomal loci (~90% >5Mb and ~2% < 1Mb apart; Figure 2A). This is in line with 138 
previous observations that lncRNAs transcripts form direct RNA-DNA interactions at long 139 
genomic distances18. These co-TrTS sites were rich in purine nucleotides (Extended Data 140 
Figure 1B) and depleted in DNase I hypersensitive sites likely devoid of nucleosomes (as 141 
DNA linker) (Extended Data Figure 1C), which is consistent with in vivo observations22,52. 142 
Indeed, in vivo nucleosomes specifically stabilized triple ssRNA-dsDNA helix structures 143 



10

located in the DNA linker at the nucleosomal entry-exit site. Most of the linker DNA in 144 
eukaryotes is torsionally relaxed53 thus devoid of local positive supercoiling that can disrupt 145 
Hoogsteen H-bonds disfavoring triplex interaction54. 146 

Furthermore, based on a 15 chromatin states ChromHMM model specific for GM1287855, co-147 
TrTS were depleted of transcriptionally-related active states (such as transcription 148 
elongation and transition chromatin states with a -0.75 and -0.52-fold change, respectively; 149 
Figure 2B). Interestingly, co-TrTS were generally enriched in repetitive elements (1.6-fold 150 
change) and poised chromatin (poised-promoter and polycomb-repressed chromatin states 151 
with a 1.12 and 0.66-fold change, respectively; Figure 2B). Moreover, co-TrTS associated 152 
significantly more with Simple Repeat and Low Complexity Regions (4.7 and 5.5-fold 153 
change, respectively; Figure 2C), which suggests that these lncRNAs could target multiple 154 
repetitive genomic sequences. Finally, co-TrTS sites for multiple lncRNA were found in all 155 
chromosomes, with the longest chromosomes harboring larger number of lncRNAs co-TrTS 156 
(Figure 2D), independently of their gene density (Figure Extended Data Figure 1D). 157 

To further investigate if different lncRNAs have differential preference for specific subset of 158 
chromosomes, we calculated a lncRNA co-TrTS potential for each chromosome (Methods). 159 
Some lncRNAs had preference only for a specific subset of chromosomes while others had 160 
a widespread per-chromosome co-TrTS potential. A total of 4 different clusters of lncRNA were 161 
identified from more (cluster number 1) to less (cluster number 4) chromosome specific groups 162 
(Figures 2E and Extended Data Figure 1E). The lncRNA-chromosome co-TrTS potential 163 
also resulted in two major groups of chromosomes being clustered in their propensity to host 164 
co-TrTS with the selected 115 lncRNA (Figure 2E). The first cluster includes chromosomes 165 
such as 9 and 18 as well as all acrocentric chromosomes (that is, 13, 14, 15, 21 and 22) that 166 
have high co-TrTS potential with cluster 3 and 4 lncRNAs. The second cluster includes all the 167 
remaining chromosomes, which have high co-TrTS independently of the lncRNAs clusters 168 
(Figure 2E). 169 

Next, we surveyed whether co-TrTS involving different lncRNAs clusters were preferentially 170 
located in A (open) or B (closed) chromatin compartments obtained from GM12878 Hi-C 171 
interaction maps5 at 100 kb resolution (Methods). Compared to genome-wide 172 
compartmentalization, bins in the genome containing lncRNA co-TrTS were slightly enriched 173 
in differential compartments depending on their cluster (Figure 2F). Bins of sites targeted by 174 
lncRNAs belonging to clusters 1 and 3 were enriched in the A compartment with no clear 175 
enrichment in B compartment. Cluster number 4 was slightly enriched in A and B 176 
compartments.  To assess whether those lncRNA co-TrTS genomic bins could be involved 177 
in the co-localization of compartments, we next plotted the interactions between those bins 178 
ranked by their component in the first eigenvector (Figure 2G-J). Interestingly, although with 179 
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different degree, in all four clusters co-TrTS interactions were enriched in the heterotypic (A-180 
B) and depleted in the homotypic (A-A or B-B) pairings (Figure 2G-J) as compared to the181 
genome-wide trend (Extended Data Figure 1F). This result suggests that the selected 182 
lncRNAs could play a mechanistic role in compartment segregation, especially at the 183 
interphase between A and B compartments. 184 

