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ABSTRACT

Long non-coding RNAs have emerged as critical reg-
ulators of cell homeostasis by modulating gene ex-
pression at chromatin level for instance. Here, we re-
port that the lncRNA ANRIL, associated with several
pathologies, binds to thousands of loci dispersed
throughout the mammalian genome sharing a 21-bp
motif enriched in G/A residues. By combining ANRIL
genomic occupancy with transcriptomic analysis, we
established a list of 65 and 123 genes potentially
directly activated and silenced by ANRIL in trans,
respectively. We also found that Exon8 of ANRIL,
mainly made of transposable elements, contributes
to ANRIL genomic association and consequently
to its trans-activity. Furthermore, we showed that
Exon8 favors ANRIL’s association with the FIRRE,
TPD52L1 and IGFBP3 loci to modulate their expres-
sion through H3K27me3 deposition. We also inves-
tigated the mechanisms engaged by Exon8 to favor
ANRIL’s association with the genome. Our data refine
ANRIL’s trans-activity and highlight the functional im-
portance of TEs on ANRIL’s activity.

INTRODUCTION

Over the last decade, next generation sequencing ap-
proaches highlighted the unexpected diversity of RNAs
lacking obvious protein-coding capacity (ncRNAs). The
ncRNAs longer than 200-nts are named long non-coding
RNAs (lncRNAs). Nowadays, more than 167 000 lncR-
NAs have been identified in human, many of them being
involved in various critical processes including cell prolif-
eration (1). In the present state of knowledge, lncRNAs are
already associated with >500 pathologies, strongly reinforc-
ing the need to understand their mechanisms of action (1–
4).

LncRNAs are key regulators of gene expression carry-
ing both cytoplasmic and nuclear functions (5). Cytoplas-
mic lncRNAs mainly modulate gene expression by affect-
ing mRNA stability or translation, while nuclear lncR-
NAs associate with the genome to regulate gene expres-
sion at the chromatin level. The latter implies the activi-
ties of epigenetic writers to targeted genomic loci, includ-
ing for instance the Polycomb group proteins (PcG) com-
posed by the Polycomb Repressive Complexes 1 and 2
(PRC1 and PRC2). These complexes are responsible for
the conversion of euchromatin into heterochromatin by cat-
alyzing the ubiquitylation of histone H2A on lysine 119
(H2AK119Ub) and the trimethylation of histone H3 on
lysine 27 (H3K27me3), respectively. Interestingly, multiple
lncRNAs have been shown to associate with the PcG (6–10)
and 20% of them are specific PRC2-binders in human cells
(11).

ANRIL (antisense noncoding RNA in the INK4 locus) is
one of the lncRNAs associated with PcG activities and sev-
eral pathologies (12,13). It is transcribed from the 9p21 lo-
cus in the opposite direction to the CDKN2A and CDKN2B
(cyclin dependent kinase inhibitors 2A and 2B) genes. One
crucial point is the possible production of at least 24 alter-
natively spliced isoforms of ANRIL, the overexpression of
some of them being correlated with severe and highly fre-
quent pathologies such as coronary artery disease, diabetes
and cancers (14–20). This is especially the case for the three
major ANRIL isoforms named DQ485454, EU741058 and
NR 003529 (17,18). The longest isoform NR 003529 (3837
nts), hereafter called NR, contains exons 1–12 and 15–21.
The shorter isoforms DQ485454 (2660 nts) and EU741058
(962 nts), hereafter called DQ and EU, contain the 13 first
exons and the 5 exons (1,5-7,13), respectively.

ANRIL promotes in cis the transcriptional silencing of
the CDKN2A and B genes by recruiting the PcG to the 9p21
locus resulting in an increased cell proliferation rate (12,13).
In addition, ANRIL is expected to modulate in trans the
expression of genes distant from the 9p21 locus. This is evi-

*To whom correspondence should be addressed. Tel: +33 3 72 74 66 49; Email: sylvain.maenner@univ-lorraine.fr
Correspondence may also be addressed to Isabelle Behm-Ansmant. Tel: +33 3 72 74 66 50; Email: isabelle.behm@univ-lorraine.fr

C© The Author(s) 2021. 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-NonCommercial 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

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/49/9/4954/6238413 by guest on 19 M

ay 2023

http://orcid.org/0000-0002-3189-900X
http://orcid.org/0000-0002-8018-334X
http://orcid.org/0000-0001-8909-0660
http://orcid.org/0000-0003-0141-4419


Nucleic Acids Research, 2021, Vol. 49, No. 9 4955

denced by the differential expression of >200 genes involved
in the maintenance of chromatin architecture, cellular pro-
liferation, growth and apoptosis upon the overexpression of
ANRIL sub-fragments in HeLa or in HEK293 cells (21,22).
Expression changes were also observed for 20 genes, impli-
cated in proliferation and apoptosis, upon ANRIL siRNA
knockdown in vascular smooth muscle cells (VSMCs) (23).
Recently, by genome editing of induced pluripotent stem
cells (iPSC)-derived VSMCs, a 60 kb region within the 9p21
locus overlapping the ANRIL gene was removed. The ex-
pression of >3000 genes involved in cell cycle regulation,
cell adhesion, muscle development and contraction was dys-
regulated following this deletion (20). By RNA-FISH, AN-
RIL was also shown to have a nuclear localization not re-
stricted to the 9p21 locus, but dispersed at several genomic
loci (24,25). Even though previous studies demonstrated the
trans-regulatory activity of ANRIL, the molecular mech-
anisms involved need to be refined. For instance, the cod-
ing and non-coding genes, which are directly contacted and
regulated by ANRIL remain unknown. Also, the mecha-
nisms engaged by ANRIL to specifically associate with the
genome still have to be deciphered.

Transposable elements (TEs) are the major contributors
to the bulk of the genomic DNA in mammals. They can
provide novel regulatory sequences such as promoters and
enhancers (26). Recently, several studies focused on the pos-
sible relationship between TEs and lncRNA functions. This
revealed that nearly half of the lncRNA sequences (41%)
are derived from TEs (27). Interestingly, lncRNA exons are
strongly and non-randomly enriched in Endogenous Retro-
Viruses (ERVLs) belonging to the LTR class, while other
classes of TEs, like SINE (Alu) and LINE (LINE1 and
LINE2) are under-represented (27). It was shown for sev-
eral lncRNAs that the presence of TEs termed RIDLs (re-
peat insertion domains of long noncoding RNAs) impacts
their localization and/or functions (27–34). Furthermore,
Holdt and coll. identified Alu sequences within ANRIL and
within 5 kb regions of gene promoters affected by the over-
expression of ANRIL sub-fragments (21), suggesting that
TEs within ANRIL sequence might be involved in its trans-
regulatory activities.

In the present study, we investigated whether TEs par-
ticipate in ANRIL’s chromatin recognition necessary for
gene trans-regulation. We identified genome-wide the chro-
matin occupancy of ANRIL in HEK293 cells by applying
the ChIRP-seq approach and found that ANRIL associates
with 3227 binding sites mostly composed of G/A residues.
By crossing the ChIRP-seq with transcriptomic data from
ANRIL knocked-down cells, we established a list of 188
genes corresponding to the potential primary trans-targets
of ANRIL, since they were both contacted by ANRIL and
affected in terms of expression. Among them, 123 and 65
genes were negatively and positively regulated by ANRIL,
respectively. Our data not only support dual-activities of
ANRIL but importantly are in favor of mechanisms dis-
tinct from those previously described. In silico approaches
highlighted the presence of multiple classes of TEs through-
out ANRIL exons. In particular, 70% of the longest Exon8
is made up of ERVL elements. We investigated its putative
role in ANRIL’s trans-activity. We showed that its presence
is required for the efficient association of ANRIL to the

chromatin, since Exon8 deletion resulted in a significant re-
duction of ANRIL’s genomic occupancy. By applying strin-
gent criteria, we accurately identified 9 out of the 123 poten-
tial trans-silenced genes of ANRIL, which expression de-
pends explicitly on the presence of Exon8. By further in sil-
ico, in cellulo and in vitro characterization, we showed that
Exon8 is likely to contribute to the ANRIL’s recognition
of the FIRRE, TPD52L1 and IGFBP3 genes and subse-
quently to their repression by modulating H3K27me3 de-
position. We also brought data in favor of a recognition
mode for the FIRRE and TPD52L1 genes involving direct
DNA/DNA:RNA complex formation. Overall, our work
improves the knowledge on ANRIL’s trans-activities and
reinforces the emergent idea of a role of TEs in chromatin
recognition by nuclear lncRNAs.

