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ABSTRACT

INTRODUCTION

Recently lncRNAs have been implicated in the subcompartmentalization of eukaryotic genome via genomic targeting of chromatin remodelers. To explore
the function of lncRNAs in the maintenance of active chromatin, we characterized lncRNAs from the
chromatin enriched with H3K4me2 and WDR5 using
chromatin RNA immunoprecipitation (ChRIP). Significant portion of these enriched lncRNAs were arranged in antisense orientation with respect to their
protein coding partners. Among these, 209 lncRNAs,
commonly enriched in H3K4me2 and WDR5 chromatin fractions, were named as active chromatin
associated lncRNAs (active lncCARs). Interestingly,
43% of these active lncCARs map to divergent transcription units. Divergent transcription (XH) units
were overrepresented in the active lncCARs as compared to the inactive lncCARs. ChIP-seq analysis
revealed that active XH transcription units are enriched with H3K4me2, H3K4me3 and WDR5. WDR5
depletion resulted in the loss of H3K4me3 but not
H3K4me2 at the XH promoters. Active XH CARs
interact with and recruit WDR5 to XH promoters,
and their depletion leads to decrease in the expression of the corresponding protein coding genes and
loss of H3K4me2, H3K4me3 and WDR5 at the active XH promoters. This study unravels a new facet
of chromatin-based regulation at the divergent XH
transcription units by this newly identified class of
H3K4me2/WDR5 chromatin enriched lncRNAs.

High throughput global transcriptome analyses have identified that majority of the human genome is dynamically
transcribed to encode a complex range of lncRNAs (1).
Pathway-based and phenotype-based screening approaches
have been the prominent strategies for the identification
of functional lncRNAs (2–4). Mechanisms by which these
functional lncRNAs execute key regulatory roles in diverse
biological processes have been found to be dynamic and
context specific (5–7). They have been shown to function as
the regulators of transcription and translation, as stabilizers of transcripts and proteins, as scaffolds facilitating the
assembly of protein complexes and aid in the recruitment
of the transcription factors/chromatin regulators to specific
genomic regions (8). From the previous evidence, it is apparent that many examples ascribe a function of lncRNAs in
guiding epigenetic effector complexes, in cis or trans, to catalyze epigenetic modifications in a sequence specific fashion across the genome (9,10). These functional precedents
by several lncRNAs increase the potential of lncRNAs and
chromatin modifying enzymes to collectively constitute a
regulatory network with the requisite complexity to delineate dynamic epigenetic landscapes.
Chromatin, which fine-tunes gene expression in a spatiotemporal fashion is organized into active and inactive chromatin compartments with distinct epigenetics codes. Active
chromatin is characterized by the presence of histone marks
such as H3K4me1, H3K4me2, H3K4me3, H3K36me3 and
H3K27ac (11–13). These modifications have been shown to
be specifically enriched in the active chromatin regions such
as promoters, enhancers and actively transcribed regions.
Of these, H3K4me2 and H3K4me3 are promoter specific
chromatin marks and the rest are used to define different
types of enhancers (active, poised and inactive) (14,15). Inactive chromatin on the contrary is marked by histone mod-

* To

whom correspondence should be addressed. Tel: +46 31 786 6928; Email: kanduri.chandrasekhar@gu.se
Correspondence may also be addressed to Tanmoy Mondal. Tel: +46 31 786 6928; Email: tanmoy.mondal@gu.se

†

The authors wish it to be known that, in their opinion, the first two authors should be regarded as Joint First Authors.


C The Author(s) 2018. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Downloaded from https://academic.oup.com/nar/article-abstract/46/18/9384/5053167 by Goteborgs Universitetsbibliotek Biomedicinska Biblioteket user on 07 November 2018

H3K4me2 and WDR5 enriched chromatin interacting
long non-coding RNAs maintain transcriptionally
competent chromatin at divergent transcriptional units
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MATERIALS AND METHODS
Breast cancer cell lines
BT-549 (CLS-300312; CLS cell line service, Germany), MDA-MB-231 (ACC-732; American Type Culture
Collection, USA) and Hela (ATCC CCL-2) cell lines were
cultured in DMEM (Invitrogen) supplemented with 10%
FBS (Invitrogen) and 1% antibiotic cocktail (Pen-Strep,
Invitrogen) at 37◦ C with 5% CO2 supply.
Chromatin RNA Immuno-Precipitation
Chromatin RNA immunoprecipitation (ChRIP) was performed as per the published protocol (32) using antibodies anti-H3K4me2 (Abcam: ab7766), anti-WDR5 (Abcam:
ab56919) and anti-IgG (Millipore; 12-370). In brief, BT-549
cells were treated with 5 g/l of Actinomycin D (ActD)
(Sigma) for 40 min to inhibit nascent transcription. ActD
treated cells were first cross-linked (20 × 106 cells were fixed
in 20 ml volume) with 1% formaldehyde (Sigma-) at room
temperature (RT) for 10 min and the crosslinking reaction
was quenched with Glycine at 125 M of final concentration (Sigma-) at RT for 5 min. These cells were additionally cross-linked with UV light on ice. The later steps in
the ChRIP protocol were strictly followed according to the
published protocol. Ten percent input was used to calculate the percentage of transcript bound to chromatin in the
H3K4me2 and WDR5 pull-down chromatin fractions as
compared to the negative control IgG. Fold enrichment was
normalized to GAPDH.
UV crosslinked RNA immunoprecipitation (UV-RIP)
BT-549 cells treated with Actinomycin-D for 1 h were cross
linked using ultra violet wavelength of light, washed with
1× PBS (3×) and re-suspended in modified RIPA lysis
buffer (150 mM NaCl, 50 mM Tris, 0.5% sodium deoxycholate, 0.2% SDS, 1% NP-40) supplemented with RNase
inhibitors (Ambion, AM2694) and protease inhibitors. Cell
suspension was sonicated using a Bioruptor Pico Ultra
sonicator for 3 × 30 s cycles. 10 l of DNase (Promega,
M610A) was added to sonicated material, incubated at
37◦ C for 10 min, and spun down at max speed for 10 min at
4◦ C. Protein-A Dyna-beads were washed and pre-incubated
with 4 g of WDR5 antibody for minimum of 2 h at 4◦ C.
Lysate and beads were incubated at 4◦ C for 2 h. Beads were
washed 3× using wash buffer 1 (1 × PBS, 0.1% SDS, 0.5%
NP-40) followed by 2× using a wash buffer 2 (5 × PBS, 0.1%
SDS, 0.5% NP-40) and crosslinking was reversed with NaCl
and proteins were digested with 5 l proteinase-K (Invitrogen, PN100005393) at 55◦ C for 1 h. RNA was extracted using TRIzol Reagent (Ambion, AM9738).
Chromatin oligo affinity precipitation (ChOP)
The ChOP assay was performed as described before by
Akhade et al. (33) with some modifications. BT-549 cells (20
× 106 ) were treated with 5g/l ActD for 1 h and the ActD
treated cells were cross-linked using 1% formaldehyde for
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ifications such as H3K27me3 and H3K9me3 (16). These active and inactive chromatin-specific histone codes are defined by chromatin remodelers in a tissue and developmental stage dependent manner (17). Although the functional
role of various chromatin remodelers in defining different
epigenetic states is well researched but how chromatin remodelers are targeted to specific genomic portions has not
been investigated enough.
Recent evidences suggest that lncRNAs constitute an
important feature in the targeting of chromatin modifiers
across the genome (18,19). Thus, there is a growing interest
to address the functional contribution of lncRNAs in defining the chromatin sub-compartmentalization of the eukaryotic genome. Consistent with this notion, recent investigations have characterized the lncRNAs enriched in interphase chromatin, repressive chromatin and mitotic chromosomes (20–22). Intergenic10 lncRNA, purified from interphase chromatin, shown to positively regulate the neighboring genes in cis while MEG3 lncRNA, purified from repressive chromatin, regulates its target genes in trans via
triplex formation. Nevertheless, both these lncRNAs have
been shown to regulate their target genes at transcriptional
level through modulating chromatin structure (20,21).
In order to understand how lncRNAs maintain chromatin structures at the gene regulatory regions, one needs to
understand the mode of action of lncRNAs both from repressive and active chromatin compartments. Active and inactive chromatin-specific chromatin modifiers WDR5 and
EZH2, respectively, have been shown to collaborate with
lncRNAs for their targeting to various regions across the
genome (23,24). WDR5, which is required for the maintenance of H3K4me1, H3K4me2 and H3K4me3 chromatin
modifications, has been shown to interact with lncRNA
for its stabilization. The binding of lncRNAs to WDR5
confers its chromatin localization whereas mutant WDR5
lacking RNA binding fail to localize to chromatin and
gets rapidly degraded (25). Interestingly, WDR5 has been
shown to specifically interact with H3K4me2 and nucleate the assembly of MLL-SET1 complexes to catalyze the
transition of H3K4me2 to H3K4me3 (26,27). However, no
study has addressed the possible role of lncRNAs in the
functional interactions between WDR5 and H3K4me2. Although both H3K4me2 and H3K4me3 have concordant enrichment patterns (28,29), H3K4me2 seem to be enriched
at specific genomic regions. For example, H3K4me2 marks
have been shown to define transcription factor binding regions (30) and also marks for tissue-specific gene regulation (31). Thus, exploring the possible role of lncRNA mediated interactions between WDR5 and H3K4me2 may reveal hitherto unknown role of H3K4me2/lncRNA/WDR5
nexus in the establishment of active chromatin structures.
To this end, we have used an optimized chromatin RNA
immunoprecipitation method (ChRIP) as described previously (21,32) to characterize lncRNAs associated with different chromatin compartments. In this study, we have characterized lncRNAs from the chromatin enriched with both
H3K4me2 and WDR5 to understand their potential role in
the chromatin-dependent gene regulation.

