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Comprehensive analysis of long noncoding RNA (IncRNA)-
chromatin interactions reveals IncRNA functions dependent
on binding diverse regulatory elements
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Over the past decade, thousands of long noncoding RNAs
(IncRNAs) have been identified, many of which play crucial roles
in normal physiology and human disease. LncRNAs can interact
with chromatin and then recruit protein complexes to remodel
chromatin states, thus regulating gene expression. However,
how IncRNA-chromatin interactions contribute to their biolog-
ical functions is largely unknown. Here, we collected and con-
structed an atlas of 188,647 IncRNA-chromatin interactions in
human and mouse. All IncRNAs showed diverse epigenetic
modification patterns at their binding sites, especially the marks
of enhancer activity. Functional analysis of IncRNA target genes
further revealed that IncRNAs could exert their functions by
binding to both promoter and distal regulatory elements, espe-
cially the distal regulatory elements. Intriguingly, many impor-
tant pathways were observed to be widely regulated by IncRNAs
through distal binding. For example, NEAT1, a cancer IncRNA,
controls 13.3% of genes in the PI3K-AKT signaling pathway by
interacting with distal regulatory elements. In addition, “two-
gene” signatures composed of a IncRNA and its distal target
genes, such as HOTAIR-CRIM1, provided significant clinical
benefits relative to the IncRNA alone. In summary, our findings
underscored that IncRNA-distal interactions were essential for
IncRNA functions, which would provide new clues to under-
stand the molecular mechanisms of IncRNAs in complex
disease.

Emerging evidence shows that more than 85% of the human
genome is transcribed into RNA, whereas only about 2% is
translated into proteins (1, 2) Among these noncoding tran-
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scripts, long noncoding RNAs (IncRNAs)> have been impli-
cated in an expanding number of biological and disease pro-
cesses (3, 4). Deregulation of IncRNAs, such as HOTAIR and
PVTI1, has been observed in various cancers, representing a
potential target for therapy in cancer and serving as an indepen-
dent diagnosis and prognostic biomarkers (5-8). Despite inten-
sive efforts to decipher IncRNA functions (9 -12), understand-
ing the detailed molecular mechanisms how IncRNAs elicit
their functions remains, however, a major scientific challenge.

In general, IncRNAs can carry out their functions by diverse
mechanisms, including signals, decoys, guides, and scaffolds
(13). The ability to function as epigenetic modulators, which
creates local chromatin states that facilitate or block the bind-
ing of other regulators through the recruitment of chromatin
modifiers, has been extensively reported (13, 14). Recently, sev-
eral high-throughput techniques were developed to generate
the genome-wide map of IncRNA-chromatin interactions,
including chromatin isolation by RNA purification (ChIRP-
seq) (15), capture hybridization analysis of RNA targets
(CHART-seq) (16), RNA antisense purification (RAP-seq) (17),
and chromatin oligo affinity precipitation (ChOP-seq) (18).
These deep sequencing-based experimental results globally
deciphered the binding sites of a specific IncRNA in a high
resolution, allowing to characterize its downstream molecular
mechanisms. For example, using CHART-seq, Simon et al. (19)
detected the high-resolution maps of Xist bindings on the X
chromosome and revealed a hit-and-run mechanism of Xist
during X-chromosome inactivation in mouse cell lines. Thus,
comprehensive dissection of genome-wide IncRNA-chromatin
interactions not only can help elucidate their functional roles
but also provide important clues to understanding how
IncRNAs contribute to the pathogenesis of complex disease
through epigenetic modification.

Here, we prospectively collected publicly available ChIRP-
seq (15), CHART-seq (16), RAP-seq (17), and ChOP-seq (18)
data and identified 188,647 IncRNA-chromatin interactions in