MATERIALS AND METHODS

Cell culture

Human embryonic kidney (HEK293) cells were grown
in Dulbecco’s modified Eagle’s medium-high glu-
cose (DMEM) (Sigma-Aldrich) supplemented with
10% Fetal Bovine Serum (FBS) (Dutscher), 1%
penicillin/streptomycin (Sigma-Aldrich) and 1% L-
glutamine (Sigma-Aldrich).

Generation of knocked-out cells by CRISPR/Cas9 approach

Two sgRNAs targeting the 5′ and 3′ extremities of Exon8
and Exon21 were designed using the CHOPCHOP web-
site (https://chopchop.cbu.uib.no/) and inserted into the
pSpCas9BB-2A-puro (35). The two vectors containing the
sgRNAs were co-transfected into the HEK293 cells using
lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s recommendations. Clonal selections were performed
according to the manufacturer’s recommendations. Clones
were then isolated and DNA was extracted followed by end
point PCR screening for homozygous deletions. Positive
clones were verified by sequencing. The oligonucleotides
used in this study are listed in the Supplementary Table S3.

LNA GapmeRs transfection

LNA GapmeRs either targeting unique regions of ANRIL
isoforms (Figure 2A) or non-targeting any region (scram-
bled, used as a negative control) were designed by QIA-
GEN. Five hundred thousand HEK293 cells were seeded
per well in six-well plates 12–16 h before transfection. Trans-
fection was performed using Lipofectamine 2000 (Invitro-
gen). A mix of the four ANRIL LNA GapmeRs or scram-
bled LNA GapmeRs was used for transfection at a final
concentration of 25 nM. All samples were collected 48h
post-transfection in RLT lysis buffer (RNeasy mini kit QI-
AGEN) for total RNA extraction. The LNA GapmeR se-
quences are listed below:

GapmeR Scrambled: GCTCCCTTCAATCCAA
GapmeR Exon1: TCAGAGGCGTGCAGCG
GapmeR Exon17–18: TAAGATCCAGTGGTGG
GapmeR Exon12–13: CGTAATCATCCATGCA
GapmeR Exon7–13: AATCATCCTGTCAAA
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Total RNA extraction and RTqPCR

Total RNAs were collected using RNeasy mini kit (QIA-
GEN) and extracted following the manufacturer’s recom-
mendation. Quantification of the extracted RNAs was done
using the nanodrop 2000. DNase step was performed on
1.25 �g of RNA for 1 h at 37◦C using DNase I recombinant,
RNase-free (Roche). Then RNAs were reverse transcribed
using the Superscript III kit (Thermo Fisher Scientific) fol-
lowing the manufacturer’s recommendation. cDNAs were
diluted 2.5 times in water and RNA expression level was as-
sessed by real time quantitative PCR (RTqPCR) using the
iTaq™ Universal SYBR® Green Supermix (Bio-Rad) and
ViiA-7 Real-Time PCR system (Applied Biosystems). Tran-
script RNA levels were normalized against GAPDH refer-
ence gene following the relative standard curve method. The
RTqPCR primers were used at 1 �M final concentration.
The RTqPCR primers used in this study are listed in the
Supplementary Table S4.

Microarray expression profiling

The integrity of the RNA was first validated by pico-
chip bioanalyzer 2100 (EPI-RNA seq platform from IB-
SLor, UMS2008, France). Then 5 ng of RNA samples
were analyzed using the Clariom D Human Assay Microar-
rays (Applied Biosystems) which includes transcriptome
wide gene- and exon-level expression probesets. Microar-
ray hybridization and scanning was conducted in IMoPA,
France according to the manufacturer’s standard proto-
cols. Briefly, each purified RNA sample was transcribed
to double-strand cDNA, followed by cRNA synthesis and
biotin-labeling. The labeled cRNAs were then hybridized
onto the Clariom D microarray. After washing, the ar-
rays were scanned using the GeneChip Scanner 3000 (Ap-
plied Biosystems). Data analysis was performed using the
Transcriptome Analysis Console (TAC). The signal ob-
tained was normalized using the SST-RMA method and
the annotation of the probe sets was done using the ‘Clar-
iom D Human.r1.na36.hg38.a1.transcript.csv’ annotation
file obtained from Affymetrix. Differential expression was
calculated using the ‘Limma’ package (takes into considera-
tion the low sample numbers) and the P-value was adjusted
using the eBayes correction. Differentially expressed RNAs
between condition and control were identified based on fold
change and FDR.

Chromatin preparation

Five millions of HEK293 cells were crosslinked in 1%
methanol free formaldehyde (Thermo Fisher Scientific) for
10 min and then quenched with 0.125 mM glycine for 5
min. Samples were then lysed using the ChIRP lysis buffer
(50 mM Tris–HCl pH 7.0, 10 mM EDTA, 1% SDS) sup-
plemented with protease inhibitor cocktail 100× (Thermo
Fisher Scientific) and Ribolock RNase inhibitor (Thermo
Fisher Scientific). Samples were then sonicated using the
Covaris M220 ultrasonicator and 25 �g of sheared chro-
matin was treated with 200 �g of proteinase K for 45 min
at 50◦C. DNA was then extracted using GeneJET Gel Ex-
traction kit (Thermo Fisher Scientific) and quantified by the
nanodrop 2000. 600 ng of the subsequent DNA were loaded

on agarose gel 1.2% to verify the shearing efficiency (Sup-
plementary Figure S1B). The sheared chromatin was then
flash frozen in liquid nitrogen and stored at –80◦C for later
use.

RNA extraction from chromatin

Twenty-five �g of sheared chromatin was treated with 200
�g of proteinase K for 45 min at 50◦C. RNA was extracted
from the treated chromatin using the RNeasy MinElute
Cleanup kit (QIAGEN) according to the manufacturer’s
recommendation. DNase and reverse transcription were
then performed as described above. cDNAs were diluted 10
times in water and ANRIL enrichment level was assessed
by RTqPCR using the iTaq™ Universal SYBR® Green Su-
permix (Bio-Rad) and ViiA-7 real-time PCR system (Ap-
plied Biosystems). Transcripts RNA levels were normalized
against the Input.

ChIRP-seq and data analysis

ChIRP-seq adapted to ANRIL was performed as pre-
viously described (36). Briefly, ChIRP antisense biotiny-
lated probes were designed using online designer at www.
singlemoleculefish.com against the ANRIL full-length se-
quence. Twenty-three probes were generated tiling the
whole lncRNA ANRIL and split into two independent
even and odd probe pools based on their relative posi-
tions along ANRIL sequence. Similarly, 20 probes against
LacZ mRNA were used as negative control. The ChIRP-seq
probes used in this study are listed in the Supplementary
Table S5. ChIRP-seq was performed on 30 �g of sheared
chromatin followed by RNA elution using the RNeasy
MinElute Cleanup kit (QIAGEN) and DNA elution us-
ing GeneJET Gel Extraction kit (Thermo Fisher Scientific)
on two independent replicates. High-throughput sequenc-
ing libraries were constructed using the NEBNext Ultra
II DNA Kit according to the manufacturer’s recommen-
dation (IBSLor Epitranscriptomics and Sequencing Core
Facility, Nancy, France). Paired-end sequencing was done
on the NextSeq 500 with a read length of 43 bp and with
45 million reads per sample (I2BC sequencing platform,
Paris, France). Data analysis was adapted from the ChIRP-
seq pipeline (36) (Supplementary Figure S1E). Briefly, the
fastq files of replicates 1 and 2 were aligned to the hg19
genome using bowtie2 (37). Then the aligned reads of both
even and odd bam files of each replicate were intersected
and merged using bedtools (38). Peak calling was then per-
formed against LacZ negative control using MACS2 peak
caller (39). Peaks were further filtered based on the score
≥15, and FDR ≤0.05. Peaks located in blacklisted regions
of the genome identified by ENCODE were discarded. Fi-
nally, only common peaks between both replicates were
kept and considered as ‘True Peaks’. The true peaks were
annotated using the ChIPseeker package in R (40). Peak
distribution was calculated by normalizing the total length
of peaks per chromosome by the size of their respective
chromosome. Validation of several peaks was performed by
quantitative PCR (qPCR) using the ViiA-7 real-time PCR
system (Applied Biosystems). The qPCR primers were used
at 1 �M final concentration. The qPCR primers used in this
study can be found in Supplementary Table S6.
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Chromatin Immunoprecipitation