185 

Triplex Target Sites as drivers of chromosomal conformation 186 

To test whether the identified lncRNAs could act as 3D genome organizers by bringing 187 
spatially close co-TrTS, we focused on lncRNAs in cluster 4 with the highest per-188 
chromosome co-TrTS potential genome-wide. In particular, simulations were carried out for 189 
a total of 7 lncRNAs, with ENST00000541775.1 lncRNA presented as example case in all 190 
figures. Briefly, the identified pairs of bins enclosing co-TrTS hotspots for a given lncRNA 191 
were restrained to be close in space using steered molecular dynamics simulations of 192 
entire chromosomes using a similar protocol as previously published46,47. Each 193 
chromosome was modelled with a homogeneous beads-on-a-string representation, in 194 
which each bead represents 50 kb of chromatin. At this coarse-graining, the number of 195 
imposed restraints between co-TrTS was less than 2.8% of all significant pairwise 196 
interactions in a Hi-C intra-chromosomal matrix (Methods and Extended Data Table S2), 197 
that is a very small percentage of all significant interactions in a chromosome that can 198 
potentially drive chromosome folding. The steering process was repeated independently 199 
1,000 times for each of the 23 chromosomes. Per each of the 1,000 runs, only 200 
conformations best satisfying the imposed restraints were kept to constitute the final 201 
ensemble of 3D chromosomes models to be further analyzed. To validate our approach, we 202 
next compared the experimentally derived Hi-C interaction map to a contact map generated 203 
from the reconstructed ensemble of 3D models at 50 kb resolution (Methods, Figures 3 and 204 
Extended Data Figure 2). For example, chr19 Hi-C interaction map displays the typical 205 
plaid pattern representing the chromatin compartmentalization (Figure 3A). Interestingly, 206 
such plaid pattern was observed in the contact map generated from the 207 
ENST00000541775.1 ensemble of models for chr19 (Figures 3B, Extended Data Video 1). 208 
To assess the significance of such observation, we defined a positive control where 3D 209 
models were reconstructed imposing restraints between pairs of significantly interacting loci 210 
that contained ChIP-seq peaks of CTCF transcription factor, a well-known architectural 211 
protein involved in TAD organization6,56 (Methods and Figures 3C). As a negative control, 212 
3D models were also reconstructed using randomly-selected significant Hi-C interacting 213 
pairs of loci (Methods and Extended Data Figure 2A). The compartmentalization-derived 214 
plaid pattern appeared less pronounced for the CTCF derived models while was totally 215 
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absent from the ensemble of models based on randomly selected interacting pairs. Indeed, 216 
as measured by mean diagonal CCC (dCCC, Methods) 3D models reconstructed imposing 217 
ENST00000541775.1 co-TrTS sites co-localization resulted in contact patterns significantly 218 
more similar to the Hi-C than 3D models reconstructed with the CTCF or random pairs of 219 
sites (mean dCCC of 0.58, 0.41, and 0.22 for ENST00000541775.1, CTCF, and Random, 220 
respectively; Mann-Whitney rank test, ***: p < 10−3; Figure 3D and Extended Data Figure 221 
2C-E). Additionally, we derived a control where 3D models were reconstructed imposing 222 
restraints between pairs of significantly interacting loci enclosing low complexity sites to test 223 
the specific forming ability of the co-TrTS (Methods and Extended Data Figure 2B). 3D 224 
models reconstructed imposing ENST00000541775.1 co-TrTS sites co-localization resulted 225 
in contact patterns significantly more similar to the Hi-C than 3D models reconstructed with 226 
the low complexity pairs of sites (mean dCCC of 0.58 and 0.50 for ENST00000541775.1 and 227 
low complexity models, respectively; Mann-Whitney rank test, ***: p < 10−3; Figures 3D, 228 
Extended Data Figure 2C and 2F). Given that the co-TTS targeted by 229 
ENST00000541775.1 overlap consistently (63%) with low complexity pairs of bins, this result 230 
highlights that the interactions involving co-TrTS targeted by the lncRNA are driving towards 231 
a more accurate reconstruction of chromosome 19 than all the repetitive elements together. 232 
This piece of evidence reinforces the fact that the co-TTS specifically targeted by lncRNAs 233 
could be driving compartmentalization. 234 

The results obtained for the ENST00000541775.1 ensemble of models for chr19 were 235 
consistent along the entire genome (Figure 3E) as measured by the element-wise 236 
Spearman cross-correlation coefficient (spCCC, Methods). All chromosomes resulted in 237 
higher spCCC than the CTCF driven models to the exception of chromosomes 1 and 17. 238 
Moreover, all but chromosomes 1, 2, and 9, resulted in contact maps with spCCC higher 239 
than 0.5 (Figure 3E). Notably, 3D models of the acrocentric chromosomes (13, 14, 15, 21, 240 
and 22) as well as of chromosome 19 resulted in the highest agreement with the 241 
experimental Hi-C maps (Figure 3F). It is important to note that the results obtained from the 242 
simulations are independent of the percentage of satisfied restraints in the models. Indeed, 243 
on average CTCF imposed restraints were equally or even better satisfied than those 244 
derived from lncRNA (Extended Data Figure 3A), which rules out the possibility that the 245 
better reconstruction can be trivially accounted by a larger compliance to the steering 246 
process. 247 

Next, to assess whether the observed correlations between the contact maps from the 248 
ensemble of models with the experimental Hi-C holds also true for other lncRNAs beyond 249 
ENST00000541775.1, we reconstructed 3D models for six additional lncRNAs from cluster 250 
4: ENST00000561611.2, ENST00000547963.1, ENST00000540866.2, 251 
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ENST00000421202.1, ENST00000449111.1, and ENST00000434346.1. Overall, the 252 
calculated contact frequency maps from these ensembles of models highly correlated (>0.5 253 
spCCC) with the experimental Hi-C data. Similarly, to ENST00000541775.1, the 3D 254 
structures of acrocentric chromosomes and chromosome 19 were better reconstructed than 255 
larger chromosomes such as 1 or 2 (Figure 3F). Interestingly, despite a similar trend, some 256 
chromosomes were better reconstructed by different lncRNAs (Figure 3F), however the 257 
triplex forming potential of the selected lncRNA did not correlate with the capacity to 258 
reconstruct genome structure (Extended Data Figure 3B). We also reconstructed 3D 259 
models of chromosome 22 using as restraints all the pairs of bins enclosing co-TrTS 260 
hotspots for lncRNAs with genome-wide high per-chromosome co-TrTS potential (that is, 261 
from cluster 4). On chromosome 22, on average, a TTS hotspot can be targeted by 10 262 
lncRNAs suggesting that co-TTSs could be shared by many lncRNAs. 3D models 263 
reconstructed using all the pairs of bins enclosing co-TrTS hotspots for cluster 4 as 264 
restraints resulted in significantly more similar contact maps to the experimental Hi-C 265 
datasets compared to models reconstructed based on all but one of the lncRNAs alone 266 
(Extended Data Figure 4A). Overall, our simulations on chromosome 22 indicate that 267 
combining different lncRNAs results in better reconstruction than the majority (6/7) of the 268 
individual lncRNAs, but not better than the best lncRNA for that specific chromosome, 269 
suggesting that there may be competition between individual lncRNAs and that there might 270 
be no synergy by combining the restraints detected for each lncRNA. 271 