® The abbreviations used are: IncRNA, long noncoding RNAs; ChIRP-seq, chro-
matin isolation by RNA purification; CHART-seq, capture hybridization
analysis of RNA targets; RAP-seq, RNA antisense purification; ChOP-seq,
chromatin oligo affinity precipitation; TSS, transcription start site; DHS,
DNase | hypersensitive site; GAT, genome association tool; PCG, protein-
coding gene; OS, overall survival; GO, Gene Ontology; Xist, X inactive spe-
cific transcript; MAPK, mitogen-activated kinase; FDR, false discovery rate.
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Figure 1. Systematic identification of IncRNA-chromatin-binding sites. A, the statistic of INcRNA- binding sites identified in human. B, IncRNA-binding
sites in human were focal. C, most of the IncRNA-binding sites were distal to its closest genes. The binding sites occurred more than 2 kb from TSS were
considered as distal. D, cumulative distributions of sequence conservation scores of IncRNA-binding sites, DHS, transcription factor-binding sites (TFBS), and
promoters of CGC genes. The significance test was performed using a Wilcoxon rank-sum test (***, p value < 0.001; n.s., not significant, p value > 0.05). E, motif
discovery and scanning of IncRNA-binding sites in human using HOMER and FIMO, respectively. For motif discovery, only the motif with the highest significant
level was shown. For motif scanning, only the top 3 motif instance ranked by conservation were shown in the transcripts. The red boxes represented the
matched motif instances in INcRNAs. The green lines represent conservation calculated by phastCons.

human and mouse. By combining a large scale of epigenetic
profiling data, we comprehensively dissected the epigenetic
patterns of IncRNA-binding sites. Our findings provided a new
insight into the molecular mechanisms of IncRNAs, which
could promote understanding of functions of IncRNAs and
benefit clinical application in the future.

Results
Systematic identification of IncRNA-chromatin- binding sites

Through carefully literature searching, we collected 23
IncRNA-chromatin sequencing data ((ChIRP-seq (15), CHART-
seq (16), and ChOP-seq (18)), involving 12 and 10 IncRNAs in
human and mouse cell lines, respectively (Table S1). The
majority of data contain two independent sequencing runs with
“even” and “odd” probes. However, we observed striking differ-
ences in signaling intensity between even and odd signals (Fig.
S1). To identify high-confidence IncRNA-binding sites, we
adapted a method described by West et al. (20) by considering
more stringent criteria (see “Experimental procedures” for
details, Fig. S2). During this process, three IncRNAs (i.e.
DACOR]I, LincHSC2, and long noncoding RNAs transcribed
by ERV-9 LTR retrotransposon) were removed due to lack of
even and odd samples, low fold-enrichment, or lack of annota-
tion in GENCODE version 27. As a result, a total of 77,031 and
111,616 IncRNA-chromatin interactions were identified in
human and mouse, respectively (Fig. 1A and Fig. S3). On aver-
age, each IncRNA binds to about 6,420 and 12,401 sites in
human and mouse, respectively (Fig. 14 and Fig. S3, “support-
ing Notes). For the human IncRNA 7SK with binding sites iden-
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tified in H1 and HeLa-S3 cell lines, a high correlation was
observed, indicating the high reproducibility of binding sites
identified (Fig. S4). The average size of binding sites was smaller
than 1 kb expected for SRA whose average size was around 2 kb
(Fig. 1B). Most binding sites were distal to the transcription
start sites (TSSs) of the closest genes (including protein-coding
and noncoding genes) (Fig. 1C, Fig. S5). For these human
IncRNAs, their binding sites showed significantly higher con-
servation than DNase I hypersensitive sites (DHSs) based on
phatCons score (21) (p value <0.05, Wilcoxon rank-sum test,
Fig. 1D) despite the overall low primary sequence conservation
of IncRNAs (22). Motif discovery of IncRNA-binding sites
revealed significant de novo DNA-binding motifs for each
IncRNA using HOMER (23) (Fig. 1E), consistent with the find-
ings in the previous studies (15, 18, 20). For example, both
HOTAIR- and MEG3-binding sites were enriched in a GA-rich
polypurine motif, which was identified as a shared feature of the
polycomb response element (24). This supports the credibility
of IncRNA-binding sites identified. In addition, these de novo
motifs could match the primary sequences of IncRNAs and sev-
eral motif instances occupied in the IncRNA sequence were
identified (Fig. 1E, Table S2), which was probably due to the
formation of DNA:RNA triplex (20, 24, 25).