ChIP experiments were performed in HEK293 cells ac-
cording to the X-ChIP abcam protocol. Briefly, ∼25 �g
of sheared DNA was used per IP and incubated overnight
with 3 �g of H3K27me3 (PA5 31817, Thermo Fisher Sci-
entific), 2 �g of H3K27ac (Ab4729, Abcam) or 2 �g of
H3K4me3 (Ab213224, Abcam) antibodies/20 �l of Magna
ChIP™ Protein A+G Magnetic Beads (Merck Millipore)
complexes. The following day, the beads were subsequently
washed in low salt wash (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris–HCl pH 8.0, 150 mM NaCl), high salt
wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA,
20 mM Tris–HCl pH 8.0, 500 mM NaCl) and LiCl wash
buffer (0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1
mM EDTA, 10 mM Tris–HCl pH 8.0). Samples were then
treated with 200 �g of proteinase K in a total volume of 200
�l for 45 min at 50◦C. DNA was prepared using the Gene-
JET Gel Extraction kit (Thermo Fisher Scientific) accord-
ing to the manufacturer’s recommendations, eluted in 15 �l
of elution buffer and diluted two times with water. Primer
list used can be found in Supplementary Table S6.

Motif analysis

The MEME package from MEME Suite was used to iden-
tify consensus DNA motifs enriched in the ANRIL ChIRP-
seq peaks identified above (41,42). Default parameters were
used as such:

1. The width of the expected motif was set between 6 and
50.

2. The expected occurrence per sequence was set to zero or
one (zoops).

3. The maximum number of motifs to search for was 5.

FIMO package from MEME suite was also used to scan
for the presence of the identified motif 1 within the ANRIL
sequence using the default parameters.

Triple helix identification

Triplex Domain Finder (TDF) analysis was performed ac-
cording to (43). Full length ANRIL sequence (FASTA for-
mat) and ChIRP-seq peaks (BED format) were used as in-
puts in the analysis. The genome used was the hg19 and the
minimum length of triplex was set to 15.

Electrophoretic mobility shift assays

This protocol was adapted from (44). Briefly, purine rich
strand DNA oligos were 5′-labeled with � [32P]ATP (Perkin
Elmer) and annealed in equimolar ratios to their comple-
mentary pyrimidine rich strand DNA oligos in an anneal-
ing buffer 1× (10 mM Tris-acetate pH 7.4, 50 mM NaCl, 5
mM Mg-acetate) for 2 min at 95◦C and slowly cooled down
to 20◦C. For triplex formation, RNA was incubated with
100 fmol of radiolabeled duplex oligos for 16 h at 4◦C in
Triplex-buffer B [10 mM Tris–HCl pH 7.4, 50 mM KCl, 5
mM MgCl2, 10 �g salmon sperm DNA (Thermo Fisher Sci-
entific), protease inhibitor cocktail 1× (Thermo Fisher Sci-
entific), 20 U of Ribolock (Thermo Fisher Scientific)] in a

final volume of 10 �l. Triplex formation was monitored by
electrophoresis on 12% native polyacrylamide gels at 15 mA
and revealed using a typhoon scanner. Sequences of DNA
and RNA oligos can be found in Supplementary Table S7.

Transient transfection of ANRIL exons and isoforms

Calcium phosphate mediated transfection was used to over-
express separately ANRIL isoforms (NR, DQ and EU) and
exons 3, 8 and 12 in the HEK293 cells according to the
manufacturer’s recommendations. Briefly, 360 000 HEK293
cells were seeded per well in six-well plates 12–16 h before
transfection. One and half �g of pcDNA3.1 expression vec-
tors were used for transfection in 2 ml final volume. Sam-
ples were collected 48 h post-transfection in RLT lysis buffer
(RNeasy mini kit QIAGEN) for total RNA extraction.

Triplex capture assay

This protocol was adapted from (44). Briefly, RNA-free ge-
nomic DNA was sheared with Covaris M220 ultrasonica-
tor to an average size of 200–500 bp and 75 �g of frag-
mented DNA were incubated with 40 pmol of in vitro tran-
scribed Exon8 for 1 h at 30◦C in 940 �l of Triplex buffer
(10 mM Tris–HCl pH 7.4, 50 mM KCl, 5 mM MgCl2, 40 U
of Ribolock RNase inhibitor – Thermo Fisher Scientific)
for triplex formation. The formed DNA–RNA complexes
were incubated with 100 pmol of biotinylated probe com-
plemented with 40 U of Ribolock RNase inhibitor (Thermo
Fisher Scientific) for 4 h at 30◦C and isolated using the
MyOne Streptavidin C1 Dynabeads (Thermo Fisher Sci-
entific). After three washes with 700 �l of wash buffer (10
mM Tris–HCl pH 7.4, 50 mM KCl, 5 mM MgCl2, 0.05%
Tween-20) DNA was eluted by incubation of the beads with
100 �l of elution buffer (150 mM NaCl, 12.5 mM EDTA,
100 mM Tris–HCl pH 7.5, 1% SDS) for 5 min at 75◦C.
DNA was then purified and concentrated using the Gene-
JET Gel Extraction kit (Thermo Fisher Scientific) accord-
ing to the manufacturer’s recommendations. For one repli-
cate, two experiments were performed in parallel, eluted in
10 �l of elution buffer, diluted two times with water and
pooled together. Input is prepared according to the same
protocol and diluted 40 times. Samples were analyzed by
qPCR. Primer list used can be found in Supplementary Ta-
ble S6.

RESULTS

ANRIL binds 3227 loci across the genome of HEK293 cells

We first evaluated the ability of ANRIL to associate with
the chromatin fraction in HEK293 cells. Chromatin was
prepared by formaldehyde cross-linking followed by shear-
ing (Supplementary Figures S1A and B). RNAs associated
with cross-linked chromatin and cellular RNAs (INPUT)
were extracted and analyzed by RTqPCR (Supplementary
Figure S1A) (44). We observed a relative enrichment of AN-
RIL in the chromatin fraction compared to the INPUT
(2.8×) and to the unrelated RplpO transcript encoding a
ribosomal protein (14×) (Figure 1A). We then assessed the
genome-wide occupancy of ANRIL at high resolution by
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Figure 1. ANRIL binds 3227 loci across the genome of HEK293 cells. (A) RNA extraction experiments showing ANRIL enrichment in the chromatin
fraction (n = 3). Values are normalized to the Input. (B) Representative example of one of the ANRIL ChIRP-seq peaks located on the X chromosome.
(C) ChIRP-qPCR validation of the peak localized on the X chromosome (n = 4). (D) ANRIL does not coat all the chromosomes to the same extent.
Approximately 20% of the ANRIL peaks are localized on the X chromosome. (E) ANRIL ChIRP-seq peaks are mostly distributed in distal intergenic and
intronic regions. The percentages of each class were calculated by normalizing the sum of nucleotides in ANRIL ChIRP-seq dataset relative to the human
genome. The number of peaks within each DNA category is indicated. (F) MEME motif analysis identifying a G/A rich motif in ANRIL ChIRP-seq
peaks (n = 3167/3227). Data are represented as mean ± SEM. P-values: moderated t-statistics, *P < 0.05, **P < 0.01, ***P < 0.001, ns: not significant.