9386 Nucleic Acids Research, 2018, Vol. 46, No. 18

ChRIP library preparation and RNA sequencing
Since RNA yield from each ChRIP pull-down was not sufficient for library preparation to perform high-throughput
RNA-sequencing using SOLiD (Applied Biosystem) sequencing platform, we had to pool the purified RNA for
each antibody from three independent biological pull-down
ChRIP experiments. The RNA sequencing library preparation for SOLiD high throughput RNA sequencing was
done following standard library preparation protocol using SOLiD Total RNA-Seq Kit. The RNA sequencing was
done at Uppsala Genome Center, Sweden.

RNA interference (RNAi)
We randomly chose ten XH loci with antisense lncRNAs
and sense protein coding partner genes, encoding transcription factors. We custom designed five small interfering RNAs (siRNAs) for each lncRNA and transfected them
along with control siRNA (Invitrogen) in both BT-549 and
MDA-MB-231 cell lines. We could downregulate five out
of ten lncRNAs by at least by one siRNA in one of the
two cell lines. We downregulated mRNAs of protein coding
partner genes such as HOXC13 and GATA6 using esiRNA
pool (Sigma) while FOXD3 was depleted using two siRNAs
(Sigma). We used esiRNA against EGFP as a negative control. We transfected 50 pmol of each siRNAs per 70 000–80
000 cells. For esiRNA, we had used 1.4 g per 70 000–80
000 cells. We transfected siRNAs using RNAi Max (Invitrogen) or Lipofectamine 3000 (Invitrogen). We found RNAi
Max to be more efficient in downregulating the active XH
lncCARs and for protein coding mRNAs, both the transfection reagents were equally efficient. For WDR5 depletion we used three independent commercially available siRNAs from Invitrogen in the same way as described above for
other genes. All siRNA sequences are provided in Dataset
S9.
Subcellular fractionation
Subcellular fractionation was performed as prescribed earlier with following modifications(21). Briefly, approximately
1 × 106 BT-549 cells were washed with ice cold 1× PBS
and resuspended in 175 l of cold cytoplasmic lysis buffer
(50 mM Tris–HCl pH 8.0; 140 mM NaCl; 1.5 mM MgCl2 ;
0.5% NP-40; supplied with RNase inhibitor) and incubated
for 5 min on ice. Cytoplasmic fraction was separated as supernatant by centrifugation at 500g at 4◦ C for 4 min. Nuclear pellet was re-suspended in cold PBS and pelleted with
high-speed centrifugation (5000 rpm) for 1 min. RNA was
extracted from these two fractions using the TRIzol reagent
(Life Technologies).
Chromatin immuno precipitation (ChIP)
ChIP was performed using kit for transcription factors
(C01010055) and histone modifications (C01010073) as
per manufacture’s (Diagenode) recommendations using
anti-H3K4me2 (Abcam: ab7766), anti-WDR5 (Abcam:
ab56919), anti-H3K4me3 (Millipore: CS200554) and control IgG (Millipore; 12-370) antibodies. Briefly, BT-549 cells
(2 × 106 ) were seeded in 10cm petri dish and transfected
with 500 pmol of negative control or 500 pmol of siRNAs
Cells treated with control and target-specific siRNA were
harvested, and equal number of cells were cross-linked with
1% formaldehyde at room temperature for 5 min. Crosslinking was quenched using 125 M of Glycine. Cells were
lysed in lysis buffer using the manufacturer’s recommendation and was sonicated for 30 cycles (30 s on, 30 s off in
Diagenode Bioruptor Plus) to obtain fragment size of 100–
300 bp. 3 g of antibody was used per 7–10 g of sonicated
chromatin and binding reaction was carried out overnight.
The steps following overnight incubation was performed as
per the manufacturer’s recommendations. ChIP DNA and
Input was finally eluted in 250 l volume. 10% of input from
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10 min at room temperature followed by quenching (using
0.125 M glycine). The cross-linked cell pellet was obtained
by centrifugation at 1000g at 4◦ C for 10 min. Cells were resuspended in 2 ml of buffer A (3 mM MgCl2 , 10 mM Tris–
HCl, pH 7.4, 10 mM NaCl, 0.5% v/v NP-40, 0.5 mM PMSF
and 100 units/ml RNasin) and incubated on ice for 20 min.
Nuclei were harvested by centrifugation and resuspended
in 1.2 ml of buffer B (50 mM Tris–HCl, pH 7.4, 10 mM
EDTA, 0.5% Triton X-100, 0.1% SDS, 0.5 mM PMSF and
100 units/ml RNasin) and incubated on ice for 40 min.
An equal volume of buffer C (15 mM Tris–HCl, pH 7.4,
150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5 mM
PMSF and 100 units/ml RNasin) was then added and incubated on ice for 15 min. Samples were sonicated using
a Bioruptor sonicator (Diagenode) for 45 cycles (30 s on,
30 s off at High Pulse). Nine different oligos complimentary to FOXD3-AS1 and 15 different oligos complimentary
to both HOXC13-AS and GATA6-AS1 were pooled with a
final concentration of 10 M and then used for the RNA
pull down. As a control, a pool of nine oligos in reverse orientation targeting to the FOXD3-AS1 and 15 oligos in reverse orientation to both the HOXC13-AS and GATA6-AS1
were used. The oligos were added to the chromatin solution
along with yeast tRNA (100 g/ml), salmon sperm DNA
(100 g/ml), BSA (400 g/ml) and incubated overnight at
4◦ C. Samples were then incubated with streptavidin agarose
beads for 3 h followed by two washes of low salt buffer
(20 mM Tris–HCl, pH 7.9, 150 mM NaCl, 2 mM EDTA,
0.1% SDS, 1% TritonX-100, 0.5 mM PMSF and 50 units/ml
RNasin), two washes of high salt buffer (20 mM Tris–HCl,
pH 7.9, 500 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton
X-100, 0.5 mM PMSF and 50 units/ml RNasin) and one
wash of 1× PBS. The beads were then incubated with elution buffer (1% SDS, 100 mM NaHCO3 ) for 45 min with
intermittent mixing at 65◦ C followed by Proteinase K (80
g/ml) digestion and DNA was isolated using phenol chloroform extraction. The fold enrichment over input was calculated considering the percentage of input chromatin used
for ChOP and the Ct values obtained for the target from
Input DNA and ChOP DNA as follows. Fold enrichment
over input = % of input × 2[Ct(input) − Ct(ChOP)] .
We checked the chromatin enrichment of the active XH
lncCARs at the promoters of their partner protein coding
genes with primers spanning –1 kb to +1.7 kb from the transcription start site (TSS) and also beyond transcription termination site (TTS) of the respective genes. The location of
the primers with respect to TSS and TTS are mentioned in
Dataset S9.