Diverse epigenetic modification patterns at IncRNA-binding
sites

LncRNAs have emerged as key regulators of epigenetic mod-
ifications by recruiting chromatin-remodeling complexes to
specific genomic loci (25). To explore the associations between
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Figure 2. Complex regulatory role of IncRNAs at distinct genomic elements in human. A, fold-enrichment between IncRNA-binding sites and five core
histone modifications were calculated by GAT and visualized using corrplot. The areas of circles show the value of log2-transformed fold-enrichment. The color
intensity and the size of the circle are proportional to the value. The legend on the bottom side of the correlogram shows the log2-transformed fold-enrichment
with their corresponding colors. The black cross in the circle means the association was not significant (GAT, g-value > 0.05). B, the cluster represents the groups
of IncRNA-binding sites established by k-means classification using histone modification and open chromatin data. The heatmaps represent the normalized
signal ratio of histone modification marks and open chromatin around IncRNA-binding sites at 10 bp resolution. The bars beside the heatmap represents the
overlaps between IncRNA-binding sites and regulatory elements in the matched cell lines (blue for enhancers, red for promoters). The barplots represent the
fold-enrichment between IncRNA-binding sites and regulatory elements determined by GAT in the matched cell lines (¥, p value <0.05).

IncRNA-binding sites and epigenetic modifications, we se-
lected five core histone modifications (including H3K4me3,
H3K4mel, H3K27ac, H3K27me3, and H3K36me3) with avail-
able data in the matched tissue/cell types (Table S3), and eval-
uated whether these histone markers were significantly
enriched for IncRNA-binding sites using genome association
tool (GAT) (26) (“Experimental procedures”). Only IncRNAs (9
human and 8 mouse IncRNAs) with at least two distinct epige-
netic modification data available in the matched cell lines were
used to analyze the associations between epigenetic marks and
their DNA-binding sites. All of the IncRNAs showed diverse
associations with at least two epigenetic marks (Fig. 24 and Fig.
S6A). Nearly all human IncRNAs were significantly enriched in
H3K4me3, associated primarily with active promoters (GAT,
g-value <0.05), and all showed significant enrichments for
H3K4mel and H3K27ac, two markers for active enhancers
(GAT, g-value <0.05).

To further investigate the epigenetic patterns of IncRNA-
binding sites, we calculated the levels of five core histone mod-
ifications and chromatin accessibility (DNase-seq) around
IncRNA-binding sites (2 kb centered on the midpoint of bind-
ing peaks) at a 10-bp resolution in the matched cell lines (Table
S3, “Experimental procedures”). By means of unsupervised
k-means clustering analysis, we found that IncRNAs showed
diverse epigenetic modification patterns at their binding sites,
including promoter- (high H3K4me3), enhancer- (high
H3K4mel and low H3K4me3), repressed- (high H3K27me3),
transcription elongation-associated (high H3K36me3), and
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quiescent patterns (low signal) (Fig. 2B and Fig. S6B). Focusing
on a well-known IncRNA, HOTAIR, four distinct epigenetic
modification patterns were observed. The majority of
HOTAIR-binding sites (50.1%) were located within quiescent
regions. A quarter of binding sites (26.64%) occurred at
repressed regions (high H3K27me3) (Fig. 2B), consistent with
previous reports that HOTAIR could mediate H3K27me3 by
recruiting PRC2 complex (8). Notably, these binding sites also
showed a moderate level of H3K4mel, indicating that many
may represent poised enhancers. Interestingly, we also found
11.68% of HOTAIR-bindings sites exhibiting an active pattern
(3.17% with high levels of H3K4me3 and H3K27ac; 8.57% with
high levels of H3K4mel and H3K27ac). As for NEATI, the
majority of binding sites (51.08%) showed high levels of
H3K4me3, consistent with previous findings that NEATI sub-
stantially bound at promoters (24). Furthermore, we evaluated
the associations between IncRNA-binding sites and regulatory
elements (including promoters and enhancers) using GAT (26)
(“Experimental procedures”). As a result, HOTAIR, MALATI,
NEATI, SRA, 7SK, and TERC (both H1 and HeLa-S3 cell line)
showed significant enrichments for promoters, whereas
SNHGI, NEATI, SRA, 7SK (H1 cell line), TERC, and DINO
showed significant enrichments for enhancers in human (Fig.
2B). Taken together, our results showed diverse epigenetic
modification patterns at IncRNA-binding sites, suggesting that
IncRNAs may carry out more complex functions through reg-
ulating distinct types of regulatory elements.