applying the ChIRP-seq approach (36,45). Using tiling bi-
otinylated antisense 20-mer oligos, we efficiently captured
the endogenous ANRIL from chromatin (Supplementary
Figure S1C and Supplementary Table S5). When compared
to the unrelated GAPDH mRNA and the negative control
LacZ mRNA, which is not expressed in eukaryotic cells,
ANRIL enrichments of 532- and 375-fold were observed
for the even and odd probe pools, respectively (Supplemen-
tary Figure S1D). The purified DNA was then analyzed by
high-throughput sequencing. Data analysis was done from
two independent experiments as previously described (36),
followed by peak calling using MACS2 peak caller (39)
(Supplementary Figure S1E, F). This allowed us to iden-
tify 3227 ANRIL-peaks corresponding to the genomic sites
for ANRIL occupancy. Figure 1B shows a representative
ANRIL-peak (score ≥ 15, and FDR ≤ 0.05) found on the X
chromosome that we validated by ChIRP-qPCR (Figure 1B
and C). Similar experiments validated the 9p21 locus used
as a positive control of ANRIL binder, in addition to the
MX1 and STAT1 peaks we identified by ANRIL ChIRP-
seq. No enrichment was observed for the TERC locus used
as a negative control (Supplementary Figure S1G). Peak
distribution analysis showed that almost all the chromo-
somes were contacted by ANRIL. Few peaks (10,8,5,4) be-
longed to chromosomes 4, 8, 13 and 14 respectively, while
15% (176) and 23% (754) of them were on the chromo-
somes 19 and X, respectively (Figure 1D). Additionally,

most of the ANRIL-peaks were located in intergenic and
intronic regions (1608 and 1301 respectively) compared to
UTR, promoter or exonic regions (Figure 1E). Based on hu-
man genome composition, no significant peak-enrichment
was observed for any DNA sub-categories (Supplementary
Figure S1H). We then compared the number of genomic
binding sites to the number of ANRIL’s molecules esti-
mated at 440 copies per HEK293 cells (Supplementary Fig-
ure S1I). Even though ANRIL’s genome occupancy may
be slightly heterogeneous between each individual cell, the
number of ANRIL molecules per cell (440) compared to its
number of genomic binding sites (3227) suggests that one
ANRIL molecule might interact in average with seven ge-
nomic sites. Altogether, these results indicate that ANRIL
is a chromatin-associated lncRNA able to contact several
loci dispersed throughout the genome of HEK293 cells.

To further characterize the interaction between ANRIL
and the genome, motif analysis was performed on the 3227
ANRIL ChIRP-seq peaks, using the MEME suite (http:
//meme-suite.org/). The most significant motif (E-value =
1.8e–048) corresponded to a highly predominant 21-bp long
element present in 3167 out of the 3227 ANRIL ChIRP-
seq peaks (Figure 1F). Interestingly, this motif, mainly com-
posed of G and A residues, shows a high degree of similarity
with those previously identified by ChIRP-seq experiments
as genomic binding sites for the lncRNAs roXes and HO-
TAIR (36). The other less significant motifs are provided
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in Supplementary Figure S2A. We also looked for Alu mo-
tifs that were previously shown to be enriched within 5 kb
fragments from promoters of multiple genes up- or down-
regulated upon ANRIL overexpression (21). Interestingly, a
similar Alu sequence was identified in motif 2 (41-bp long),
that we detected for 48 genomic binding sites of ANRIL
(Supplementary Figures S2A and B). Overall, our data sug-
gest that purine-rich DNA regions and some TEs may be
used by ANRIL as anchors for the recognition of specific
genomic regions.

In HEK293 cells, ANRIL is likely to modulate the expression
of 188 genes in a direct manner

To characterize in depth ANRIL’s trans-activity and to
identify the genes potentially regulated by ANRIL in a di-
rect manner, we silenced the expression of the main ANRIL
isoforms expressed in HEK293 cells followed by genome-
wide expression analysis. This was achieved by using a mix
of four LNA GapmeRs (single stranded antisense oligos
(ASO)) hybridizing to unique regions of the main ANRIL
isoforms as such: GapmeR Exon1 (all isoforms), Exon17–
18 (NR isoform), Exon12–13 (DQ isoform) and Exon7–13
(EU isoform) (Figure 2A). A reduction of 75% of ANRIL’s
expression level upon treatment of HEK293 cells with this
GapmeR mix was observed as compared to treatment with
scrambled GapmeR (Figure 2B). This reduction was ac-
companied by a 2.2- and 6.5-fold increase of CDKN2A and
CDKN2B mRNA levels, respectively (Figure 2C). These re-
sults were consistent with the ANRIL’s cis-activity previ-
ously described (12). Then, total RNAs were extracted and
analyzed by next generation Clariom D microarrays from
Affymetrix. Upon ANRIL knockdown, 2618 genes (1474
upregulated and 1144 downregulated with an FDR < 0.01,
log2FC > |1|) experienced changes in RNA level (Figure
2D). The effects observed on some of the genes upon AN-
RIL knockdown were further validated by RTqPCR (Sup-
plementary Figure S3A).

We next sought to identify the primary targets of AN-
RIL. Because one primary target can regulate the expres-
sion of many downstream genes, we hypothesized that the
genes being both affected by ANRIL knockdown and in
direct contact with ANRIL in the chromatin structure are
likely to be primary targets of ANRIL. We therefore com-
pared the two lists of the 1474 upregulated and 1144 down-
regulated genes with the ANRIL ChIRP-seq data. This
identified 188 genes fulfilling conditions to be directly reg-
ulated (Figure 2E and Supplementary Tables S1 and S2).
From the 188 potential direct targets, 123 (P < 6.714e–12)
were silenced while 65 (P <0.02) were activated by ANRIL.
Gene ontology analysis did not reveal any enriched path-
ways in the list of the 123 potential direct trans-silenced
genes. In contrast, five pathways mainly involved in sig-
nal transduction were significantly enriched in the potential
direct trans-activated genes dataset (Supplementary Figure
S3B). Altogether, we concluded that ANRIL activities en-
compass repressive and activating functions on a small sub-
set of genes compared to the number of ChIRP peaks.

Since it was documented that ANRIL associates with the
PcG to silence genes, we postulated that it might repress
a significant number out of the 123 potential direct trans-

silenced targets through a similar mechanism (12,13,21).
Crossing publicly available H3K27me3 ChIP-seq data per-
formed in HEK293 cells (46) with the list of these genes
showed an overlap of only 17% (P < 5.795e–05) (Figure
2F). This suggested that ANRIL is likely to silence genes
by both PcG-dependent and independent mechanisms. In
the same line, it was described that ANRIL may associate
with YY1 to modulate positively gene expression in HU-
VEC cells (47). To determine the overlap between ANRIL
and YY1 targets, we intersected ChIP-seq data of YY1 in
HEK293 cells (GEO:GSE127598) with the list of the 65 po-
tential ANRIL activated-primary targets (48). This identi-
fied 41 genes (P < 3.332e–16) indicating that YY1 is well
suited to be involved in the activation of 63% of them (Fig-
ure 2G). In conclusion, our data support the dual-activities
of ANRIL depending on PRC2 and YY1. Importantly they
are also in favor of mechanisms implicating additional fac-
tors, not identified yet, important for ANRIL to modulate
gene expression.