In summary, co-localizing triplex-target sites targeted by specific lncRNAs guided an 272 
accurate reconstructions 3D chromosomal organization based on polymer physics models 273 
driven by a very limited number of restraints (<2.8% of the total significant interaction in a 274 
chromosome). Importantly, this effect was mostly observed for chromosome 275 
compartmentalization. 276 

277 

Cooperative effect on 3D genome structure of CTCF and lncRNAs 278 

The processes underlying the formation of TADs and loops are distinct from those forming 279 
compartments6,8,57. In fact, it has been proposed that TADs and loops are formed by the 280 
loop-extrusion model involving CTCF and cohesin complexes58-60. However, the molecular 281 
factors that drive compartmentalization in vivo remain unknown. Our results suggest that the 282 
identified lncRNAs, through forming triplex with the DNA, could be driving compartment 283 
formation. Next, we examined how the identified lncRNAs driving compartment formation 284 
could interplay with the formation of local structures driven by CTCF-CTCF interactions. The 285 
3D models restrained by pairs of enriched CTCF sites resulted in high correlation at short 286 
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genomic distances (Figure 4A), with a significant dCCC decay at about 250 kb of 287 
genomic distance, which is the median genomic distance between convergent CTCF 288 
loops in the human genome61. These results confirmed that models restrained by a small 289 
percentage of CTCF pairwise sites were enough to reconstruct genome organization at 290 
short genomic distances but could not recover Hi-C interactions at larger genomic 291 
distances. In contrast, 3D models restrained by lncRNA co-TrTS sites resulted in contact 292 
maps that correlated best at large genomic distances (>1Mb, Figure 4B for lncRNA 293 
ENST00000541775.1 and Extended Data Figure 5A-F for other simulated lncRNAs). 294 

Next, we asked whether these two driving forces act cooperatively to ensure chromosomal 295 
organization. To test this hypothesis, we generated an ensemble of models using as 296 
restraints both CTCF and ENST00000541775.1 co-TrTS pairs of loci. The resulting 3D 297 
models had an overall higher dCCC for all chromosomes in both, local and non-local, 298 
genomic distances (Figure 4C). Strikingly, the CTCF and ENST00000541775.1 driven 299 
models for the majority of the chromosomes generally agreed better with the experimental 300 
data (Extended Data Figure 3G-I), with an increase in overall correlation for acrocentric 301 
chromosomes (Figure 4D). Interestingly, for these chromosomes we observed a constant 302 
high correlation both for local and non-local scale structures (Figures 4E-I and Extended 303 
Data Figure 5G-I), with the ensemble of models driven by CTCF and lncRNAs mediated 304 
interactions correlated as much as 0.8 of the experimental data for chromosome 22. Overall, 305 
our results support that the proposed local and non-local mechanisms of genome structure 306 
(that is, CTCF and triplex forming lncRNA, respectively) could synergize in the organization 307 
of the genome in space.  308 

309 

Compartment segregation via co-localized Triplex Target Sites 310 

To characterize the relationship between the long-range interactions involving co-TrTS 311 
hotspot and the 3D architecture of the chromosomes, we investigated which compartments 312 
were more accurately reconstructed by our models. To do so, we decomposed the Hi-C 313 
experimental map by separating homotypic and heterotypic interactions and calculating the 314 
spCCC for each type of interactions (Methods). For the majority of chromosomes (18/23), 315 
homotypic B-type interactions were reconstructed more accurately by the lncRNAs co-TrTS 316 
driven models than other types of compartment segregations (Figure 5A), suggesting that 317 
co-TrTS are involved in maintaining heterochromatin. However, in a few chromosomes (13, 318 
15, 21, and 22), the lncRNA co-TrTS driven ensembles more accurately reconstructed the 319 
3D organization of heterotypic interactions, or, in the case of chromosome 9, homotypic A 320 
interactions. Clustering by the mean correlation with homotypic and heterotypic interactions 321 
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unveiled the existence of 3 main groups of chromosomes (Figure 5B): (i) one in which the 322 
lncRNA co-TrTS driven ensembles reconstructed better homotypic B-types interactions 323 
(including chromosomes 1, 2, 3, 5, 6, 8, 10, 12, 16, 17, and 20), (ii) a second group in which 324 
both homotypic interactions and, in lower proportion, heterotypic interactions were better 325 
reconstructed (chromosomes 4, 7, 9, 11, 18, 19, and X), and (iii) a third cluster with 326 
heterotypic interactions accurately reconstructed (chromosomes 13, 14, 15, 21, and 22). 327 
Interestingly, the observed trend was dependent on the proportion of homotypic B-type and 328 
heterotypic interactions present in a given chromosome, while it was independent of the 329 
proportion of homotypic A-type interactions (Figure 5C-E). Indeed, chromosome models that 330 
recapitulate better the experimental Hi-C map (higher spCCC) were the ones with a greater 331 
extends of heterotypic interactions, as is the case for acrocentric chromosomes. Based on 332 
these evidences, we propose a model where lncRNA co-TrTS contributes to genome 333 
compartment segregation by creating an interface between the A and B compartments 334 
(Figure 5F). 335 

336 
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DISCUSSION 337 

Here, we have theoretically tested the hypothesis that triplex-forming lncRNAs contribute to 338 
the 3D organization of nuclear chromatin by performing steered molecular dynamics 339 
simulations of polymer models of chromosomes. Collectively, the findings in this study have 340 
several implications. 341 