J. Biol. Chem. (2019) 294(43) 15613-15622 15615
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Linking IncRNA-binding genomic regions with their potential
target genes

Next, we explored the association between IncRNA-binding
regions and potential target genes. For proximal IncRNA-bind-
ing regions, we directly assigned genes whose promoters
(TSS = 1 kb) overlap with IncRNA-binding regions to the cor-
responding IncRNAs as the promoter target genes (Fig. S7A,
left). When IncRNAs interact with distal regulatory elements
(>2 kb to nearest TSSs), we identified distal target genes by
combining long-range chromosomal interaction data. Because
there were not enough cell line-matched chromosomal inter-
action data available (only MCF7 and HeLa-S3), we aggregated
long-range chromosomal interaction data from 24 cell types
and tissues from the 4Dgenome database (27). After that, a total
of 351,083 promoter-centered chromatin interactions (one end
of an interaction should at least overlap with a promoter) were
extracted. Finally, target genes of distal IncRNA-binding
regions were determined by requiring distal IncRNA-binding
regions interacting with gene promoters by a DNA loop (Fig.
S7A, right).

As a result, we found that these IncRNAs had a large differ-
ence in the counts of target genes. An average of 3,100 protein-
coding genes (PCGs) were identified for each IncRNA (Fig.
S7B). LncRNA 78K has the maximum number of target genes
(8,051 PCGs), whereas MALAT1 has the minimum number of
target genes (120 PCGs). Comparing promoter targets to distal
targets, we found that, as expected, the numbers of distal targets
were far more than promoter targets in most of the IncRNAs
(the proportions of distal targets ranged from 53.5 to 94.4%).
Interestingly, we observed significant overlaps between pro-
moter and distal targets for NEAT1, MALAT1, TERC, SRA, 7SK
(p value <10e-7, hypergeometric test, Fig. S8), suggesting that
IncRNAs can target the same genes by binding to the promoter
and distal regulatory elements. Furthermore, through analyz-
ing publically available transcriptome dataset after knockdown
of IncRNAs (MEG3, LED, DINO, NEAT1, and MALATI, Table
S4), a significant overlap between the deregulated genes by
IncRNA manipulation and their target genes were found (p
value <0.05, hypergeometric test, Fig. S9), suggesting that these
IncRNAs can be involved in controlling or regulating the
expression of their bound targets.

IncRNA-binding sites could explain IncRNA functions by
binding to both promoters and distal regulatory elements

Subsequently, we performed GO and KEGG functional
enrichment analysis for the target genes of each IncRNA. As
a result, numerous biological processes were significantly
enriched for some IncRNAs. Among these IncRNAs, NEAT]I,
LED, SRA, TERC, and MEG3 showed significant enrichments
with their known functions (FDR < 0.05, hypergeometric test,
Fig. 3A). Take the cancer-related IncRNA NEAT1 as an exam-
ple (28), we found a mass of significantly enriched GO terms,
involving cell differentiation, cell cycle, and cell death, further
supporting previous observations (29-31). Similarly, KEGG
pathway enrichment analysis also showed that the target genes
could be enriched in various known pathways of IncRNAs
(FDR < 0.05, hypergeometric test, Table S5), such as the PI3K-
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AKT signaling pathway (32) and MAPK signaling pathway
(33) for NEATI, transforming growth factor-f pathway for
MEG3 (18), and WNT pathway for HOTAIR (34, 35) (Fig.
S10, A and B).

To further understand how IncRNAs are involved in the reg-
ulation of pathways, we mapped target genes of IncRNAs to the
enriched pathways. The PI3K-AKT signaling pathway plays a
crucial role in cell cycle and cell survival and has been con-
firmed to be activated by NEATI (32). In the PI3K-AKT signal-
ing pathway, about 17.0% (59/347) of the genes were associated
with NEATI-binding sites. Among these genes, 78.0% (46/59)
are distal targets and 37.3% (22/59) are promoter targets (Fig.
3B). Notably, most of the upstream regulators (e.g. PI3KR3 and
PTEN) and key downstream genes (e.g. GSK3B, MYC, CDK4,
and TP53) in the PI3K-AKT signaling pathway were targeted by
NEAT]I, further supporting the crucial roles of NEAT1 in this
pathway. Moreover, several target genes, such as MYC, PIK3R3,
and TP53, were regulated by NEAT1 through binding to both
enhancers and promoters (Fig. 3, B and C). Taken together,
IncRNAs may exert their functions by binding both promoter
and distal regulatory elements.