TEs in Exon8 are involved in ANRIL’s binding to the genome
and gene regulation of 9 potential ANRIL direct trans-targets

Since the three most documented ANRIL isoforms are
composed of different combinations of exons proposed to
differentially affect gene expression (21), we postulated that
each of them might contain unique functional domains
(Figure 3A). In order to reveal those responsible for the
binding of ANRIL to the genome, we first evaluated the
ability of the NR, DQ and EU isoforms to associate with the
chromatin fraction. RNA extraction from chromatin was
performed after individual overexpression of these MS2-
tagged isoforms by transient transfection in HEK293 cells
(Figure 3B and Supplementary Figure S4A). Note that
these experiments could not be performed on the endoge-
nous isoforms because of their respective low expression
levels (Supplementary Figure S4B). This identified both NR
and DQ isoforms as DNA/Chromatin binders, but not the
EU isoform when compared to the MS2-CTL. This sug-
gested that the exons uniquely found in NR and DQ (ex-
ons 2, 3, 4, 8, 9, 10, 11 and 12) may contain RNA domains
required for chromatin recognition by ANRIL (Figure
3A). Importantly, it has been shown that TEs in lncRNAs
can serve for their chromatin occupancies (10,21,30,32,49).
Thus, by using the RepeatMasker version 4.1.0 (http://www.
repeatmasker.org/), we looked for such elements and found
that only exons 3, 8 and 12 contained TEs as DNA element,
LTR and SINE, respectively (Figure 3C and Supplementary
Figure S4C). To determine which ones of these exons bind
efficiently to the chromatin fraction, we performed RNA
extraction from chromatin after individual overexpression
of MS2-tagged exons 3, 8 and 12 in HEK293 cells (Supple-
mentary Figure S4D). This identified only exons 3 and 8 as
chromatin binders when compared to the MS2-CTL (Fig-
ure 3D). Interestingly, two LTRs belonging to the ERVL-
MaLRs family were found to cover almost 70% of the 696
nts of Exon8, while repeat elements covered only 17% of
the 313 nts of exon 3 (Figure 3C and Supplementary Fig-
ure S4E). Note that ERVs are enriched in lncRNAs com-
pared to SINE and LINE classes and are thought to be crit-
ical for their genomic association (27,32,44). Thus, we de-
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Figure 2. ANRIL is likely to regulate the expression of 188 genes in a direct manner. (A) Schematic representation of the hybridization position of the
four different LNA GapmeRs used to silence ANRIL. (B) RTqPCR analysis after LNA GapmeR transfection revealed up to 75% reduction in ANRIL’s
expression (n = 3). Values are normalized to the GAPDH housekeeping gene. (C) RTqPCR analysis of CDKN2A and CDKN2B expression following
ANRIL knockdown by LNA GapmeRs (n = 3). Values are normalized to the GAPDH housekeeping gene. (D) Volcano plot representing the significance
versus fold change for all differentially expressed (n = 2618, FDR < 0.01, log2FC > |1|) genes upon ANRIL knockdown (n = 5). (E) Venn diagram showing
the intersection between the ANRIL upregulated genes, downregulated genes, and the ChIRP-seq dataset. A list of 188 genes has been identified as potential
direct trans-regulated targets. (F) Venn diagram showing the intersection between H3K27me3 ChIP-seq data in HEK293 cells and the 123 silenced primary
targets of ANRIL. List of 21 genes identified to be potentially repressed through PcG dependent mechanism. (G) Venn diagram showing the intersection
between YY1 ChIP-seq data in HEK293 cells and the 65 primary activated targets of ANRIL. Forty-one genes were identified to be potentially activated
through YY1. The P-values of Venn diagrams were obtained by hypergeometric test using the whole set of microarray genes as a background. Data are
represented as mean ± SEM. P-values: moderated t-statistics, *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3. Exon8 is involved in the association of ANRIL with the chromatin. (A) Schematic representation of the three major ANRIL isoforms NR,
DQ, and EU. Exons and introns are represented by numbered rectangles and dashed lines, respectively. (B) RNA extraction experiments after transient
overexpression of the MS2-tagged NR, DQ, and EU isoforms (n = 2). This identified the NR and DQ isoforms as DNA/chromatin binders but not the EU
compared to the MS2-CTL. Values are normalized to Input. (C) RepeatMasker analysis showing the distribution of TEs in ANRIL’s exons 3, 8, and 12.
(D) RNA extraction experiments after transient overexpression of the MS2-tagged exons 3, 8 and 12 (n = 2). This identified the exons 3 and 8 of ANRIL as
DNA/chromatin binders but not the exon 12 compared to the MS2-CTL. Values are normalized to Input. (E) RNA extraction experiments from �Exon8
HEK293 cell lines which revealed a reduction in chromatin association of ANRIL by 60% but not for RplpO compared to the HEK293 WT cell lines (n
= 3). Data are represented as mean ± SEM. P-values: moderated t-statistics, *P < 0.05, **P < 0.01, ***P < 0.001.

cided to investigate whether Exon8 containing-ERVL could
impact ANRIL’s genomic occupancy and subsequently its
trans-activity. To test this, we engineered by the CRISPR–
Cas9 approach ANRIL gene truncated for the Exon8 in
HEK293 cells, hereafter called �Exon8 HEK293 cells (Sup-
plementary Figure S4F-H). The deletion did not affect the
overall expression level of ANRIL nor the CDKN2A and
2B expression (Supplementary Figure S4I). However, RNA
extraction from chromatin performed on �Exon8 cells re-
vealed a significant reduction by 60% in chromatin associ-
ation of ANRIL, but not for RplpO which was used as a
negative control (Figure 3E). These results strongly suggest
that Exon8 containing-ERVL is involved, at least partially,
in the genomic association of ANRIL.

To evaluate the global impact of the absence of Exon8
on gene expression, transcriptome analysis was performed
on �Exon8 HEK293 cells using the Clariom D microarrays
from Affymetrix. Interestingly, 450 genes showed changes
in expression in mutated cells when compared to HEK293
WT (279 upregulated and 171 downregulated with an FDR
<0.05, log2FC > |0.6|) (Figure 4A). By intersecting these
�Exon8 up- and down-regulated genes with the ANRIL
LNA knockdown and ChIRP-seq datasets, we identified
nine common genes (P < 5.053e–08) (TPD52L1, FIRRE,

IGFBP3, RYR2, PRDM1, LSM14A, GPATCH1, KRT-
DAP, ST20-MTHFS) and 1 (UBQLN2) (P < 0.2, not sig-
nificant) respectively, that could be considered as poten-
tial primary targets which expression depends on ANRIL
Exon8 (Figure 4B and C). Note that the intersection of the
ANRIL and �Exon8 downregulated genes (n = 1144 and
n = 171 respectively) with the ANRIL ChIRP-seq genes
(n = 2090) reveals a very restricted overlap suggesting that
Exon8 has only a minor contribution in the trans-activation
mediated by ANRIL. Therefore, we decided to focus on
the nine genes identified as potential direct silenced-targets
which expression depends on ANRIL Exon8 called here-
after �Exon8 trans-silenced targets (Figure 4D). We vali-
dated by RTqPCR the significant upregulation of these nine
genes in the �Exon8 cell line compared to the WT HEK293
cells. No pronounced changes were observed for the nega-
tive controls HYPM, STAT1 and MX1 (Figure 5A). To go
further, we generated a CRISPRed-engineered HEK293 cell
line truncated for ANRIL’s Exon21. RTqPCR analysis on
this cell line did not reveal any effects on the expression of
the �Exon8 trans-silenced targets except for FIRRE (Sup-
plementary Figure S5A–D). Altogether, our data show that
the silencing of nine distal loci is at least in part dependent
on the presence of ANRIL’s Exon8.
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Figure 4. The expression of 10 primary trans-targets depends on the presence of Exon8. (A) Volcano plot representing the significance versus fold change
for all differentially expressed (n = 450, FDR < 0.05, log2FC > |0.6|) genes in �Exon8 HEK293 cells (n = 5). (B) Venn diagram showing the intersection
between the ANRIL ChIRP-seq genes and the upregulated genes in the �Exon8 and ANRIL LNA knockdown datasets. A list of nine primary targets
has been identified as being potentially silenced by the presence of Exon8 containing-ERVL in a direct manner. (C) Venn diagram showing the intersection
between the ANRIL ChIRP-seq genes and the downregulated genes in the �Exon8 and ANRIL LNA knockdown datasets. One target has been identified
as being potentially activated by the Exon8 containing-ERVL in a direct manner. The P-values were obtained by hypergeometric test using the whole set of
microarray genes as a background. (D) Table summarizing the 10 �Exon8 trans-regulated genes. Gene symbol, chromosome, fold change, FDR, ANRIL
ChIRP-seq peak number and peak position are represented.