Nucleic Acids Research, 2018, Vol. 46, No. 18 9387

LNA modified antisense GapmeRs treatment
We synthesized two antisense LNA GapmeRs (LNAs) each
for GATA6-AS1, HOXC13-AS and FOXD3-AS1 along with
negative control LNA (Refer oligo sequence table from
Dataset S9). To downregulate GATA6-AS1, HOXC13-AS
and FOXD3-AS1 lncRNAs, 20 pmol of LNA was transfected per 70 000–80 000 cells using RNAi Max (Life Technologies) for 48 h.
Quantitative RT-qRCR analysis
Total RNA was isolated from cells using Relia RNA isolation kit (Promega) following manufacturer’s directions. Reverse transcription of RNA was carried out using InpromtII
transcriptase (Promega). For detecting mature XH lncCARs and their protein coding gene pairs, exon-spanning
primers were designed distal to the promoter. Gene expression was normalized to GAPDH. Error bars in RT-PCR
analysis are standard deviations of mean expression relative
to GAPDH from three independent experiments. Primer sequences used are given in Dataset S9. The level of nascent
transcripts was measured using 5-ethynyl uridine (EtU) labeling and biotin tagging by Click-iT chemistry following
protocol described in previous study (34).
Active XH lncCAR overexpression
Full length transcripts of HOXC13-AS and FOXD3-AS1
were amplified from total cDNA of BT-549 cell line using primers containing restriction enzyme recognition sequences for HindIII and NotI as described in Dataset S9.
Both the amplified full-length transcripts were digested with
HindIII and NotI and each transcript was cloned separately in HindIII/NotI linearized pcDNA3.1 (Invitrogen).
HOXC13-AS and FOXD3-AS1 pcDNA3.1 constructs were
transiently transfected into BT-549 cells using RNAi Max
(Invitrogen) and cells were harvested for RNA isolation
after 2 and 5 days post-transfection. RNA isolation and
cDNA preparations were done as meontined above to check
for the expression of ecopically expressed active XH CARs
and also the expression of their respective protein coding
genes.
Western Blotting
BT-549, MDA-MB231 and Hela cells from the outlined experiments were harvested, washed once with PBS and then

lysed in lysis buffer containing 20 mM Tris, pH 8.0, 250 mM
NaCl, 5 mM MgCl2 , 0.1 mM EDTA, 1 mM DTT, 0.5% Triton X-100, 1 mM PMSF and 1× Protease inhibitor cocktail
for 45 min at 4◦ C. The protein lysates were separated on
a 10% SDS-PAGE gel and transferred to a nitrocellulose
membrane. The membrane, after blocking in 5% skim milk
(in PBS), was incubated with primary antibody overnight at
4◦ C. The membrane was then washed thrice in PBS–Tween
(PBST) followed by incubation with horseradish peroxidase
(HRP)-conjugated secondary antibody. After three washes
in PBST, the blot was subjected to chemiluminescence using luminol as the substrate. The antibodies were used at the
following dilutions: WDR5 (1:1000), ␣-Tubulin (1:5000),
HOXC13 (Abcam: ab188043, 1:1000), FOXD3 (Cell Signaling #2019, 1:1000), FLAG (Sigma F7425, 1:1000), HRPconjugated secondary antibody (1:5000)
Formaldehyde crosslinked RNA immunoprecipitation (fRIP)
HeLa cells were transfected with 2 g/ml of either FLAGHA WDR5 WT or FLAG-HA WDR5 F266A plasmids.
After 48 h of transfections cells were harvested. Approximately 1% of harvested cells were used for western analysis to detect induction of FLAG-HA WDR5 using antiFLAG antibody (Sigma F7425). Roughly 12 × 106 cells
were cross-linked with 1% formaldehyde at room temperature for 5 min. Cross-linking was quenched using 125 M
of Glycine, washed three times with 1× cold PBS and resuspended in modified RIPA lysis buffer (150 mM NaCl, 50
mM Tris, 0.5% sodium deoxycholate, 0.2% SDS, 1% NP-40)
supplemented with RNase inhibitors (Ambion, AM2694)
and protease inhibitors. Cell suspension was sonicated using a Bioruptor Pico Ultra sonicator for 15 × 30 s cycles.
10 l of DNaseI (Promega, M610A) was added to sonicated material, incubated at 37◦ C for 10 min, and spun
down at max speed for 10 min at 4◦ C. Protein-A Dynabeads were washed and pre-incubated with 4 g of antiFLAG antibody for 2 h at 4◦ C. Lysate and beads were incubated at 4◦ C for 2 h. Beads were washed three times with
wash buffer 1 (1 × PBS, 0.1% SDS, 0.5% NP-40) and two
times with wash buffer 2 (5 × PBS, 0.1% SDS, 0.5% NP40) and cross-links were reversed and proteins were digested
with 5 l proteinase-K (Invitrogen, PN100005393) at 55◦ C
for 1 h. RNA was extracted using TRIzol reagent (Ambion,
AM9738).
Computational analysis for characterizing active chromatin
associated RNAs (active CARs)
Sequencing, alignment and quantification of ChRIP-seq.
The ChRIP samples for WDR5, H3K4me2 and nuclear RNA (input) were sequenced using Applied Biosystems SOLID platform by preparing strand specific library protocol according to the manufacturer’s recommendations. Obtained sequencing reads (25–75 nucleotides
long) were aligned to the reference hg19 genome using
Lifescope 2.5 [http://www.lifetechnologies.com/lifescope],
splice junction-aware aligner from AB SOLID with default parameters (number of mismatches allowed: 2). The
alignment files were further processed for quality filtering (mapping quality, MAPQ ≥ 30; maximum mapping
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all the reactions was used for calculating the fold enrichment. 5 l of purified DNA was used as template in qPCR
reactions. Fold enrichment was normalized to the Input.
A couple of primer pairs spanning the 1.5 kb protein coding gene promoter region was used to calculate H3K4me2,
H3K4me3 and WDR5 enrichment. Primer pair spanning
upstream non-promoter region was used as a negative control to determine the specificity of antibodies used (Refer
primer sequence table from Dataset S9).
For ChIP sequencing using BT-549 cells with H3K4me2,
H3K4me3 and WDR5 antibodies, we used the same ChIP
kit that we used for ChIP-qPCR experiments with suggested
scale up as per as manufacturer’s recommendations.
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Neighboring gene analysis and classification. We looked
for the genomic arrangement of H3K4me2 and WDR5 enriched transcripts in relation to the neighboring protein
coding genes and lncRNAs based on first hit in a window of 50 kb regions using BEDtools (38) closest’ (increasing >50 kb did not change the results significantly). We
categorized the pairs into two major classes such as antisense (X) and sense (S) pairs based on the orientation towards their partners. There are few transcripts among the
H3K4me2 and WDR5 transcripts having both antisense
and sense partners (ambiguous paring) and to avoid any
bias these transcripts were counted in both antisense and
sense classification. Among antisense partners, there were
H3K4me2 or WDR5 associated lncRNAs having protein
coding genes as partners (pPCG), H3K4me2 or WDR5
associated lncRNAs having other lncRNAs as partners
(pLncRNA), H3K4me2 or WDR5 associated PCGs having other lncRNAs as partners (pLncRNA) and H3K4me2
or WDR5 associated PCGs having other PCGs as partners
(pPCG).
Within the antisense pattern, we found further four subpatterns. For example, in H3K4me2 or WDR5 lncRNAs we
found: XH, head-to-head divergent transcripts; XT, tail-totail; XI, lncRNA-Inside (lncRNA within a protein-coding
gene); XO, lncRNA-Out (protein coding gene within a
lncRNA). The other categories include XH-dist, if the promoters of head-to-head are separated by >2 kb and within
50 kb window. And the sense pattern was divided into two
categories such as sense (within 2 kb distance) and sensedist, if the genes are separated by >2 kb distance within
50 kb window. Similar classifications were also done for
protein coding genes enriched in H3K4me2 and WDR5.
In addition to the above analysis, we used non-chromatin
enriched RNAs as control groups or background. Nonchromatin enriched RNAs were selected if they have at least
one read (minimum expression) assigned in any of ChRIP
samples used in this study (H3K4me2, WDR5 or nuclear
input samples).
Functional enrichment analysis of neighboring protein coding
genes. Gene enrichment analysis of neighboring protein