First, we predict the existence of lncRNAs with triplex-forming potential that do not randomly 342 
position themselves along the genome, but instead establish widespread preferential 343 
contacts between active and inactive chromatin regions. Their triplex-forming sequences are 344 
enriched in contacts with GA-rich repetitive elements, as Simple Repeats and Low 345 
Complexity Regions that are overrepresented in both prokaryotic and eukaryotic genomes62, 346 
and are mainly located in repressed loci of the genome. Interestingly, it has been shown that 347 
in vivo both short and long purine-rich sequences can engage in triplexes63 and that G-rich 348 
triplex target site leads to a more stable63 and more specific pH-independent triplex 349 
interaction64. Many thousands of uncharacterized lncRNAs are related to interspersed repeat 350 
elements65,66 and show prolonged half-lives67, which opens up the possibility of the existence 351 
of wide-spread lncRNAs enriched hotspots that stably form patches located in multiple distal 352 
genomic locations. Some of the identified lncRNAs with triplex-forming potential have 353 
preference only for a specific subset of chromosomes while others show a widespread 354 
binding potential with all the chromosomes. The latter appears to be the only subgroup 355 
targeting acrocentric chromosomes.  356 

Second, triplex-target hotspots could act as “anchor palate” that can be used as restraints 357 
during modeling to accurately reconstruct the 3D organization of entire chromosomes, 358 
reproducing the plaid pattern characteristic of Hi-C interaction maps. Specifically, we found 359 
that acrocentric chromosomes and chromosome 19, both located in the nuclear center68, 360 
can be better reconstructed than larger chromosomes. 361 

Third, we found that lncRNAs could be drivers for long-range interactions in contrast to the 362 
more local genomic structures such TADs and loops, that often involves architectural 363 
proteins as CTCF, and that these two driving forces might act cooperatively. These findings 364 
support the model in which chromatin organization is driven by the interplay of loop extrusion 365 
and compartmental segregation8 and highlight that cooperativity between these two regimes, 366 
rather than competition, is what synergistically may rule the overall 3D organization. Most 367 
importantly, our models support that co-localizing triplex sites targeted by lncRNAs could be 368 
key molecular factors driving compartmental segregation. These sites are shared by many 369 
lncRNAs and multiple lncRNAs can target a chromosome dependently of the chromosome 370 
size, suggesting that this could be a wide-spread mechanism. This is well in line with 371 
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experiments showing that a perturbation of the RNAs via RNase A treatment, which together 372 
with other effects, can also disrupt triplex structures, induces changes in the nuclear 373 
organization of both euchromatin30 and heterochromatin69. Interestingly, chromosome 374 
conformation experiments on RNase A-treated cells displayed subtle perturbation in long‐375 
range interactions between B-type compartments even though TADs structures were largely 376 
intact70. Conversely, transcriptional activity perturbation lead to weakening of TAD 377 
boundaries without drastic alterations in genomic compartmentalization70. These results 378 
suggest that pre‐existing RNAs may play a role in genomic compartmentalization rather than 379 
newly transcribed transcripts. 380 

Fourth, in our simulations, homotypic B interactions are generally better reconstructed than 381 
other types of interactions, suggesting that co-TrTS sites are involved in maintaining 382 
heterochromatin. Interestingly, B-type compartment at single cell, although located in close 383 
proximity to each other, tend to intermingle less than the A-type45. We hypothesized that the 384 
coating of the heterochromatin with lncRNAs could prevent the intermixing of these 385 
compartments. Additionally, our models can more accurately reconstruct the structure of 386 
chromosome with higher presence of heterotypic interactions, suggesting that the possible 387 
coating of lncRNAs could also actively promote the segregation between compartment 388 
types. Interestingly, RNA-dense compartments, composed by RNA with high connectivity, 389 
associated with active chromatin regions, are preferentially located spatially closer to 390 
inactive ones16, which would be in line with our hypothesis of accumulation of lncRNAs at 391 
the compartment interface. Notably, acrocentric chromosomes, which are better 392 
reconstructed by our models, carry nucleolar organizer regions on their short arms71 and are 393 
associated with the nucleolus72. Indeed, the nucleolus is another nuclear compartment 394 
where RNAs with high connectivity are found16 further sustaining our hypothesis. 395 
Interestingly, and also in favor of our hypothesis, other evidence shows that in mouse 396 
embryos L1 transcripts, another class of triplex-forming potential RNAs73, are required to 397 
seed homotypic B interactions clustering15, while other mechanisms may further reinforce 398 
and stabilize compartmentalization as the attachment of repeat DNA sequences to other 399 
subnuclear structures as the nucleolus74. 400 

Fifth, from a physics viewpoint, compartmentalization has been proposed to result from 401 
phase separation promoted by the attraction among compartments of the same or similar 402 
chromatin state75-77. It has been hypothesized that possibly these attractions result from co-403 
association of domains with sub-nuclear bodies that, themselves, appear to be formed as 404 
condensates mediated by weak multivalent self-attraction between proteins such as 405 
heterochromatin protein 176, scaffold attachment factor A41, or polycomb repressive 406 
complexes78. These observations are in line with mechanistic modeling studies8,79-82, in 407 
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which compartmentalization has been proposed to result from the attraction among 408 
chromatin particles of similar compartments. Our modelling approach suggest an additional 409 
mechanism where the possible coating of lncRNAs could create an interface between A and 410 
B compartments and promote their mutual segregation, while also preventing the intermixing 411 
of B chromatin. This could be due to the formation of lncRNAs foci at TTS-enriched site on 412 
the chromatin that, due to the capacity of RNAs for multivalent binding with various RNA-413 
binding proteins, act as “sticky patches” for the recruitment of protein complexes facilitating 414 
their phase separation. Additionally, one could also speculate that the lncRNAs foci directly 415 
influences specific chromosomal interactions, especially between chromatin patches 416 
enriched in sequence repeats (Simple Repeats and Low Complexity Regions). The direct 417 
binding of triplex-forming lncRNAs at widespread repeats patches in the genome could 418 
mediate the proximity between multiple loci of similar sequence motifs, thus promoting the 419 
formation of a chromatin network regulating large-scale chromatin structure. These two 420 
models of action are not mutually exclusive and could coexist in maintaining A/B 421 
compartmentalization. This is supported by new evidence in which, in condensates with high 422 
RNA density, RNA molecules are localised at the surface limiting condensate growth and 423 
coalescence83, and, we speculate, possibly leave the RNAs to interact with macromolecules 424 
outside the condensate.  425 