Prognostic implication of IncRNA-target genes in human
cancer

LncRNAs could play crucial roles in cancer progression (36,
37), and some have been demonstrated to serve as prognostic
factors, including HOTAIR, MALATI, NEATI1, MEG3, and
SNHGI (38-42). Therefore, we re-evaluated the prognostic
significance of seven IncRNAs (HOTAIR, LED, MALATI,
NEATI, MEG3, TERC, and SNHG]1) in cancer types matching
with their detected cancer cells. We obtained gene (protein-
coding genes and IncRNAs) expression data of 1,330 cancer
patients derived from 3 tumor types (breast cancer, colorectal
cancer, and cervical cancer) from the cancer genome atlas
(TCGA). According to the median of IncRNA expression, the
patients were divided into two groups (high-risk and low-risk
groups). By log-rank test, we found that these IncRNAs did not
significantly predict overall survival (OS) of cancer patients
(Fig. 4A for HOTAIR, Fig. S11 for the other six IncRNAs). We
thus wondered whether the prognostic benefits of IncRNAs
may depend on their interacting targets. To address this issue,
we evaluated the prognostic efficacy of pairs of IncRNAs and
their target genes in cancers. At first, we divided cancer patients
into four groups according to the median expression of
IncRNAs and target genes: high expression of both IncRNAs
and target genes; low expression of both of IncRNAs and target
genes; high expression of IncRNAs and low expression of target
genes; low expression of IncRNAs and high expression of tar-
get genes. Then, we evaluated the prognostic powers of pairs of
IncRNAs and target genes (referring to distal and promoter
target genes) by log-rank test (Fig. S12). We found that 193
pairs of HOTAIR-distal target genes, 674 pairs of LED-distal
target genes, 22 pairs of MALAT1-distal target genes, 162 pairs
of NEATI-distal target genes, 98 pairs of MEG3-distal target
genes, 988 pairs of TERC-distal target genes, and 315 pairs of
SNHGI-distal target genes significantly predicting OS of
patients (p value < 0.05, Table S6). We also found that 13, 51, 6,
135, 13, 361, and 23 IncRNA-promoter targets pairs in
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Figure 3. LncRNA bindings crucially contribute to IncRNA functions. A, functional enrichment results were visualized using Enrichmentmap plugin in
Cytoscape. Node size was proportional to the size of the functional gene set. Clusters were manually circled and labeled. The green circles represented the
known functions of IncRNAs. B, IncRNA NEATT may regulate the enriched KEGG pathway (PI3K-AKT signaling pathway) by both distal (13.3%, green) and
promoter target genes (6.3%, blue). C, representative loci showed that target genes of NEATT could be targeted by both enhancers and promoter bindings, such

as PIK3R3, MYC, and TP53.

HOTAIR, LED, MALATI1, NEAT1, MEG3, TERC, and SNHG1,
respectively, were significantly prognostic (p value < 0.05,
Table S7).

To assess whether the survival prediction ability of these
pairs of IncRNA-target genes was independent of other clinico-
pathologic factors in cancers, univariate and multivariable Cox
regression analysis was performed. The covariables included
age, gender, AJCC stage, and prognostic pairs of IncRNA-target
genes. For HOTAIR, LED, MALATI1, NEAT1, MEG3, TERC,
and SNHG, there were 98, 205, 8, 54, 28, 289, and 80 IncRNA-
distal target pairs, and 8, 20, 0, 37, 5, 97, and 3 IncRNA-pro-
moter pairs independently predicting OS of patients (Tables S8
and S9). We also found that, among these significantly prognos-
tic pairs, most distal/promoter target genes did not significantly
predict OS of patients alone. For example, the combination of
HOTAIR and its distal target gene CRIMI was associated with
prognosis in breast cancer (p value = 0.001, log-rank test, Fig.
4C). The breast cancer patients with high expression of

SASBMB

HOTAIR and low expression CRIMI had the worst survival,
which remained statistically significant in multivariable Cox
regression analysis with adjustment for age and AJCC tumor
stage (HR: 2.078; 95% CI: 1.002—4.312, p value = 0.044, Table
$10). In contrast, individual expression of either HOTAIR or
CRIM1I was not sufficient to yield a statistically significant sur-
vival benefit (p value = 0.209 for HOTAIR, p value = 0.679 for
CRIM]1, log-rank test, Fig. 4B). Taken together, these observa-
tions suggested that a combination of IncRNAs with their tar-
gets could significantly improve the prognostic power of a sin-
gle gene and could be potential powerful predictors of patient
outcomes.