coding genes to H3K4me2 and WDR5 lncRNAs was performed using GeneSCF v1.1 (39) and Gene Ontology processes were considered significant if there is at least 5 genes
associated with the process and having P-value <0.05. We
have performed enrichment analysis using different Gene
Ontology annotations such as, Biological Process (BP) and
Cellular Component (CC). There were 14 493 protein coding genes showing minimal expression in at least one sample
(H3K4me2, WDR5 or nuclear input RNA ChRIP sample)
were considered as background set.
For protein coding genes enriched in H3K4me2
(H3K4me2 PCGs) and WDR5 (WDR5 PCGs) ChRIP
pull-downs, we performed gene enrichment analysis for
H3K4me2 and WDR5 PCGs as well as for their partner
protein coding genes.
ChIP-seq data processing and analysis. Initial quality
checks for ChIP-seq was performed using FastQC (http:
//www.bioinformatics.babraham.ac.uk/projects/fastqc/)
to check for adapters. Obtained clean reads were
aligned to hg19 genome with bowtie aligner (40).
The duplicate sequences or reads from the samples were removed using SAMtools and picard
(http://broadinstitute.github.io/picard/) utility. The blacklisted regions of hg19 genome (http://mitra.stanford.
edu/kundaje/akundaje/release/blacklists/) were removed
using ‘bamutils’ from NGSUtils. To obtain log2-ratio
of H3K4me2 and H3K4me3 sample over control/input
sample, we used bamCompare from deepTools suite
(41). For visualization of enrichments, deepTools utilities
computeMatrix and plotProfile were used. In addition, we
have analyzed ENCODE (42) ChIP-seq dataset H3K4me2
(ENCFF000BJF) and corresponding control sample
(ENCFF000BHF) from human mammary epithelial cells
(HMEC) and GEO (GSE55279) (43) dataset of WDR5
ChIP-seq from LnCaP cellline and corresponding control
samples with the same approach used for BT-549 ChIP-seq
analysis. All the ChIP-seq line plots were smoothened using
ggplot2.
RESULTS
Characterization of H3K4me2 associated RNAs
Previously, using ChRIP, we have characterized the chromatin association property of the human KCNQ1OT1 antisense lncRNA (44,45). Using a modified ChRIP protocol
followed by high-throughput sequencing (ChRIP-seq), later
we identified lncRNAs that are associated with repressive
chromatin on a global scale (21). Here we used this modified
ChRIP-seq protocol to characterize H3K4me2 enriched
chromatin associated lncRNAs in breast cancer cell line BT549 treated with Actinomycin D (ActD) to prevent any cotranscriptional crosslinking of lncRNAs to chromatin. The
efficacy of the transcriptional arrest by ActD was tested by
purifying nascent transcripts, prior and after ActD treatment, following 5-ethynyl uridine (EtU) labeling and biotin tagging by Click-iT chemistry (Supplementary Figure
S1A) (34). We found that ActD treatment for 1 hour could
significantly block de novo transcription of protein coding genes (GAPDH and HOXC13), ribosomal RNAs (45S,
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quality in SOLID, MAPQ = 50) using SAMtools (35) to
avoid multiple mapped reads and obtained 6 259 178, 6
112 539 and 8 084 998 mapped reads in WDR5, H3K4me2
and nuclear RNA (Input) samples, respectively. This constitute 28%, 34.8% and 38% of total mapped reads from
WDR5, H3K4me2 and nuclear input RNA. Later featureCounts (36) from Subread package was used to quantify expression (number of exonic reads mapped per transcript) of lncRNAs and protein coding genes (PCGs) using GENCODE (V19, equivalent to Ensembl GRCh37.74)
annotation (37) in individual samples (-s 1 -t exon -Q 30).
Obtained reads were normalized by Reads per Kilobase
per Million (RPKM) normalization (https://github.com/
santhilalsubhash/rpkm rnaseq count). Log-fold changes
were calculated from RPKM values by considering Input sample as control (log2 [H3K4me2/Input] and log2
[WDR5/Input]). We used log-fold change >1 (fold-change
> 2) to assign H3K4me2 and WDR5 associated lncRNAs
and PCGs.
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H3K4me2 lncRNAs have non-random genomic distribution
The antisense organization of the H3K4me2 RNAs was further sub-classified into four categories based on a previous study (Figure 1E, see methods) (46). About 34.3% of
the H3K4me2 lncRNAs have divergent organization (XH
category: head-to-head) to their partner PCGs (H3K4me2
lncRNAs-pPCGs) as compared to 20.7% of non-CAR
lncRNAs paired with coding genes (non-CAR lncRNAspPCGs) (hypergeometric P-value (XH) < 5.8E–112) (Figure 1F). This divergent organization was also not prominent in the case of other enriched pairs such as lncRNA–
pLncRNA pairs (15.9%), PCG–pLncRNA pairs (21.4%)
and PCG–pPCG pairs (15.6%) (Supplementary Figure
S1C). These observations suggest that there is an overrepresentation of XH categories exclusively among the
H3K4me2 lncRNAs (Figure 1F and Dataset S3). We name
these H3K4me2 lncRNAs with XH transcription units as
H3K4me2 XH lncRNAs. Interestingly, the other H3K4me2

lncRNAs from sense and other antisense (XT, XI and XO)
categories located within a 2 kb window to the protein coding gene did not show any significant change in their distribution patterns compared to the non-CARs lncRNAs (Figure 1F), suggesting that enrichment of the H3K4me2 XH
lncRNAs is not due to mere genomic proximity to protein
coding genes.
H3K4me2 XH lncRNAs transcription units are associated
with transcription factors
We next addressed whether the enrichment of H3K4me2
XH lncRNAs in our ChRIP pull-downs is not due to their
higher expression in this cell line. For this we first compared the nuclear expression levels of H3K4me2 XH lncRNAs and non-CAR lncRNAs with the similar genomic organization (non-CAR XH lncRNAs) and we found both
were expressed at similar levels in nuclear input (Figure 2A).
Secondly, we compared the nuclear expression and chromatin enrichment of H3K4me2 XH lncRNAs and their
protein coding partners (pPCGs). Although H3K4me2 XH
lncRNAs have lower expression compared to pPCGs, the
lncRNAs were found to be significantly enriched in our
H3K4me2 ChRIP (P-value <3e–36) (Figure 2B). Taken together, these observations indicate that the chromatin enrichment of H3K4me2 XH lncRNAs is independent of their
expression level. Functional enrichment analysis with the
protein-coding gene partners of H3K4me2 XH lncRNAs
revealed biological process (BP) terms related to transcription process (such as DNA-templated transcription, positive and negative transcriptional regulation) and apoptosis
as the top enriched functions. However, these terms were
not enriched with the coding partners (pPCGs) of other enriched antisense (XT + XI + XO) and sense categories of
H3K4me2 lncRNAs (Figure 2C). Furthermore, these transcription factor related terms were also absent in H3K4me2
XH PCGs and non-CARs XH categories (Dataset S4). To
verify whether the enrichment of the transcription related
biological process terms is due to ActD-induced expression,
we measured the steady state level of H3K4me2 lncRNAs
and their coding partner (pPCGs) by qRT-PCR and they
were found to be either unchanged or decreased. Moreover, we did not observe upregulation of the apoptosis related genes after ActD treatment (Supplementary Figure
S2A). Also, cellular component (CC) terms for coding partner (pPCGs) of XH lncRNAs were enriched for distinct
subcellular structures such as nuclear membrane, nuclearpore and PML body (Figure 2C). Our results indicate that
H3K4me2 XH lncRNAs may control important biological
functions through regulating the expression of their coding
partners (pPCGs) that encode important transcription factors (Figure 2C, Dataset S4). Though the other categories of
H3K4me2 lncRNAs and H3K4me2 PCGs may have important regulatory functions, we have focused on understanding the function of overrepresented H3K4me2 XH lncRNAs category in the ChRIP pull-downs.
H3K4me2 XH lncRNAs regulate nearby protein coding genes
at the transcriptional level
Consistent with their chromatin enrichment, the H3K4me2
XH lncRNAs were found to be enriched in the nuclear frac-
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28S and 18S) and lncRNAs (RP4-792G4.2 alias FOXD3AS1 and HOXC-AS5 alias HOXC13-AS) (Supplementary
Figure S1A). Following cross-linking with formaldehyde,
the cells were sonicated and the chromatin was immunoprecipitated using antibodies against H3K4me2. From
the H3K4me2 immunopurified chromatin, collected from
three independent biological replicates, RNA was isolated,
DNaseI-treated and then subjected to high-throughput sequencing along with nuclear input RNA (Figure 1A). We
have considered annotation from GENCODE (V19) (37)
and the transcripts which are expressed in either nuclear
input or H3K4me2 ChRIP purified samples were used for
further analysis (Figure 1B, see Dataset S1). Among these
expressed transcripts, 544 lncRNAs (H3K4me2 lncRNAs)
and 2293 protein coding genes (H3K4me2 PCGs) were enriched by two-fold in the H3K4me2 ChRIP compared to
nuclear input (Figure 1C, see Dataset S2).
Next, we characterized these H3K4me2 enriched RNAs
based on their genomic arrangements with respect to
the nearest transcripts, which either partner with lncRNAs (pLncRNAs) or partner with protein coding genes
(pPCGs). Based on this, H3K4me2 associated RNAs were
categorized as: (i) H3K4me2 lncRNAs paired with protein coding genes (lncRNA-pPCG), (ii) H3K4me2 lncRNAs paired with other lncRNAs (lncRNA-pLncRNA), (iii)
H3K4me2 PCGs paired with lncRNAs (PCG-pLncRNA),
(iv) H3K4me2 PCGs paired with other protein coding
genes (PCG-pPCG). Non-chromatin enriched RNAs (nonCARs) that are expressed in BT-549 were used as background (please see methods section). Non-CARs contain
both lncRNAs (non-CAR lncRNAs) and protein coding genes (non-CAR PCGs). The genomic distribution of
H3K4me2 enriched RNAs can be broadly classified into
two types: transcripts that are transcribed either in antisense
direction (designated ‘X’) or in sense direction (designated
‘S’) to their partners. Interestingly, ∼70% of the H3K4me2
lncRNAs and H3K4me2 PCGs were organized in an antisense orientation to their partner PCGs (pPCGs) and partner LncRNAs (pLncRNAs), respectively, suggesting that
antisense organization is prominent among H3K4me2 enriched RNAs (Figure 1D and Supplementary Figure S1B).