To dissect the proposed two plausible mechanisms for maintaining genome 426 
compartmentalization and shed light on their coexistence, further microscopy and molecular 427 
experiments will be critical. To this end, it will be necessary to overcome various limitations 428 
to conduct experiments that take into account the repetitive nature of the identified lncRNAs. 429 
Imaging multicopy targets of specific repetitive DNA and mRNAs have been achieved using 430 
oligoprobes composed by one to few dozens of individually designed oligos84-87. However, 431 
targeting simple repeats and low complexity regions would lead presumably to a substantial 432 
amount of off-target binding that need to be taken into account during the experimental 433 
design. The visualization of the foci enriched in triplex forming lncRNAs requires to image, at 434 
super-resolution (combining for example oligoSTORM45,87 and immuno-STORM88), 435 
simultaneously the repetitive triplex-forming lncRNAs, the dsDNA-ssRNA triplex with specific 436 
antibody labeling89-91, and the surrounding genomic regions. This challenging experiment will 437 
help to unveil whereas triplex hotspots are at the interface of compartments, whereas the 438 
heterochromatin is coated with the identified lncRNAs, and importantly, to quantify the 439 
variation that arise at the single-cell level. Alternatively, to confirm the hypothesis driven by 440 
our integrative modeling approach one could perform knock-down experiments of the triplex-441 
forming lncRNAs92. However, in designing such experiments one should consider that here 442 
we predicted that multiple lncRNAs can target the same chromosome and therefore the 443 
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interference of only one lncRNAs could be easily compensated by the presence of other 444 
lncRNAs. Indeed, experiments that perturb broadly triplex formation, or the strength of RNA 445 
binding with the duplex63,64 changing the propensity of the lncRNAs to perform triplex will be 446 
more indicated, although extremely challenging. Alternatively, the association of the triplex-447 
forming lncRNAs at the predicted chromatin triplex hotspot could be tested via genome-wide 448 
RNA–chromatin proximity ligation approaches, for example using RADICL-seq93, that is 449 
based on an improved protocol for the detection of intergenic transcripts and ncRNAs and 450 
for investigating long-range RNA–chromatin associations, or RNA-associated chromosome 451 
conformation experiments94. However, ideally, these experiments should be expanded to 452 
account for long-read sequencing to identify with more confidence repetitive-element rich 453 
lncRNAs. 454 

The challenges posed with microscopy and molecular biology experiments to investigate 455 
highly repetitive triplex-forming lncRNAs highlight the importance of the theoretical approach 456 
introduced here in guiding future experiments and in unveiling drivers of genome 457 
organization that are experimentally challenging to identify. Indeed, our computational 458 
modelling enabled us to unveil that direct lncRNA–DNA interaction may have a role in 459 
compartment segregation and act cooperatively, and not competitively, with CTCF-mediated 460 
chromatin folding. 461 

462 
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FIGURES LEGENDS 784 

Figure 1. Characterization of lncRNAs with triplex forming potential. (A) Flowchart of 785 
lncRNA selection criteria. (B) Type-classification of lncRNAs engaged in triplex structures. 786 
(C) Length distribution of lncRNAs with triplex forming potential classified based on the 787 
categories in panel B. (D) Genetic sequence features of the Triplex Target Site (TrTS) 788 
engaging in triplex formation with the lncRNAs. 789 

790 
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Figure 2. Characterization of co-localized Triplex Target hotspot in the genome. (A) 791 
Percentage of co-localizing Triplex Target Site (co-TrTS) hotspots engaging in long-range (>5 792 
Mb) and short-range (<1 Mb) interactions. (B) Enrichment of co-TrTS hotspots in 15 different 793 
chromatin states as defined by the Roadmap Epigenomics project95. (C) Enrichment of co-794 
TrTS hotspots in different classes of repeat elements as classified by RepeatMasker96. (D) 795 
Amount of lncRNAs with triplex potential targeting per chromosome depending on 796 
chromosome size. (E) Heatmap diagram of a two-way hierarchical clustering of the 115 797 
triplex-forming lncRNAs (rows) over the 23 chromosomes (columns) based on the co-TrTS 798 
potential (Methods). (F) A/B compartment enrichment score of co-TrTS hotspots per each 799 
cluster identified in panel E. (G-J) Extend of compartment interactions across different triplex 800 
forming lncRNAs clusters in cis. Saddle plots were calculated using the first eigenvector 801 
obtained from the Hi-C data5 at 100 kb resolution. Upper left and lower right corners 802 
represent homotypic interactions between B-B and A-A compartments respectively. Top 803 
right and lower left corners represent heterotypic A-B interactions. λ rank denote the 804 
eigenvector components. 805 