Discussion

To date, the understanding of the IncRNA mechanism that is
essential for deciphering IncRNA functions is very limited. By
integrating numerous IncRNA-chromatin interactions with a
large number of epigenetic data, we found substantial binding
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of IncRNAs to the distal regulatory elements. Importantly,
comprehensive analysis of biological functions and pathways
showed that these distal binding events were highly responsible
for IncRNA functions through chromatin loops. Many key
components in important cancer pathways were targeted by
IncRNAs via distal binding. To our knowledge, our results are
the first to systematically underscore the importance of distal
binding for IncRNA functions.

Epigenetic profiling of IncRNA-binding sites showed diverse
epigenetic modification patterns, implying that IncRNAs had
diverse chromatin preferences and were able to bind to differ-
ent functional elements, including promoter-, enhancer-,
repressed-, transcriptional elongation-associated and quies-
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cent regions. As for HOTAIR, previous studies reported that
HOTAIR could recruit PRC2 and LSD1 to the target gene pro-
moters, inducing histone H3K27-trimethylation and H3K4-
demethylation, and ultimately resulting in gene silencing (8, 25,
43). Consistently, our results showed that HOTAIR was
enriched in promoters and H3K27me3 regions. In addition,
about 11.74% of HOTAIR-binding sites showed significantly
higher levels of H3K4me3, H3K4mel, and H3K27ac relative to
the normal cell line. Because HOTAIR overexpression could
also lead to loss of H3K27me3 at 34 gene promoters (8),
HOTAIR might also have an active role in gene regulation,
which should be tested in further studies. Recently, such versa-
tile IncRNAs have been revealed by Wongtrakoongate et al.
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(44). They found that IncRNA SRA could interact with either
TrxG or PRC2 to deliver either activating or silencing signals, or
even both simultaneously, to establish bivalent domains. To
explore the more comprehensive epigenetic modification pat-
terns, it is very necessary to consider more epigenetic marks in
the future (such as H3K27mel, H3K36mel, and H3K4me2).

Indeed, previous studies of Xist (X inactive specific tran-
script), one of the best-studied IncRNAs, reported that proper
localization of Xist on chromatin is essential for its function
(45). Perturbation of its RNA-binding domain or its interacting
nuclear matrix protein SAFA can globally destroy the localiza-
tion on the X chromosome, thus leading to loss of transcrip-
tional silencing on the X chromosome (46). Similar phenomena
were also observed in other IncRNAs. Our results further
indicated that IncRNAs may substantially localize to DNA
enhancers, and their functions may be highly associated with
these IncRNA-enhancer interactions. By binding enhancers,
IncRNAs could affect gene expression via spatial proximity,
which is mediated by the 3D architecture of the genome (47).

LncRNA distal binding could greatly promote the under-
standing of IncRNA functions in cancers and provide clinical
benefits. Our results showed that the known cancer IncRNA
HOTAIR bound to enhancers of nearly all key genes, such as
IGFIR, TRAF2, FGF family, WNT5A, DVLI1, and CCND3, in
cancer-associated pathways (including MAPK and WNT sig-
naling pathway). Furthermore, some cancer-associated path-
ways were only regulated by IncRNA distal target genes, such as
focal adhesion for DINO and Hippo signaling pathway for LED.
Such substantial enhancer bindings offered new insights into
how abnormal IncRNAs contribute to the pathogenesis of can-
cer. Moreover, the “two-gene” predictor, consisting of a specific
IncRNA and its enhancer targets, such as HOTAIR-CRIM1 was
strongly associated with the clinical outcome in breast cancer
patients, which could be potential prognostic biomarkers. In
contrast with previous studies (8), HOTAIR alone was insuffi-
cient to offer survival benefits. This improvement of prognosis
may reflect the limitation of single IncRNA as prognostic bio-
markers, further supporting the importance of IncRNA-en-
hancer interactions.