Exon8 favors ANRIL’s association with specific genomic loci
to modulate their expression through H3K27me3 deposition

To gain further insight into the importance of Exon8 in
the association of ANRIL with the �Exon8 trans-silenced
targets in cellulo, we performed ANRIL ChIRP-qPCR on
the �Exon8 cells. We verified that the removal of Exon8
did not affect the efficiency of RNA retrieval after captur-

ing the endogenous ANRIL from the chromatin (Supple-
mentary Figure S6A). ChIRP-qPCR analysis showed that
ANRIL depleted for Exon8 tended to dissociate from the
tested loci. Note that this dissociation appeared more pro-
nounced for the FIRRE, TPD52L1, IGFBP3, RYR2 and
PRDM1 loci as significantly evidenced by >3-fold reduc-
tion in �Exon8 HEK293 when compared to the WT cells
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Figure 5. ANRIL directly contacts specific genes throughout the genome using its Exon8 to regulate their expression through the deposition of H3K27me3.
(A) RTqPCR validation of the differentially expressed �Exon8 trans-silenced targets in �Exon8 HEK293 cells (n = 5). (B) ChIRP-qPCR on the �Exon8
trans-silenced targets shows that in the absence of Exon8, ANRIL significantly dissociates from some of these loci (n = 5). Values are normalized to the
Input then fold enrichment is calculated by normalizing to LacZ. (C) ChIP-qPCR using H3K27me3 and control IgG antibodies on promoter regions of
the �Exon8 trans-silenced targets (n = 5). Values are normalized to the Input. Data are represented as mean ± SEM. P-values: moderated t-statistics, *P
< 0.05, **P < 0.01, ***P < 0.001, ns: not significant.

(Figure 5B). These results confirmed the importance of
Exon8 in targeting and tethering ANRIL to at least five spe-
cific trans silenced-loci.

Since our data suggested that gene silencing of ANRIL’s
primary targets may be mediated by the recruitment of the
PcG in a range of 17% (Figure 2F), we sought that the loss
of Exon8 might affect H3K27me3 levels at the promoters
of some of the �Exon8 trans-silenced targets. Thus, we per-
formed ChIP-qPCR experiments using antibodies against
H3K27me3 or control IgG. A reduction of 60% to 80% of
H3K27me3 was observed at the promoters of the FIRRE,
TPD52L1, IGFBP3 and KRTDAP genes in �Exon8 cells
compared to WT cells. No reduction in H3K27me3 level
was observed at the remaining �Exon8 trans-silenced tar-
gets nor at the HYPM and GAPDH loci used as negative
controls (Figure 5C). Additionally, no global changes were
observed for H3K4me3 and H3K27ac marks (Supplemen-

tary Figure S6B and C). This strongly suggested that their
increased expression level observed upon ANRIL knock-
down is likely to be independent of active euchromatin mark
deposition. In conclusion, our results highlight the implica-
tion of Exon8 in the H3K27me3 deposition at the FIRRE,
TPD52L1, IGFBP3 and KRTDAP promoters.

Exon8 is presumably involved in ANRIL’s association
with the FIRRE and TPD52L1 loci through complex
DNA/DNA:RNA structure

It remained to document the mechanism engaged by Exon8
to specifically associate ANRIL with its target genes. The
recent development of computational approaches coupled
to chromatin purification by RNA selection have pro-
vided evidences for a mechanism relying on the formation
of DNA/DNA:lncRNA triple helix structures, hereafter
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called triplex (31,43,44,50–52). Triplex are formed when a
single stranded RNA fragment accommodates the major
groove of the double stranded DNA by Hoogsteen or re-
verse Hoogsteen hydrogen bonds in either parallel or anti-
parallel orientation. The DNA and RNA regions involved
in triplex formation are called Triplex Target Sites (TTS)
and DNA Binding Domains (DBD), respectively (53). In
order to test the hypothesis of ANRIL interaction with the
chromatin via triplex formation, we used Triplex Domain
Finder (TDF), a computational method which predicts
triplex-forming potential between TTS and DBD based
on Hoogsteen hydrogen bonds search (43,53). We submit-
ted the genomic coordinates of the 3,227 ANRIL genomic
binding sites against the full length ANRIL sequence. Strik-
ingly, only the Exon8 was predicted to contain a significant
DBD (P-value = 0.0013) (Figure 6A and Supplementary
Figure S7A). The predicted Ex8-DBD had a length of 42-
nts and was rich in purine residues. Interestingly, it was also
located within the second LTR/ERVL-MaLR element re-
inforcing the idea of a role of the Exon8 containing-ERVL
in ANRIL’s genome association (Figure 6B and Supple-
mentary Figure S4E). The Ex8-DBD was predicted to form
triplex with 422 potential DNA TTSs (13.07%) out of the
3227 ANRIL genomic binding sites (Supplementary Fig-
ure S7B). This set of TTSs was not significantly enriched
for any particular DNA categories when compared to the
human genome (Supplementary Figure S7C). Likewise, no
enrichment was observed amongst the ANRIL trans-targets
since 18.6% (n = 23) and 16.9% (n = 11) of the poten-
tial silenced (n = 123) and activated (n = 65) direct trans-
targets contained predicted TTSs, respectively (Figure 2E,
Supplementary Figure S7D). Then we intersected the list of
the predicted TTSs (n = 422) with the list of the �Exon8
trans-silenced targets (n = 9). This identified three genes
FIRRE, TPD52L1 and LSM14A (P <3.999e–05), contain-
ing intronic TTSs, as being potentially targeted by AN-
RIL Exon8 via triplex formation (Figure 6C). To investi-
gate the triplex forming potential of Exon8 with these three
loci, we performed a triplex capture assay on genomic DNA
using an adapted protocol (44) (Figure 6D). In this ap-
proach, an antisense biotinylated DNA oligo hybridizing
to Exon8 was used to capture triplex formed with the full
length in vitro transcribed Exon8 incubated with sheared
genomic DNA (Figure 6D). After recovery of triplex on
streptavidin beads, associated DNA was eluted and ana-
lyzed by qPCR. Upon Exon8 pulldown with streptavidin
magnetic beads, we found a significant recovery of FIRRE
(×2.44) and TPD52L1 (×1.91) TTSs containing-DNA re-
gions compared to GAPDH where no triplex was expected
to be formed and that was used as negative control (Figure
6E). Also, no significant enrichment was observed for most
of the remaining �Exon8 trans-silenced targets (except for
GPATCH1; ×1.37), which are not predicted to associate
with Exon8 by triplex formation. Thus, this was in favor
of a potential triplex interaction between Exon8 and the
TTSs of FIRRE and TPD52L1. To go further, we checked
the chromatin accessibility at these loci by using publicly
available ATAC-seq and DNase-seq performed in HEK293
cells (54). Indeed, it has been demonstrated that chromatin
located adjacent to triplex forming regions is likely to be
depleted in nucleosomes and consequently more accessible

to tn5 and DNaseI activities (55,56). We found that AN-
RIL’s binding sites to TPD52L1 and FIRRE loci are lo-
cated near DHS and ATAC-seq peaks (Figure 6F). This
was not the case for LSM14A, neither for KRTDAP and
MX1, which did not harbor predicted TTSs and were used
as negative controls (Figure 6F). These data were in agree-
ment with a potential association between ANRIL and the
FIRRE and TPD52L1 genes through triplex formation.
Next, using electrophoretic mobility shift assay (EMSA),
we tested in vitro the triplex forming capacity of ANRIL’s
Ex8-DBD (42 nts single-stranded RNA, ssRNA) with the
DNA duplex (dsDNA) sequences containing the TTS as-
sociated with the selected ANRIL target genes (FIRRE
and TPD52L1). As a positive control for our experiment,
we used a DBD (40 nts) from the lncRNA NEAT1 which
has been shown to form triplex with FLI1 dsDNA (44).
Upon incubation of TPD52L1 radiolabeled DNA duplex
with ANRIL Ex8-DBD, a decreased electrophoretic mobil-
ity was observed on gel indicating an interaction between
the DNA and the RNA (Figure 6G). A similar result was
obtained with NEAT1-DBD and FLI1 dsDNA while no
reduced mobility was observed with FIRRE dsDNA (Sup-
plementary Figure S7E–G). Importantly, the mobility of
the formed complex was not affected upon treatment with
RNase H, indicating that the observed gel shift was not
due to Watson–Crick, but to Hoogsteen or reverse Hoog-
steen interactions (Figure 6G and Supplementary Figure
S7E–G). Overall, these data suggest that Exon8 contains el-
ements required by ANRIL to contact and modulate the ex-
pression of TPD52L1 and FIRRE loci likely through triplex
formation.