9390 Nucleic Acids Research, 2018, Vol. 46, No. 18

Downloaded from https://academic.oup.com/nar/article-abstract/46/18/9384/5053167 by Goteborgs Universitetsbibliotek Biomedicinska Biblioteket user on 07 November 2018

Figure 1. Characterizing H3K4me2 enriched lncRNAs. (A) ChRIP experimental workflow to identify lncRNAs bound to chromatin enriched with
H3K4me2 and WDR5 in BT-549 cell line. (B) Computational approach used for finding chromatin-associated RNAs and enriched patterns of genomic
organization with respect to nearest protein coding genes. (C) Scatter plot showing the enrichment of H3K4me2 lncRNAs over input. X-axis denotes log
transformed expression values of H3K4me2 lncRNAs and Y-axis denotes log-fold changes of lncRNAs in H3K4me2 ChRIP sample over nuclear input
sample. (D) Histogram shows distribution of H3K4me2 lncRNAs with antisense (X) and sense (S) pattern with respect to their protein coding partner
(pPCGs). ‘n’ denotes number of lncRNA-pPCG pairs in each pattern. (E) Genomic organization of H3K4me2 lncRNAs (green bars) with respect to nearest protein coding genes (grey bars). XH: where lncRNA shows Head-to-Head arrangement with nearby protein coding gene. XT: lncRNA in Tail-to-Tail
arrangement with protein coding gene, XI: lncRNA located inside a protein coding gene, XO: lncRNA located outside and covers the entire protein coding
gene. Sense pairs means lncRNAs in the same orientation as protein coding gene. The notion of greater or less than 2 kb means that the partner genes
(pPCGs) are located within 2 kb (<2 kb) or away from 2 kb (> 2 kb) but within 50 kb window with respect to H3K4me2 lncRNAs. (F) Distribution of
different patterns of genomic arrangements as described in (E) for H3K4me2 lncRNAs and non-CAR lncRNAs.
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Figure 2. H3K4me2 XH lncRNAs regulate the transcriptional activity of their protein coding partners. (A) Nuclear expression levels of H3K4me2 XH
lncRNAs and non-CAR XH lncRNAs. (B) Expression of H3K4me2 XH lncRNA-protein coding pairs (pPCGs) in nuclear input and H3K4me2 ChRIP
samples. The P-value denotes the significance of difference between nuclear input and H3K4me2. (C) Gene ontology based functional enrichment analysis
of protein coding genes that are partners (pPCGs) to H3K4me2 lncRNAs: divergent (XH), other antisense (XT, XI, and XO) and sense lncRNAs. The
bar graph shows number of genes in corresponding ontology term and the heatmap represents the significance of individual terms (P-values obtained
using GeneSCF). The highlighted box, by the heatmap, is listed with different transcription factors from the enriched transcription related terms. (D) Gene
expression analysis of three transcription factors (FOXD3, GATA6 and HOXC13) using RT–qPCR analysis following downregulation of their neighboring
H3K4me2 XH lncRNAs (FOXD3-AS1, GATA6-AS1 and HOXC13-AS) with siRNA in BT-549 cells. LncRNA expression is in green bars while transcription factors expression is in grey. Data represent the mean ± SD. of two independent biological experiments. * P ≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001. (E)
RT–qPCR analysis of FOXD3, GATA6 and HOXC13 gene expression after strand-specific downregulation of FOXD3-AS1, GATA6-AS1 and HOXC13-AS
respectively, using LNA. Data represent the mean ± SD. of two independent biological experiments. * P ≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001. (F) Gene
expression analysis of three H3K4me2 XH lncRNAs (FOXD3-AS1, GATA6-AS1 and HOXC13-AS) using RT–qPCR analysis following downregulation
of their respective transcription factor partners with siRNA or esiRNA in BT-549 cells. LncRNAs expression is depicted as green bars while transcription
factors expression is in grey bars. Data represent the mean ± SD. of two independent biological experiments. * P ≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001.
ns denotes non-significant.
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Characterization of WDR5-enriched chromatin interacting
lncRNAs
The role of some of the H3K4me2 XH lncRNAs in transcriptional regulation prompted us to look into the possible mechanism by which they carry out target gene regulation. Previously, it was proposed that WDR5, a critical
component of active chromatin remodeling complexes such
as MLL/SET1, binds directly to H3K4me2 and helps in
the conversion of H3K4me2 to H3K4me3 (27). Hence using ChRIP we purified WDR5-enriched chromatin interacting RNAs in BT-549 cells (Figure 1A). Using the same approach as described earlier for characterizing the H3K4me2
RNAs, we identified 807 lncRNAs and 4381 protein coding genes to be significantly enriched in the WDR5 chromatin pull-down as compared to nuclear input (WDR5
lncRNAs and WDR5 PCGs) (Figure 3A and Dataset S5).
Like in H3K4me2 enriched RNAs, >70% of the WDR5 enriched RNAs were also organized in an antisense orientation with their neighboring partners (Supplementary Figure S4A). 36.5% of the WDR5 lncRNAs have a XH organization as compared to the non-CAR lncRNAs (20.7%)
and WDR5 PCGs paired with lncRNAs (20.6%) (Figure
3B, Supplementary Figure S4B, Dataset S6). Since both
H3K4me2 and WDR5 lncRNAs exhibited similar genomic