Notably, different numbers of IncRNAs-binding sites were
identified for distinct IncRNAs. Different hybridization capture
approaches and sequencing depth may affect IncRNA-binding
sites. For different approaches, two previous studies compared
the coverage of sequencing reads of roX2 CHART that uses a
handful of short capture oligonucleotides and roX2 ChIRP sig-
nal that use a pool of oligonucleotides that tile to full-length of
the RNA from S2 cells (48, 49). They found that different
approaches for identification of roX2 chromatin interaction
showed a high degree of similarity in overall signal profile. By
down-sampling the sequence reads, we found that the number
of IncRNA-binding sites increases rapidly as the depth of
sequencing increases (Fig. S134), consistent with previous
reports (50). Higher depth of sequencing coverage is thus
expected to identify more credible binding sites in the future.
However, there was no significant correlation between the
number of binding sites and the sequencing depth (Fig. S13, B
and C). Especially, the IncRNAs with sufficient sequencing
depth, such as NEAT1, MALATI, and LED, only had the small-
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est number of peaks. The results might suggest that the differ-
ences in binding may be mainly dependent on the biological
properties of specific IncRNAs.

Taken together, our results first revealed a comprehensive
characterization of the diverse epigenetic patterns of IncRNA-
binding sites and demonstrated the importance of IncRNA dis-
tal bindings for IncRNAs’ functions. LncRNA-enhancer inter-
actions should be integrative into the IncRNA-based functional
studies, which could be of great value in revealing new mecha-
nisms underlying the development of complex disease and
identifying novel prognostic biomarkers.

Experimental procedures

Deep sequencing, peak calling, motif analysis, and
visualization

In humans, 27 IncRNA-chromatin interaction data for 12
IncRNAs (ChIRP-, CHOP-, and CHART-seq), 52 ChIP-seq
data for five histone modifications (H3K4mel, H3K4me3,
H3K27ac, H3K27me3, and H3K36me3), and 8 DNase-seq data
in 8 related tissue/cell types, were collected (Table S1). In
mouse, 25 IncRNA-chromatin interaction data for 10 IncRNA,
and 42 ChIP-seq data for five histone modifications, were col-
lected (Table S3). For these sequencing data, raw reads were
uniquely mapped to the reference genome (hgl9 assembly)
using Bowtie2 (version 2.0.6) (51). Peak detection was run using
MACS2 (version 2.0.10.20130501, p value <1E-5) (52).

Identifying epigenetic modification sites

For H3K4mel, H3K4me3, and H3K27ac, gapped peaks were
called, whereas for H3K27me3 and H3K36me3, broad peaks
were called. The intersections between replicates for an epige-
netic mark were extracted. Enhancers in a certain tissue/cell
type were defined as the H3K4mel-gapped peaks more than 2
kb away from the TSSs annotated by GENCODE version 27
(53). Poised enhancers were defined as the enhancers overlap-
ping with H3K27me3 peaks. Promoters were defined as 2-kb
regions centered on the TSSs promoters determined by extend-
ing 1 kb in both directions from the TSS as defined.

Identifying IncRNA-binding sites

For ChIRP-, CHOP-, and CHART-seq, narrow peaks were
called. Because a large difference between the two probe sets
(even and odd probe sets) was observed, we adapted a method
described by West et al. (20) to identify high-confidence
IncRNA-binding sites. Additional criterion (Fig. S2) were fur-
ther considered: 1) OverlapScore: the proportion of overlap-
ping parts relative to the total peak length in even and odd
samples. Thus, higher OverlapScores represent more reliable
binding sites. OverlapScore should be larger than 0.5.

2) Considering the proximity of peaks between the even and
odd samples, at least one peak summit from either the even
samples or the odd samples should be located in their overlap-
ping regions.

3) Similar signal intensities (the correlation coefficient >0.3)
in the extended overlapping regions between the even and
odd samples were required according to previous studies
(15, 18, 54).
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4) Due to anomalous, unstructured, or high signal in next-
generation sequencing experiments independent of cell line or
experiment, the binding regions should not overlap with the
blacklist regions derived from ENCODE (55) and Memiya
et al. (66) (https://sites.google.com/site/anshulkundaje/projects/
blacklists).®

Specifically, for TERC, we considered the intersection between
two conditions as the true peaks. For MEG3, as the raw data were
not available (only merged bam could be downloaded from EBI
database), we directly used the processed data offered by the
author (Pearson correlation >0.3 and fold-enrichment against
input >2). For IncRNA with more than two replicates (SHNG1
and SRA), we directly extracted the overlapping regions across all
replicate samples using bedtools2 (version 2.0.6) (56). DACORI
and LncRNA transcribed by ERV-9 LTR retrotransposon were
excluded due to only one sample available and lack of annotation
in GENCODE version 27 (53), respectively.