DISCUSSION

The transcriptional complexity of the ANRIL locus is re-
flected by the production of several isoforms in a tissue
specific manner. The expression of at least three of them
positively correlate with severe pathologies such as coro-
nary artery disease, diabetes and cancers (14–18,20,23,57–
59). Therefore, they are believed to participate in disease de-
velopment by inappropriate modulation of gene expression.
However, the high variability in the number and identity
of the regulated genes according to the model studied ob-
scures our understanding of the mechanistic link between
ANRIL and pathologies. In the present study, we provide
novel information on how ANRIL trans-regulates some
genes, through identification of its potential direct trans-
target genes (20,21,47). To circumvent the fact that ANRIL
is likely to modulate the expression of many gene regulators,
we combined ChIRP-seq with transcriptomic analysis. We
found 188 genes that we defined as potential direct trans-
targets of ANRIL (Figure 7, Supplementary Tables S1 and
S2).

The overlap between the genes that were previously iden-
tified upon ANRIL knockout or overexpression was low
likely due to the heterogeneity in the methods and cellu-
lar models used (20,21). For instance, when we compare
our work with Holdt et al. (21), even though we both used
HEK293 cells, the methods to characterize ANRIL’s trans-
activity largely differ. First, Holdt and colleagues overex-
pressed fragments of ANRIL while we depleted ANRIL
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Figure 6. Exon8 harbors a DBD potentially involved in triplex formation. (A) TDF prediction using ANRIL full-length against the ChIRP-seq dataset.
This revealed the potential DBD on ANRIL’s sequence located in Exon8 (P-value = 0.0013) with its associated TTS (n = 422) hereafter called ChIRP-seq
TTSs. (B) Schematic representation of the position and purine-rich sequence of Ex8-DBD. (C) Venn diagram showing the intersection between the predicted
ChIRP-seq TTSs and the �Exon8 trans-silenced targets. A list of three genes (FIRRE, TPD52L1 and LSM14A) was predicted to contain TTSs. The P-
values were obtained by hypergeometric test using the whole set of microarray genes as a background. (D) Schematic representation of the RNA-based
DNA capture assay adapted from (44) to validate triplex formation. An antisense biotinylated DNA oligo hybridizing to the Exon8 was used to capture
triplex formed with full length in vitro transcribed Exon8 incubated with sheared genomic DNA. After recovery of triplex on streptavidin beads, associated
DNA was eluted and analyzed by qPCR. (E) Enrichment of FIRRE, TPD52L1 and GPATCH1 peak sequences were obtained but not GAPDH nor the
remaining �Exon8 trans-silenced targets after capturing Exon8 using antisense biotinylated DNA oligo on streptavidin beads (n = 4). The enrichment is
presented as the ratio between these loci and TERC which was used as a negative control. (F) ATAC-seq and DNase-seq data evaluating the chromatin
accessibility in HEK293 cells at the TPD52L1, FIRRE, LSM14A, MX1 and KRTDAP loci. Signals observed represent open chromatin regions. (G) EMSA
using 14 �M of synthetic Ex8-DBD (42 nts) with 100 fmol of double–stranded 32P-labeled double stranded oligonucleotides harboring a predicted TTS of
TPD52L1 (Supplementary Table S7). Gel shift was resistant to RNaseH indicating a Hoogsteen base pairing. Potential Hoogsteen base pairing between
Ex8-DBD represented in blue and TPD52L1 dsDNA sequences is shown; mismatches are marked *. Data are represented as mean ± SEM. P-values:
moderated t-statistics, *P < 0.05, **P < 0.01, ***P < 0.001, ns: not significant.
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Figure 7. Summary of ANRIL’s functions. ANRIL interacts with 3227 of loci dispersed throughout the HEK293 cell genome sharing a 21-bp motif
enriched in G/A residues. Combining ANRIL genomic occupancy with transcriptomic analysis identified 65 and 123 genes potentially trans-activated and
silenced by ANRIL in a direct manner, respectively. Exon8 of ANRIL, mainly made of TEs, contributes to ANRIL genomic association and consequently
to its trans-activity. ANRIL might also act as splicing regulator.

by LNA treatment. We preferred gene expression analy-
sis upon ANRIL knockdown compared to overexpression
since it may generate cellular stresses. Also, we considered
that overexpressing ANRIL in HEK293 cells where AN-
RIL is expressed would not result in a drastic downregula-
tion of the potential repressed primary targets since they are
expected to be already silenced. The main difference com-
pared to the other studies was the use of different cell lines
such endothelial and vascular muscle cells (20,47).

Gene ontology analysis revealed in the list of the 65
trans-activated genes several pathways significantly en-
riched mainly involved in regulation of receptor internal-
ization (for instance the GPC3 and GJA1 genes). This path-
way ensures the proper delivery of internalized receptors to
specific subcellular destinations in order to maintain cel-
lular homeostasis (60). Interestingly, this pathway closely
modulates cell proliferation and some genes such as GPC3
and GJA1 are linked to cancers reminiscent to diseases
associated with ANRIL (61,62). In contrast, gene ontol-
ogy analysis failed to identify common pathways shared
by its potential 123 primary silenced-targets. However, we
could identify several genes involved in cell cycle progres-
sion (CDC5L) and inflammation (IL16), pathways which
are again reminiscent of cancer and cardiovascular diseases
linked to ANRIL (63,64). Importantly, our list of potential
ANRIL trans-target genes includes non-coding genes ig-
nored so far (SNORA14B, SNORA33, TSIX, LINC01023,
LINC00923 and FIRRE). As such ncRNAs may play criti-
cal functions in cellular homeostasis (65), this finding opens
new avenues for future investigations of ANRIL’s functions,
in particular in the view to better understand the connection
between ANRIL and disease progression.

As mentioned above, we found that 123 genes out of
the 188 direct trans-targets experienced a higher expression
upon ANRIL depletion (Figure 7, Supplementary Table
S1). We also found that only 17% of them are likely to be
regulated by a PcG-dependent mechanism. This observa-
tion suggests the implication of PcG-independent mecha-
nisms engaged by ANRIL to silence gene expression. Sev-
eral studies have uncovered examples of lncRNAs that are
able to silence gene expression by recruiting different repres-
sive complexes. This is the case for HOTAIR which can as-

sociate with the PRC2 and CoREST complexes responsi-
ble for H3K27me3 deposition and H3K4me1–2 removal at
the HOXD locus, respectively (66,67). We also identified 65
genes positively regulated by ANRIL arguing for its acti-
vating role. One study showed that ANRIL interacts with
the transcription activator YY1 in HUVEC cells (47). Inter-
estingly, we found that 63% of the potential trans-activated
primary targets of ANRIL are likely to be bound by YY1 in
HEK293 cells (Figure 7). This reinforced the potential im-
plication of YY1 in ANRIL’s activating function and fur-
ther studies are needed to discover the underlying mecha-
nisms.

As we found that TEs cover 35% of the ANRIL sequence
(Supplementary Figure S8), we evaluated their putative im-
portance on ANRIL’s trans-silencing activity. We demon-
strated that Exon8 which is 70% covered by the subcate-
gory of LTR named ERVL-MaLR is involved in ANRIL’s
genomic occupancy. Note that clinical investigation aiming
to precisely correlate the presence of Exon8 in ANRIL iso-
forms to disease occurrence has never been done. This point
should be examined in depth in the future.