806 

Figure 3 Co-localized Triplex Target Sites as drivers of chromosomal conformation. (A) 807 
Hi-C normalized interaction matrix at 50 kb resolution for human chromosome 195. (B-C) 808 
Contact maps derived from the ensemble of 3D models generated using co-localizing pairs 809 
of loci driven by the ENST00000541775.1 co-TrTS hotspots (B), and co-localizing CTCF-810 
enriched genomic site pairs (C). (D) Distribution of the diagonal cross-correlation coefficients 811 
(dCCC) (Methods) of the contact maps derived from the ensemble of 3D models for 812 
chromosome 19. Box boundaries represent 1st and 3rd quartiles, middle line represents 813 
median, and whiskers extend to 1.5 times the interquartile range (two-sided Mann-Whitney 814 
rank test using python default parameters, ***: p < 10−3; n=1182 equal to the number of 815 
beads in chromosome 19). (E) Element-wise Spearman cross-correlation coefficients 816 
(spCCC) between the Hi-C and models’ contact maps. (F) spCCC between the experimental 817 
Hi-C contact map and the contact map derived from the ensemble of 3D models generated 818 
using co-localizing pairs of loci driven by the co-TrTS hotspots of 7 representative lncRNAs 819 
with triplex potential belonging to cluster 4. 820 

821 

Figure 4. Cooperative effects of CTCF and ENST00000541775.1 on 3D genome 822 
structure. (A-C) Diagonal correlations coefficient (dCCC) up to 10Mb of genomic distance 823 
between the experimental Hi-C contact map and the contact maps derived from the 824 
ensemble of 3D models generated using for each of the 23 chromosomes (light grey) as 825 
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well as the genome-wide average (blue). Vertical red bar marks 250kb, which is the 826 
median genomic separation between convergent CTCF sites61. (A) dCCC for models 827 
based on CTCF enriched genomic loci, (B) dCCC for models based on 828 
ENST00000541775.1 co-TrTS hotspots, and (C) dCCC for models based on CTCF and 829 
ENST00000541775.1 enriched genomic loci. (D) dCCC distributions for each chromosome 830 
of the contact maps derived from the ensemble of 3D models generated using 831 
ENST00000541775.1 co-TrTS hotspots (light blue), CTCF enriched genomic loci (orange), 832 
and CTCF and ENST00000541775.1 enriched genomic loci (yellow). Box boundaries 833 
represent 1st and 3rd quartiles, middle line represents median, and whiskers extend to 1.5 834 
times the interquartile range, n is proportional to the number of beads in each chromosome. 835 
(E-I) dCCC up to 10Mb of genomic distance between the experimental Hi-C contact map 836 
and the contact maps derived from the ensemble 3D models from CTCF enriched genomic 837 
loci (orange), ENST00000541775.1 co-TrTS hotspots (light blue), and CTCF& 838 
ENST00000541775.1 enriched genomic loci (yellow) for the acrocentric chromosomes. 839 
Vertical red bar marks 250kb as in panels. 840 

841 

Figure 5. Compartment segregation mediated by co-localized Triplex Target Sites. (A) 842 
Element-wise Spearman cross-correlation coefficients (spCCC) between homotypic or 843 
heterotypic contacts in the experimental Hi-C contact map and the contact maps derived 844 
from the ensemble of 3D models generated using co-localizing pairs of loci driven by the co-845 
TrTS hotspots of 7 representative lncRNAs from cluster 4. Homotypic A contacts in red, 846 
homotypic B contacts in blue, and heterotypic contacts in gray. (B) One-way hierarchical 847 
clustering of each chromosome (rows) based on the mean spCCC over the interaction types 848 
(columns). (C-E) spCCC between the experimental Hi-C contact map and the contact map 849 
derived from the ensemble of 3D models generated using co-localizing pairs of loci driven by 850 
the co-TrTS hotspots of 7 representative lncRNAs from cluster 4 and the percentage of 851 
homotypic B pairs (C), homotypic A pairs (D), and heterotypic pairs (E). The blue line represents 852 
a linear regression model fit and the transparent shade is its 95% confidence interval. (F) 853 
Illustration of the proposed model by which co-TrTS targeted by lncRNA (in black) promote 854 
compartment segregation, mainly creating an interface between A (red) and B (blue) 855 
compartments. 856 

857 

METHODS 858 

Triplex forming lncRNAs identification 859 
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Selection of nuclear-enriched lncRNAs. The GENCODE v1950 lncRNA set was 860 
downloaded from https://www.gencodegenes.org/human/release_19.html, transcripts with 861 
size ≥200 nucleotides, multi-exonic and nuclear-enriched (an expression levels >1 RPKM) in 862 
two different cell types GM12878 and K562 (based on the RNA-seq expression data from 863 
ENCODE97, IDs: ENCSR000CPO and ENCSR000CQF for GM12878, and ENCSR000CQM, 864 
ENCSR530NHO, and ENCSR000CPS for K562, respectively) were defined as nuclear-865 
enriched lncRNAs (Figure 1A, total of 1,120 lncRNA). 866 