distribution i.e., enrichment of XH category, we analysed
how many of the H3K4me2 XH lncRNAs were enriched
with WDR5. We found that 209 of the H3K4me2 lncRNAs
(around 50% of them, hypergeometric P-value < 2.08E–19)
were also enriched in the WDR5 lncRNAs. We have termed
these 209 lncRNAs as active chromatin associated lncRNAs (Active lncCARs) (Figure 3A). Active lncCARs were
also organized in an antisense orientation with their neighboring partners (Supplementary Figure S4C). Interestingly,
the distribution of XH lncRNAs in the active lncCARs (active XH lncCARs) is even more overrepresented (43.6%)
compared to their distribution in the H3K4me2 lncRNAs
(34.3%) and WDR5 lncRNAs (36.5%) (Figures 1F and 3B–
C, Supplementary Figure S4D and Dataset S7).
Next, we investigated whether overrepresentation of XH
lncRNAs is limited to active CARs or they are overrepresented among the other subtypes of chromatin interacting lncRNAs. Toward this, we have used our previously
published repressive or inactive chromatin associated lncRNAs (inactive lncCARs) dataset, characterized using antiH3K27me3 and anti-EZH2 ChRIP pull-downs in BT-549
cells (21). We found that the distribution of sense and antisense lncRNAs in the inactive lncCARs is in contrast to
that seen in the active lncCARs. For example, XH transcription units were underrepresented among the inactive
lncCARs 8.6%, which are far below in comparison to the
XH transcription units among the active lncCARs 43.6%.
This indicates that XH transcription units were more specifically enriched in the active lncCARs compared to the inactive lncCARs (Figure 3C). This comparison also revealed
another interesting observation that sense category lncRNAs (within 2kb) showed overrepresentation (40%) in the
inactive lncCARs compared to the sense active lncCARs
(15.6%) (Figure 3C). This again suggest that specific enrichment of XH category in active lncCARs is independent of
their proximity to nearby coding partners (pPCGs).
We then compared the nuclear expression levels of XH
lncRNAs among WDR5 lncRNAs, active lncCARs and
non-CAR lncRNAs. All the three categories of XH lncRNAs are expressed at similar levels (Figure 3D). Similar
to H3K4me2 XH lncRNAs, active XH lncCARs, despite
having similar nuclear expression, were significantly chromatin enriched compared to their pPCGs in both WDR5
and H3K4me2 pull-downs (Supplementary Figure S5A).
This again suggests that chromatin enrichment of active
XH lncCARs is independent of their expression level. Functional enrichment analysis with the protein coding partners
(pPCGs) of the WDR5 XH lncRNAs and active XH lncCARs revealed similar biological terms related to transcription that were obtained with the H3K4me2 XH lncRNAs
such as transcription DNA-templated, negative regulation
of transcription. (Supplementary Figure S5B-C, Dataset
S8).
Active XH transcription units have distinct H3K4 methylation patterns
Given the specific enrichment of divergent XH transcription units in our WDR5/H3K4me2 pull-downs, we wanted
to check whether active XH transcription units (transcription units associated with active XH lncCARs) were en-
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tion. Nuclear enrichment of the H3K4me2 lncRNAs from
other categories (XT, XI and XO) were also very similar
(Supplementary Figure S2B). Nuclear and chromatin enrichment of the H3K4me2 XH lncRNAs is suggestive of
their transcriptional regulatory potential.
To address the functional role of some of these H3K4me2
XH lncRNAs in regulating their coding partners (pPCGs),
we selected ten XH loci which encode transcription factors.
We could downregulate five out of ten selected H3K4me2
XH lncRNAs, with at least by one siRNA, in BT-549
and MDA-MB-231 breast cancer cell lines. Downregulation
of H3K4me2 XH lncRNAs FOXD3-AS1, GATA6-AS1,
HOXC13-AS, POU2F1-AS (known as RP11-277B15.3)
and HOXC-AS2 significantly affected the expression of
their coding partner (pPCGs) FOXD3, GATA6, HOXC13,
POU2F1 and HOXC9, respectively (Figure 2D and Supplementary Figure S3A). Unlike siRNAs, locked nucleic acid
(LNA) modified antisense oligonucleotide gapmers degrade
target RNA by recruiting RNaseH in a strand specific manner thereby providing an alternative method of strand specific gene silencing (47). Downregulation of FOXD3-AS1,
GATA6-AS1 and HOXC13-AS using antisense LNA GapmeRs also resulted in the downregulation of their respective
protein coding genes (Figure 2E). However, downregulation
of all the five coding pairs (pPCGs) did not affect the expression of their respective XH lncRNAs (Figure 2F and Supplementary Figure S3B). Additionally, knockdown of the
H3K4me2 XH PCGs did not show any consistent regulatory patterns in the transcriptional activity of their lncRNA
partners (pLncRNAs). The pLncRNAs were showing increased, decreased or unaltered expression patterns following H3K4me2 XH PCGs knockdown (Supplementary Figure S3C). These observations suggest that H3K4me2 XH
lncRNAs, investigated above, per se regulate their proteincoding gene partners (pPCGs) at the transcriptional level.
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Figure 3. XH lncRNAs are overrepresented in active lncCARs. (A) Scatter plot showing enrichment of WDR5 lncRNAs over nuclear input. The Xaxis denotes log transformed expression and Y-axis denotes log-fold change of WDR5 lncRNAs over nuclear input. Venn diagram, in the Scatter plot,
shows 209 lncRNAs that are commonly enriched in both H3K4me2 and WDR5 ChRIP pulldowns. (B) Distribution of different patterns of genomic
arrangements as described in Figure 1E for WDR5 lncRNAs and non-CAR lncRNAs. (C) Distribution of different patterns of genomic arrangements
as described in Figure 1E for active lncRNA (ChRIP pulldown using H3K4me2 and WDR5 antibodies) and inactive lncRNA (ChRIP pulldown using
EZH2 and H3K27me3 antibodies). (D) Nuclear expression levels of WDR5 XH lncRNAs, active XH lncCAR (WDR5 and H3K4me2) and non-CAR
XH lncRNAs. (E) Enrichment of H3K4me2, H3K4me3, WDR5 ChIP-seq signals over active XH lncCAR (in green, n = 98) and non-CAR XH lncRNA
(in black, n = 335) promoters (±2 kb) in BT-549 cells. The signals presented in the plots represent log2 ratio between ChIP and input sample. TSS denotes
the transcription start site of lncRNAs. (F) RT-qPCR analysis of WDR5 UV-RIP. The Y-axis shows fold enrichment relative to IgG. The significance of
FOXD3-AS1 and HOXC13-AS enrichment in WDR5 RIP is calculated compared to the enrichment of FOXD3 and HOXC13 mRNAs, respectively. ***P
≤ 0.001. (G) Left panel: f-RIP of WDR5 WT and WDR5 F266A using FLAG antibody. The Y-axis shows percentage of Input. The significance of decrease
in FOXD3-AS1, HOXC13-AS and positive control HOTTIP enrichment in WDR5 F266A RIP is calculated compared to their respective enrichments in
WDR5-WT. GAPDH was used as negative control. Right panel: Expression of FLAG tagged WDR5 WT and WDR5 F266A mutant in HeLa cells by
western blot. Data are shown as mean ± SD. **P ≤ 0.01.
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enriched in our ChOP pull-downs as determined by RTqPCR (Data not shown). We then scanned for the enrichment of FOXD3-AS1, HOXC13-AS and GATA6-AS1
across the FOXD3, HOXC13 and GATA6 gene loci, respectively, with qPCR primers selectively amplifying regions spanning upstream and downstream of TSS. Enrichment of antisense lncRNAs, FOXD3-AS1, HOXC13-AS
and GATA6-AS1 were found in the promoters of the corresponding coding partners. None of these enriched regions
were overlapping with TSS of active XH lncCARs suggesting specific enrichment of these lncRNAs over the TSS of
the coding partners (Figure 4A and Supplementary Figure S6B). The promoter targeting of all three active XH
lncCARs were independent of the process of transcription,
as ChOP carried after ActD treatment revealed that active
XH lncCARs were still retained at their respective target
region (Figure 4B and Supplementary Figure S6C). Downregulation FOXD3-AS1 and HOXC13-AS also resulted in
decreased nascent transcription of partner protein coding
genes (Figure 4C). Taken together, these results indicate that
active XH lncCARs are targeted to their respective coding
partner promoters to maintain their expression.

Active XH lncCARs interact with WDR5
Out of five validated H3K4me XH lncRNAs (Figure
2D and Supplementary Figure S3A), four XH lncRNAs
(FOXD3-AS1, HOXC13-AS, GATA6-AS1 and HOXCAS2) were part of active XH lncCARs. To gain more insights into the mechanism of this positive regulation of
gene expression by these active XH lncCARs, we performed UV cross-linked RNA immunoprecipitation (UVRIP) with WDR5 antibody and looked for the enrichment
of active XH lncCARs FOXD3-AS1, HOXC13-AS and
GATA6-AS1 using ActD treated BT-549 cells. We found
that these active XH lncCARs were significantly enriched
in the WDR5 antibody pull-down, whereas their divergent coding partner mRNAs were not enriched (Figure 3F,
and Supplementary Figure S6A). Additionally, we overexpressed FLAG WDR5 wild type (WT) and FLAG WDR5
F266A mutant (WDR5 mutant lacking RNA binding motifs (25) vectors in Hela cells. Comparable levels of FLAG
WDR5 in WT and F266A was confirmed by Western (Figure 3G). We performed formaldehyde cross-linked RIP
(fRIP) using antibodies against FLAG epitope and found
that FOXD3-AS1 and HOXC13-AS active XH lncCARs interact with WT WDR5 but their interaction with F266A
mutant WDR5 was compromised, suggesting that the interaction between the active XH lncCARs and WDR5 is
mediated via RNA binding motif of WDR5 (Figure 3G).
Active XH lncCARs are targeted to their divergent transcription units
To further understand the mechanism(s) by which transcriptional competence is maintained at the active XH promoters, we performed chromatin oligo affinity precipitation (ChOP) assay to investigate if these active XH lncCARs are targeted to these divergent promoters. ChOP assay was carried out using biotinylated antisense oligos targeting FOXD3-AS1, HOXC13-AS and GATA6-AS1. We
found that all the three active XH lncCARs were efficiently