Importantly, Exon8 deletion affected the expression of
nine genes out of the 123 potential trans-silenced targets
of ANRIL. Since CDKN2A and CDKN2B were not found
among them, we concluded that Exon8 containing-ERVL
does not function in cis but in trans on a limited number
of genes. This limited number of potential �Exon8 trans-
silenced targets emphasizes the importance of other TEs
which may help ANRIL to fully act in trans. They also in-
dicate that ANRIL variants are likely constituted by func-
tional blocks and that combination of these blocks may con-
fer particular features for chromatin-linked activities (Fig-
ure 7). In this line of idea, we observed that the expression of
FIRRE is affected in cells lacking Exon8 or Exon21 (Figure
5A and Supplementary Figure S5D), suggesting that both
exons might cooperate to modulate its expression. In ad-
dition, our results suggest that Exon8 certainly contributes
more by its role in helping ANRIL to recognize specific ge-
nomic loci rather than by directly recruiting the PcG since
Exon8 deletion results in a significant eviction of ANRIL
from the chromatin structure. Therefore, Exon8 containing-
ERVL may serve essentially for specific chromatin associa-
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tion, while Alu sequences, for instance, would potentially
favor protein recruitment. Accordingly, deletion of Alu se-
quences abolished the so-called pro-atherogenic functions
of ANRIL (21) and have been shown to interact with a large
repertoire of proteins such as chromatin modifiers, tran-
scription factors, RNA binding proteins and RNA poly-
merase II (68–71).

Recent studies suggested a potential implication of repeat
elements in DNA/DNA:RNA triplex formation. Thus, we
used an in silico predictive approach to screen for possible
direct ANRIL–DNA triplex formation (43,44,50,52,72).
The ERVL-MaLR in Exon8 contained a DBD predicted to
form triplex with TTSs identified in 3 of the 9 �Exon8 trans-
silenced targets (the non-coding gene FIRRE, and the pro-
tein coding genes TPD52L1 and LSM14A). Accordingly, a
recently published article showed that ANRIL regulates in
cis the CDKN2B gene by forming triple helices via a DBD
located in ANRIL’s Exon1 (73).

We provide by alternative approaches pieces of evi-
dence suggesting triplex formation between the Exon8 and
FIRRE and TPD52L1 loci. Note that we only confirmed
the Hoogsteen base-pairing formation by EMSA for the
latter. This may be explained by the fact that conditions
for triplex formation in vitro differ from those in cellulo
where different factors may be involved, such as nucleo-
somes which were shown to stabilize triplex structures (55).
Nevertheless, the examination of publicly available data of
ATAC-seq and DNase-seq identified nucleosome free re-
gions adjacent to triplex forming region of FIRRE and
TPD52L1, which is in favor of triplex formation.

FIRRE and TPD52L1 are good candidates for a better
understanding of how ANRIL impacts disease etiology. In-
deed, TPD52L1 is a protein coding gene highly upregulated
in breast cancer cell lines that was identified as a cell cycle
regulator important for the completion of mitosis by inter-
acting with 14–3–3, a negative regulator of the G2/M phase
transition. Similarly, ANRIL also behaves as a cell cycle
regulator by mediating the expression of tumor suppres-
sor genes (12,13). In human, the lncRNA FIRRE, which
is encoded from the X chromosome, is involved in post-
transcriptional regulation of inflammatory genes, a path-
way that is linked to ANRIL in the context of cardiovascu-
lar diseases (47,74). Upregulated in human cancer, FIRRE
is considered as a marker for prognosis and diagnosis in
human head and neck squamous cell carcinoma (HNSCC)
(75). In mouse, Firre was shown to regulate the nuclear ar-
chitecture through distinct interchromosomal interactions
with five genomic regions (76). Additional functions have
been attributed to Firre such as modulating adipogenesis,
key pluripotency pathways and anchoring the mouse inac-
tive X chromosome to maintain H3K27me3 status (76–78).
Even though our results display coherent connections with
ANRIL-associated pathways such as inflammation and cell
proliferation (12,17,20,21,47), studies evaluating the link
between ANRIL and FIRRE/TPD52L1 in pathological
situations will likely yield further mechanistic insights on
the role of ANRIL’s trans-regulatory activities in the estab-
lishment of diseases.

The pioneer ChIRP-seq experiment we performed re-
vealed that besides its 188 potential trans-targets, ANRIL
associates much widely with the genome by binding ∼3000

sites (Figure 7). This may reflect the fact that, our ChIRP-
seq experiments were done using tiling probes hybridizing
to all ANRIL exons. Therefore, they capture as a whole the
genomic sites of the full set of ANRIL variants. Unfortu-
nately, due to the limited abundance of some of the ANRIL
isoforms, we could not evaluate their individual genomic oc-
cupancy using the dChIRP approach (data not shown) (79).
We also observed that most of the ANRIL binding sites are
located in non-coding areas such as introns and intergenic
regions. This location is in agreement with the modulator
roles of lncRNAs on enhancers activity, alternative splicing
and chromatin organization (36,80–83). For instance, the
contribution of lncRNAs on splicing was exemplified by the
regulatory activity of the lncRNA asFGFR2 on the alter-
native splicing of the FGFR2 transcript (83). Remarkably,
40.3% of the ANRIL sites are intronic suggesting a possible
role of ANRIL as a splicing regulator (Figure 7). Moreover,
we found that 24% of the genes contacted by ANRIL are af-
fected in terms of alternative splicing upon ANRIL knock-
down (data not shown). More in-depth investigations are
required to better understand the possible role of ANRIL
as a splicing regulator.

Finally, we observed that the ANRIL binding sites within
the genome are enriched in G/A nucleotides (motif 1) (Fig-
ure 7). This property was also observed for the HOTAIR,
MEG3, TERRA and NEAT1 lncRNAs (36,44,52,82,84).
This supports the emergent idea that G/A-rich sequences
might serve as anchoring motifs to direct lncRNAs to-
ward specific genomic loci (85,86). We can speculate that
such composition may favor triplex formation since G/A
residues promote the most stable Hoogsteen base-pairing
formation (87). Note that 13% of the ChIRP-peaks have
a TTS for which no significant enrichment was found nei-
ther for the up- and -down regulated primary trans-targets
nor for any DNA classes (Supplementary Figure S7C).
This suggests that triplex formation occurs independently
of DNA sub-categories and ANRIL’s trans-functions. Im-
portantly, this indicates that this genome recognition mode
cannot solely explain ANRIL’s binding to the chromatin
and that alternative modes engaged by ANRIL to asso-
ciate with the genome have to be considered. LncRNA-
chromatin recognition can take place through the interac-
tion with specific protein partners that serve as bridge be-
tween the DNA and the lncRNA. One of the most charac-
terized protein showing this property is the heterogeneous
nuclear RiboNucleoProtein U (hnRNP U) matrix protein
(76,88). The use of publicly available CLIP-seq data did
not provide any evidences of direct hnRNP U binding to
ANRIL (89), which suggests that ANRIL/chromatin as-
sociation is most probably not dependent on hnRNP U.
Another mechanism relies on the direct interaction of the
lncRNA with the DNA molecule via RNA-DNA hybrid
duplexes formed by canonical Watson-Crick base-pairing.
The resulting hybrid is named R-loop (80,90). The FIMO
analysis we performed to scan for the presence of motif 1
within the ANRIL sequence identified 6 sequences located
in Exon1, 8 and 21 that might hybridize to the negative
strand of the motif 1 (Supplementary Figure S9). This may
indicate that ANRIL contains sequence elements compat-
ible with R-loop formation with the motif 1. Even though
this observation helps to better understand how ANRIL as-
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sociates with thousands of genomic loci, further investiga-
tions are needed to demonstrate genome-wide the existence
of R-loops formed between ANRIL and the motif 1.
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