Predicting Triplex Forming Oligo (TFO) and Triple-helix Target Site (TrTS). Putative triplex 867 
sites were identified using Triplexator43 which both defines a Triplex Forming Oligo (TFO) in 868 
lncRNAs as well as their Triple-helix Target Site (TrTS) in the target genome (here the human 869 
GRCh37 assembly). Triplexator analysis was performed with default parameters. That is, a 10% 870 
error rate (number of mismatches), 25% of guanine content, a minimum triplex length of 15 base 871 
pairs, and using canonical triplex-formation rules for the purine motif, which has been 872 
suggested to be more physiologically relevant98 and do not require acidic pH and are 873 
stabilized mainly by bivalent cations such as Mg2+ 99. As a control, we generated an in silico 874 
set of RNA molecules with identical length and base-composition distributions of the selected 875 
lncRNAs. The in-silico set was then used to obtain background distribution of Triplexator triplex 876 
forming potential scores. Only lncRNA with score exceeding the upper quartile level in the 877 
background distribution were then retained, which resulted in a total of 339 lncRNAs (Figure 878 
1A). 879 

lncRNA secondary structure profile. Parallel analysis of RNA structure (PARS) scores were 880 
computed for the selected transcripts as previously described100 (GEOid:GSE50676). 881 
Transcripts for which the putative TFOs were not localized in double stranded parts of the 882 
lncRNA were selected. A total of 115 lncRNAs contained TFOs in single-stranded RNA sites 883 
(Figure 1A). 884 

TrTS and lncRNAs annotation. The transcript and genomic characteristics of the TrTS were 885 
annotated with HOMER using the script annotatePeaks.pl with default parameters101. 886 

887 

3D co-localization of Triple-helix Target Sites 888 

Hi-C interaction maps. Individual chromatin–chromatin contact frequencies from GM12878 889 
cells at 50 and 100 kb resolution were obtained from the original publication (GEO IDs: 890 
GSE63525) and were normalized as previously reported5. 891 

Intra-chromosomal interaction calling. To identify significant interactions between pairs of TrTS 892 
hotspots, we implemented an intra-chromosomal peak calling similarly to the previously 893 
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published102. Firstly, we generated an all-vs-all TrTS-pairs set using as reference the previously 894 
generated TrTS profile. Second, the set of significant TrTS-pairs for each chromosome c was 895 
identified by comparing the distribution of the intra-chromosomal Hi-C interaction frequencies 896 
between TTS-pairs at genomic distance d with the distribution of intra-chromosomal Hi-C 897 
interaction frequencies with comparable sequence-based distance. Next, the minimum amount 898 
of observation required in the distribution was set equal to the number of observations present in 899 
the diagonal of the Hi-C interaction matrix of each chromosome. To this end, Hi-C interaction 900 
frequencies between bins of neighboring sequence-based distance in the distribution were 901 
concatenated. The set of co-localizing TrTS pairs (co-TrTS) was defined as TrTS-pairs 902 
exceeding the upper quartile level. Finally, the 3D co-localization of the co-TrTS set was 903 
quantified by calculating an enrichment score, given by the log2 of the ratio between observed 904 
co-localization over expected by chance at a specific genomic distance. 905 

906 

Co-localizing Triple-helix Target Sites analysis  907 

Motif analysis. De novo motif analysis was performed using the findMotifsGenome.pl Perl 908 
script in HOMER with default parameters101. 909 

Enrichment analysis. Enrichments between the “test” and “query” sets were calculated from 910 
the log2 (observed/expected) ratio of the direct overlaps, using bedtools intersect (with “–f 911 
0.9 –wo” flags), with the randomly shuffled “query” set, using bedtools shuffle (with “–chrom” 912 
flag). The “query” sets are represented by the co-TrTSp. Different test sets were used: (i) 913 
Chromatin state profile  (chromHMM 15 state profile95) for GM12878 from UCSC table 914 
browser (http://genome.ucsc.edu/cgi-bin/hgFileUi?db=hg19&g=wgEncodeBroadHmm); (ii) 915 
Repeat elements profile using RepeatMasker96 annotations from the UCSC table browser 916 
(https://genome.ucsc.edu/cgi-bin/hgTrackUi?g=rmsk); DNAse-seq in GM12878 cells from the 917 
ENCODE project97 (ENCODEid: ENCFF097LEF, ENCFF273MVV, and ENCFF804BNU); 918 
and (iv) Chromatin compartment (see Compartment analysis section). 919 

Per-chromosome co-TrTS potential. Per chromosome co-TrTS potential (CPcoTrTS) is the 920 
fraction of nucleotide sub-sequences (nt_TTS) that participate in co-TrTS formation per kb in 921 
a specific chromosome. 922 

CPcoTrTS = log 100 ∗ _
 

where  is the chromosome length in kilo bases. 923 

Compartment analysis. To segment the genome into A and B compartments, the normalized 924 
Hi-C matrices at 100kb resolution were transformed into correlation matrices using the 925 
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Pearson product-moment correlation. The first eigenvector of a PCA (ev1) on each of these 926 
matrices was used as a quantitative measure of compartmentalization and H3k4me1 and 927 
CG content data were used to assign negative and positive ev1 categories to the correct 928 
compartments (using the rich_in_A option in TADbit). If necessary, the sign of the ev1 929 
(which is arbitrary) was inverted so that positive ev1 values corresponded to A compartment 930 
regions and vice versa for the B compartment. To measure inter- and intra-compartment 931 
strength, we followed a previously reported strategy103. Briefly, for each chromosome, we 932 
calculated observed/expected Hi-C matrices at 100kb, then we sorted the bin of the 933 
observed/expected according to their ev1 values (from lowest value to highest).  The 934 
resulting map was coarse-grained into a 25-by-25 matrix. Finally, all intra-chromosomal 935 
interactions with similar ev1 values were aggregated to obtain compartmentalization saddle 936 
plots as the average of these coarse-grained maps over all chromosomes. 937 

938 

3D colocalization of CTCF Site 939 

CTCF ChIP-seq data in GM12878 cells were obtained from the ENCODE project97 940 
(ENCODEid: ENCSR000AKB). Co-localizing CTCF peaks were defined as the subset of 941 
selected interactions (see Intra-chromosomal interaction calling section) that contained in the 942 
base at least one CTCF peak. 943 