Sequence motif analysis

Sequences of the top 30% IncRNA-binding sites (ranked by
fold-enrichment) within =200 bp around peak summits were
extracted and motif discovery analysis against these regions was
performed using HOMER (23). Only motifs of the highest sig-
nificance were reported. Motif locations were scanned in the
IncRNAs exons using FIMO (57).

Evolutionary conservation analysis

The evolutionary conservation analysis was performed
using UCSC 46-way phastCons vertebrate conserved ele-
ments (21).

Signal quantification and visualization

DeepTools2 (58) was used to create bigwigs by normalizing
the ChIP-seq sample with the input samples of each cell line
and the ratio of the normalized signal (RPKM) was calculated
using the bamCompare function at 1 bp resolution. The signal
heatmaps were made using the regions of + 1kb around the
midpoint of IncRNA-binding sites. For visualization purpose
and the high correlation between even and odd samples (aver-
age PCC = 0.751), only one sample was shown in the heatmap.

Genomic intervals enrichment analysis

GAT (26) was used to assess the significances between
IncRNA-binding sites and other genomic regions, including
DNase I-hypersensitive regions, histone markers, enhancers,
and promoters. 1000 simulations were performed with consid-
ering the different regional GC content.

Identified target genes of IncRNA-binding sites

The genes whose promoters were bound by IncRNAs were
considered as promoter target genes. For distal IncRNA-bound
regions (>2 kb to nearest TSS), we identified distal target genes
by combining long-range chromosomal interaction data. First,
we aggregated the chromatin interaction data across 24 cell
types and tissues from the 4Dgenome database, involving

6 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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3,095,879 interactions among 17,239 genes (27). Then, 351,083
promoter-centered chromatin interactions (one end of an
interaction should at least overlap with a promoter) were
extracted. Interactions that connected two gene promoters
were not used. Finally, target genes of distal IncRNA-binding
regions were determined by requiring that distal IncRNA-bind-
ing regions interacted with gene promoters by the DNA loop.

GO and KEGG pathway enrichment analysis

Functional enrichment in Gene Ontology (GO) biological
processes and KEGG pathways of IncRNA target genes were
performed using the clusterProfiler R package (59), setting an
FDR threshold of 0.05 for statistical significance. Visualization
of GO enrichment was performed using Enrichment Map
plugin version 2.0.1 (60) in Cytoscape version 3.7.0 (61). Similar
GO terms were clustered together based on the similarity
between each other using the overlap coefficient. Clusters were
manually circled and labeled to highlight the prevalent biolog-
ical functions among related GO terms. KEGG pathway visual-
ization for relevant KEGG pathways was produced using the
Bioconductor package Pathview (62).

Gene expression profiles data

We obtained protein-coding gene expression data (level 3) in
3 cancer types (breast cancer, colorectal cancer, and cervical
cancer) as well-as the clinical data from the cancer genome atlas
(TCGA) (63). The expression data of IncRNAs were collected
from TANRIC (64). Genes and IncRNAs that had RPKM values
above 0.1 in less than 90 and 30% of the samples were filtered
out and removed from consideration, respectively (65).

Survival analysis

For survival analysis, overall survival was used as the end
points. The Kaplan-Meier method was performed for visualiza-
tion purposes and the differences between survival curves were
calculated by a log-rank test. For IncRNA or target genes,
patients were stratified into groups with high (median) and low
(median) expression values. To explore the prognostic power
of IncRNAs with their target genes, the patients were divided
into four groups according to the median expression of
IncRNAs and target genes: group one with high expression of
IncRNAs and target genes; group two with high expression
of IncRNAs and low expression of target genes; group three
with low expression of IncRNAs and high expression of target
genes; group four with low expression of both of IncRNAs and
target genes. Univariate and multivariate Cox proportional
hazards regression models were applied to estimate the prog-
nostic benefits of pairs of IncRNAs-target genes. The p values
smaller than 0.05 were considered to be statistically significant.
All of the statistical analyses were performed using R software
version 3.4.4.

Author contributions—G. Z., Y. L., and A. X. formal analysis; G. Z.
visualization; G. Z. and L. X. writing-original draft; Y. L., A. X,, J. S.,
H.Z,L.X,S.Z.,and T. L. data curation; T. Z., Y. X., and X. L. super-
vision; T. Z., Y. X., and X. L. project administration; Y. X. and X. L.
funding acquisition; Y. X. investigation.
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