Active XH lncCARs are required for the maintenance of
H3K4me2 and the establishment of H3K4me3 at their XH
transcription units
To further dissect the mechanism of active lncCARs’ mediated regulation of transcriptional competence at divergent XH transcription units, we selected two of the active XH lncCAR loci HOXC13-AS and FOXD3-AS1. As
mentioned earlier (Figure 2D and E), both siRNA and
LNA mediated downregulation of active XH lncCARs
FOXD3-AS1 and HOXC13-AS resulted in reduced expression of FOXD3 and HOXC13. We also observed decreased
protein level of the FOXD3 and HOXC13 after downregulation of their respective XH lncRNA partners (Supplementary Figure S6D). Further we looked for the distribution of
active chromatin marks i.e. H3K4me2 and H3K4me3 at the
promoter regions of both HOXC13 and FOXD3 genes upon
downregulation of HOXC13-AS and FOXD3-AS1 (Supplementary Figure S6E), respectively. Downregulation of both
the active XH lncCARs resulted in decreased H3K4me2
and also H3K4me3 occupancy at the FOXD3 (Figure 4D)
and HOXC13 (Figure 4E) promoters regions. We next investigated whether WDR5 occupancy at the FOXD3 and
HOXC13 promoters was affected following FOXD3-AS1
and HOXC13-AS downregulation. Downregulation of the
active XH lncCARs also resulted in significant decrease in
the WDR5 occupancy at the HOXC13 and FOXD3 promoters regions (Figure 4F and G).
To understand if these XH lncCARs can act in trans to
activate their divergent protein coding partner genes, we
transiently overexpressed full-length cDNAs of FOXD3AS1 and HOXC13-AS in BT-549 cell line for 2 days and
5 days. Transient overexpression of both FOXD3-AS1 and
HOXC13-AS failed to upregulate the expression of their
partner genes FOXD3 and HOXC13, respectively (Figure
4H and I), although the overexpressed transcripts were targeted to the nucleus (Figure 4J) indicating that they possi-
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riched with differential H3K4 methylation patterns as compared to non-chromatin associated RNAs having divergent
or XH patterns (non-CAR XH lncRNAs and non-CAR
XH protein coding genes or PCGs). Toward this, we generated H3K4me2, H3K4me3 and WDR5 ChIP-seq data in
BT-549 cell line. Interestingly, H3K4me2, H3K4me3 and
WDR5 ChIP-seq signals were more enriched at the promoter regions (±2 kb from TSS) of active lncCARs having XH pattern (active XH lncCARs) compared to the nonCAR XH lncRNAs but this differential enrichment was absent between active pcCARs with XH pattern (active XH
pcCARs) and non-CAR protein coding genes with XH pattern (non-CAR XH PCGs) (Figure 3E and Supplementary
Figure S5D). These observations are consistent with enrichment of lncRNAs from divergent loci in our ChRIP pulldowns. Additionally, HMEC (epithelial derived breast tissue) H3K4me2 ChIP-seq data from ENCODE, and LnCaP
WDR5 ChIP-seq data from Kim et al. (43) showed similar
enrichment patterns for active XH lncCARs compared to
active XH pcCARs and non-CAR XH lncRNAs (Supplementary Figure S5E).
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Figure 4. Active XH lncCARs promote transcription of their protein coding partners. (A and B) Promoter targeting of active XH lncCARs detected by
ChOP. A) qPCR analysis of ChOP pull-downs, performed using FOXD3-AS1 and HOXC13-AS antisense probes, with primers over TSS (transcription
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DISCUSSION
Accumulated evidence in the recent past suggested a functional nexus between lncRNA and DNA or chromatin
modifying enzymes in the stringent regulation of both DNA
and histone modifications (49–51). However, in most cases
the mechanisms underlying their targeting to specific genomic regions is not clear. Several recent investigations tried
to address this issue by identifying lncRNAs that interact
with active and repressive (19,25) chromatin modifiers on a
global scale. However, the functional significance of these
lncRNAs in the chromatin-level gene regulation has however not been addressed in detail. In the current investigation we attempt to address this void by performing ChRIP
assay with antibodies against active chromatin-specific histone mark H3K4me2 and its reader and H3K4-specifi
methyltransferase WDR5 to identify active chromatin associated lncRNAs on a global scale in breast cancer cell

line BT-549. ChRIP assay in combination with ActD treatment has identified robustly and functionally related chromatin bound lncRNAs. However, our assay might lead to
loss of enrichment of short-lived lncRNAs or the RNAs
which function by co-transcriptional association with chromatin.
The most prominent observation from this current investigation is that the purified lncRNAs from H3K4me2
and WDR5 defining active chromatin are enriched with
antisense transcripts with overrepresented divergent transcription units (XH, head-to-head). This enrichment of XH
transcription units appears to be unique to active lncCARs,
as they were underrepresented in the inactive lncCARs purified using H3K27me3 and EZH2. Functional enrichment
analysis revealed that the majority of the protein-coding
partners of active XH lncCARs encode transcription factors. These observations indicate that active XH lncCARs
may involve in specific transcriptional regulation of XH
transcription units. Previous investigations have shown that
lncRNA expression from the XH promoters correlates with
active transcription in cis. The maintenance of transcriptionally competent chromatin at the divergent transcription
units appeared to be dependent on both lncRNAs per se
(46,52) as well as their act of transcription (53,54). Functional validation of the selected active XH lncCARs using
siRNAs and LNAs, indicate that these transcripts per se
positively regulate the transcription of protein-coding gene.
In certain instances, however, siRNA or RNAi dependent
silencing has been shown to involve transcriptional repression by modifying the chromatin structures (55,56). According to recent evidence, siRNA targeting the first exon
only interfere with the transcriptional process, whereas the
siRNAs that target downstream exons target transcript itself (57). The siRNAs used in the current study map to second or third exons of the analyzed active XH lncCAR, and
hence they should primarily interfere with the transcript itself but not with the transcriptional process. LNA modified
antisense GapmeRs preferentially degrade nuclear RNAs
through RNaseH dependent mechanism (47), which further rule out the possibility that our active XH lncCAR
knockdown approaches interfere with transcriptional pro-

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
start sites), regions spanning upstream and downstream of TSS and over transcription termination sites (TTS) of FOXD3 and HOXC13 genes in BT-549
cells. The ChOP pull-down with LacZ antisense oligo, used as a negative control (grey bars). Specific enrichment pattern for each of the XH lncCARs is
depicted in green bars. The schematic in the right of the bar graph represents the genomic locations of the respective primers (grey: not enriched and rosetta:
showing enrichment). Data are shown as mean ± SD (n = 2 biological replicates). *P < 0.05, **P ≤ 0.01 and ***P ≤ 0.001. (B) Similar qPCR analysis
of ChOP pull-downs using FOXD3-AS1 and HOXC13-AS antisense probes upon ActD treatment in BT-549 cells. Data are shown as mean ± SD (n = 2
biological replicates). *P < 0.05, **P ≤ 0.01 and ***P ≤ 0.001. (C) RT-qPCR analysis to detect relative levels of nascent FOXD3 and HOXC13 transcripts
by Click-iT at 48 hours after the knockdown of FOXD3-AS1 and HOXC13-AS. Bar graph depicts the level of nascent protein coding transcripts upon
removal of their respective active XH lncCARs. Data represent the mean ± SD of two independent biological experiments. * if P ≤ 0.05 and ** if P ≤
0.01. (D and E) ChIP-qPCR analysis of the enrichment of H3K4me2 and H3K4me3 at the promoter region of FOXD3 (D) and HOXC13 (E) upon down
regulation of active XH lncCAR FOXD3-AS1 and HOXC13-AS respectively. Fold enrichment of H3K4me2 and H3K4me3 was normalized to histone
H3 and IgG. After normalization the ChIP data was represented as relative enrichment compare to control siRNA.The locations of ChIP primers used
are depicted in schematic in the bottm of each bar graph. Data are shown as mean ± SD (n = 3 biological replicates). **P ≤ 0.01 and ***P ≤ 0.001.
(F and G) ChIP-qPCR analysis of enrichment of WDR5 at the promoter region of FOXD3(F) and HOXC13 (G) upon downregulation of active XH
lncCAR FOXD3-AS1 and HOXC13-AS respectively. Fold enrichment of WDR5 was normalized to histone H3 and IgG. After normalization the ChIP
data was represented as relative enrichment compare to control siRNA. The ChIP primers used in the experiment are same as described in panel D–E.
Data are shown as mean ± SD (n = 3 biological replicates). **P ≤ 0.01 and ***P ≤ 0.001. (H and I) FOXD3-AS1 and HOXC13-AS overexpression:
RT–qPCR analysis of FOXD3 expression, upon ectopic overexpression of FOXD3-AS1 (H) and HOXC13-AS transcript (I) respectively, at Day 2 and Day
5 post transfection in BT-549 cell line. pcDNA empty vector transfection used as a control. Data represent the mean ± SD. of two independent biological
experiments. P-values has been denoted as * if P ≤ 0.05, ** if P ≤ 0.01. ns denotes non-significant. (J) Cell fractionation in BT-549 cells show distribution
of the overexpressed FOXD3-AS1 and HOXC13-AS transcripts. Data represent the mean ± SD of two independent biological experiments. GAPDH serves
as positive control for cytoplasmic fraction, U6 and KCNQ1OT1 serves as positive control for nuclear fraction.
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bly need to be transcribed in cis as in the case of Xist and
Kcnq1ot1 lncRNAs (5,45,48).
We then sought to know whether the maintenance of
H3K4me2 and H3K4me3 at active XH transcription units
is WDR5 dependent. To address this, we generated ChIPseq profile for both H3K4me2 and H3K4me3 in control
and in transiently depleted WDR5 cells. However, WDR5
depletion (Supplementary Figure S6F) resulted in loss of
H3K4me3 but not H3K4me2 at the active XH transcription units. In contrast, both H3K4me2 and H3K4me3 loss
was observed in non-CAR XH lncRNA promoters (Figure 5A). Transient depletion of WDR5 also led to downregulation of both active the XH lncCARs and their coding partners (Figure 5B). Downregulation of FOXD3-AS1
and HOXC13-AS results in the loss of both H3K4me2
and H3K4me3 over the promoters of the respective coding partners, whereas WDR5 loss affects only H3K3me3
over the active XH lncRNA loci, suggest that active XH
transcription units can maintain H3K4me2 independent of
WDR5 and that WDR5 is required for the establishment of
H3K4me3 via the conversion of H3K4me2 into H3K4me3
(Figure 5C).