944 

3D colocalization of low complexity sites. 945 

Co-localizing low complexity sites were defined as the subset of selected interactions (see Intra-946 
chromosomal interaction calling section) that enclose low complexity repetitive element as listed 947 
in RepeatMasker96 annotations from the UCSC table browser (https://genome.ucsc.edu/cgi-948 
bin/hgTrackUi?g=rmsk). 949 

950 

Chromosome ensemble modeling 951 

Chromosome representation. Each chromosome was described with a beads-on-a-string 952 
model based-on the previously implemented protocol46,47. Thus, a chromosome is 953 
represented with N spherical beads with diameter  that contains 50 kb of chromatin which 954 
determines the genomic unit length of each model. 955 

System set up for molecular dynamics. All simulations were done using LAMMPS 956 
package104. The potential energy of each system comprises the terms of the Kremer-and-957 
Grest polymer model105 including chain-connectivity (Finitely Extensible Nonlinear Elastic, 958 
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FENE, with K=300.0 kBT/ , R0=1.5	 ), and excluded-volume (purely repulsive Lennard-959 

Jones with = 10.0  for nearest-neighbors beads and 1.0 otherwise and cutoff= √2 ) 960 
interactions. Each model chromosome was initially prepared in an elongated solenoidal-like 961 
configuration resulting from stacked rosette patterns106, placed randomly inside a cubic 962 
simulation box of size 300  centred at the origin of the Cartesian axis O = (0.0, 0.0, 0.0), 963 
tethered at the center of the box using an harmonic (Kt=50.0 kBT/  and deq=0.0 ) to avoid 964 
any border effect and energy-minimized using a short run of the Polak-Ribiere version of the 965 
conjugate gradient algorithm (LAMMPS command minimize 1.0e-4 1.0e-6 100000 966 
100000)104. 967 

Equilibration procedure. Each of the simulations was carried in the canonical ensemble 968 
(NVT) (T=1.0kBT, where kB is the Boltzmann constant). The integration time step was set 969 
equal to 0.006 , where  is the internal time unit and m=1.0 is the bead mass which was 970 

set equal to the LAMMPS default value. Each system was relaxed with a run of unrestrained 971 
Langevin dynamic for 6,000 . After this relaxation phase, the production runs were 972 

performed with a steered molecular dynamics protocol using the COLVARS LAMMPS-973 
plugin107. 974 

Steered Molecular Dynamics protocol. The steered molecular dynamics protocol was used 975 
to progressively favor the spatial proximity of the identified co-localizing loci (see Intra-976 
chromosomal peak calling section) using harmonic restraints between target pairs of beads. 977 
For each restraint, the equilibrium distance was set to 1 bead diameter ( ). The spring 978 
constant k(L,t) was weighted with the sequence-separation L between the restrained 979 
beads47 to ensure that the steering process is not dominated by the target pairs at the 980 
largest sequence separation. k(L,t) was progressively increased during the steering 981 
phase in 1,000 discrete steps (si) each lasting 60  by multiplying the sequence-982 

separation weighted value of k by si. The initial values of k were between 0.002 and 0.006 983 
kBT/  and the final ones between 2.2315 and 6.7714 kBT/ . To sample a reliable 3D 984 
ensemble structures the steering process was repeated independently 1,000 times for 985 
each chromosome and in each individual run only a random set including 10% of the 986 
possible restraints were applied. Per each of the 1,000 replicate runs, the conformation 987 
satisfying the majority of the imposed restraints within a radius of 2  was retained to form 988 
the ensemble of 1,000 3D models used for further analysis. 989 

990 

3D chromosome ensemble analysis  991 
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Contact map generation. A contact map (C) was calculated at 50kb resolution to visualize 992 
the frequencies of contacts from the ensemble of chromosomal models. Two beads were 993 
considered to constitute a contact when their Euclidean distances where below 2	  cut-off.  994 

Contact map from models and Hi-C interaction map comparison. The degree of similarity 995 
between two maps was computed by TADbit108 using different metrics: (i) Element-wise 996 
Spearman correlations coefficient (spCCC); (ii) off-diagonal correlation (dCCC), where the 997 
Spearman’s correlation coefficient is calculated between corresponding off-diagonal for both 998 
matrices, thus generating a genomic distance profile of intra-chromosomal interaction 999 
correlation; and (iii) eigenvectors correlation, where a Pearson correlation between the first 1000 
eigenvectors of each matrix 1001 

1002 

DATA AVAILABILITY 1003 

RNA-seq datasets were downloaded from ENCODE at accession numbers: ENCSR000CPO, 1004 
ENCSR000CQF, ENCSR000CQM, ENCSR530NHO, and ENCSR000CPS. PARS dataset 1005 
was downloaded from Gene Expression Omnibus (GEO) at the accession number 1006 
GSE50676. Hi-C was downloaded from Gene Expression Omnibus (GEO) at the accession 1007 
number GSE63525. CTCF ChIP-seq were downloaded from ENCODE at the accession 1008 
number ENCSR000AKB. DNAse-seq were downloaded from ENCODE at the accession 1009 
number ENCFF097LEF, ENCFF273MVV, and ENCFF804BNU. The GENCODE v19 1010 
lncRNA set was downloaded from https://www.gencodegenes.org/human/release_19.html 1011 

1012 

CODE AVAILABILITY 1013 

Custom scripts used to identify co-localizing loci and perform the restraint-based modeling 1014 
are available at http://sgt.cnag.cat/3dg/datasets/. The custom python scripts, for analysis use 1015 
the Numpy109, Pandas110, Seaborn and Matplotlib111, Scipy112,  and Miltiprocessing113 1016 
libraries. 1017 
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