Nucleic Acids Research, 2018, Vol. 46, No. 18 9397

A

B

Non-CAR XH
lncRNAs
(n=335)

Cntrl-esi

0.50

*
0.50

**

HOXC13-AS HOXC13
HOXC-AS2

3.0

3.0

2.0

2.0

1.0

1.0

0.0
-2kb

C

TSS

+2kb

CTCF

POU2F1-AS POU2F1
*

4.0

**

***

CTD-2012
K14.7

GATA6-AS1

GATA6

100 80 60 40 20
Relative expression
normalized to GAPDH

0.0
-2kb

TSS

**

4.0

HOXC9

*

H3K4me2/Input

0.75

FOXD3

**

H3K4me3/Input

0.75

FOXD3-AS1

**

1.00

***

1.00

WDR5-esi
**

**

Active XH lncCARs
(n=98)

20 40 60 80 100
Relative expression
normalized to GAPDH

+2kb

XH

?

Maintainance of H3

t of H3K4me3

e2

e2

e2

e2

m

m

m

m

5
WDR

m

e2

K4
K4

Establishmen

?

m

e2

e2

m

m

K4

K4me2

Unknown
Methyltransferase

TF gene

e3
TSS

K4

K4

K4

K4

K4

TSS
Active XH CAR

Figure 5. H3K4me2 and H3K4me3 occupancy upon WDR5 depletion. (A) H3K4me2 and H3K4me3 ChIP-seq signals at the promoter regions (±2 kb)
of active XH lncCARs (Green) and non-CAR XH lncRNA (Black) upon WDR5-esi depletion. The signals presented in the plots represent log2 ratio
between ChIP pull-down and input sample. TSS denotes the transcription start site of active XH lncCARs or non-CAR XH lncRNAs. The solid lines
in the plot represents H3K4me2 and H3K4me3 signal in control esiRNA transfected cells and dotted lines represents WDR5 esiRNA transfection. (B)
Normalized relative expression of active XH lncCARs (left panel) and their respective partner protein coding genes (right panel) upon removal of WDR5
by esiRNA as compared to that in control esiRNA transfection. Data represent the mean ± SD of two independent biological experiments. * P ≤ 0.05, **
P ≤ 0.01 and *** P ≤ 0.001. (C) Model depicting transcriptional regulation of divergent gene loci by active XH lncCARs. Active XH lncCARs transcribed
from divergent transcription units are targeted to specific regions around TSS of partner protein coding gene that are enriched with H3K4me2, through
their chromatin interaction property. Promoter targeting of these active XH lncCARs helps in maintaining H3K4me2 in WDR5 independent manner. XH
lncCAR-dependent recruitment of WDR5 at the active XH transcription units helps in the conversion of H3K4me2 into H3K4me3, thereby establishing
transcriptionally competent chromatin at the divergent transcription units. However, the establishment and maintenance of H3K4me2 levels at these
transcription units are probably mediated by a different mechanism.
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tive XH lncCARs results in loss of both H3K4me3 and
H3K4me2 at active XH transcription units. Based on these
observations we propose that the targeting of WDR5 to
the active XH transcription units and the conversion of
H3K4me2 to H3K4me3 requires XH lncCARs, whereas,
the maintenance of H3K4me2 marks at active XH transcription units appears to be WDR5 independent (Figure
5C). This unravels a new facet of chromatin-based regulation at the active divergent XH transcription units by active
XH lncCARs.
In sum, the current study together with earlier investigations on chromatin interacting lncRNAs, would form
strong basis for more investigations to explore the functional role of lncRNAs in the maintenance of chromatin signatures at the various regulatory regions across the genome.
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cess. Furthermore, enrichment of active XH lncCARs in the
ActD treated ChOP assay is also in line our notion that active XH lncCARs act at the transcript level. In addition,
the maintenance of active chromatin at these XH transcriptional units is specifically carried out by active XH lncCARs
as the downregulation of protein-coding genes did not affect the transcription of the active XH lncCARs. This suggests that the lncRNA component of these XH transcription units harbors the transcriptional regulatory function
but not their coding partners. Unlike transcription factors,
which require a consensus motif for binding to target regions, lncRNAs have been shown to exploit multiple mechanisms in their targeting to genomic loci. For example, they
interact with target regions via associating with chromatin
regulatory proteins or through formation of RNA-DNA
triplexes or RNA-DNA hybrids (10,21,58). It would be interesting to investigate the mechanism by which active XH
lncCARs are targeted specifically to the promoters of their
protein coding partners. In our ChRIP assay we have also
identified a significant number of the protein-coding RNAs
as chromatin bound (pcCARs). Unlike active XH lncRNAs, knockdown of protein-coding RNAs did not reveal
any consistent regulatory pattern. Further systematic studies are required to explore the chromatin-based functions of
protein-coding RNAs.
The possibility of trans regulatory role for these XH lncRNAs cannot be ruled out as XH lncRNAs have earlier been
shown to act in trans (59,60). However, though transiently
overexpressed of FOXD3-AS1 and HOXC13-AS show nuclear localization but has no seeming effects on expression
levels of their protein-coding counter parts, indicating that
active XH lncCARs need to be transcribed in cis in order
to activate neighboring protein coding genes. This observation is consistent with Xist-dependent cis regulation of gene
activity on the inactive X chromosome, where Xist per se is
required in cis to regulate chromosome-wide transcriptional
silencing on the inactive X-chromosome. Ectopic expression of Xist from the autosome had no effect on X chromosomes rather Xist transgene locally inactivated neighboring
genes (48,61). Similar cis-acting RNA-dependent transcriptional silencing mechanisms have also been characterized
for another lncRNA Kcnq1ot1 (5,45).
We show that active XH lncCARs interacts directly with
WDR5 which might be critical for the establishment and/or
maintenance of active chromatin at these active XH transcription units. WDR5 has been implicated in the establishment of global H3K4me1, -me2 and -me3 patterns, and
our ChIP-seq data is also in concordance with the previous
studies on the role of WDR5 in the establishment of global
H3K4me1, -me2 and -me3 (27,62). According to ChIP-seq
analysis, active XH lncCAR transcription units showed significant enrichment of H3K4me2, H3K4me3 and WDR5
compared to non-CAR XH or active XH pcCAR transcription units. Depletion of WDR5 results in the loss of
transcription of both active XH lncCARs and their partner protein coding genes. However, we observed loss of only
H3K4me3 but not H3K4me2 at the active XH transcription units upon WDR5 depletion. This observation particularly emphasises that WDR5 exploits different mechanisms in a promoter-specific manner in the establishment
of H3K4me2 and H3K4me3. Whereas the depletion of ac-
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