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Epigenetic processes involving long non-coding RNAs regulate
endothelial gene expression. However, the underlying regula-
tory mechanisms causing endothelial dysfunction remain to
be elucidated. Enhancer of zeste homolog 2 (EZH2) is an
important rheostat of histone H3K27 trimethylation
(H3K27me3) that represses endothelial targets, but EZH2
RNA binding capacity and EZH2:RNA functional interactions
have not been explored in post-ischemic angiogenesis. We
used formaldehyde/UV-assisted crosslinking ligation and
sequencing of hybrids and identified a new role for maternally
expressed gene 3 (MEG3). MEG3 formed the predominant
RNA:RNA hybrid structures in endothelial cells. Moreover,
MEG3:EZH2 assists recruitment onto chromatin. By EZH2-
chromatin immunoprecipitation, following MEG3 depletion,
we demonstrated that MEG3 controls recruitment of EZH2/
H3K27me3 onto integrin subunit alpha4 (ITGA4) promoter.
Both MEG3 knockdown or EZH2 inhibition (A-395) promoted
ITGA4 expression and improved endothelial cell migration and
adhesion to fibronectin in vitro. The A-395 inhibitor re-
directed MEG3-assisted chromatin remodeling, offering a
direct therapeutic benefit by increasing endothelial function
and resilience. This approach subsequently increased the
expression of ITGA4 in arterioles following ischemic injury
in mice, thus promoting arteriogenesis. Our findings show a
context-specific role for MEG3 in guiding EZH2 to repress
ITGA4. Novel therapeutic strategies could antagonize
MEG3:EZH2 interaction for pre-clinical studies.

INTRODUCTION
The vascular endothelium is essential for maintaining cardiovascular
homeostasis during health and disease. Cytoskeletal rearrangements
are critical for endothelial cell (EC) morphogenesis in response to
endothelial injury during atherosclerosis or other cardiovascular dis-
This is an open access article under the CC BY-N
ease (CVD). In response to such injury, multiple extracellular matrix
proteins and cell surface ligands act to alter endothelial function at an
intercellular level.1

Many non-coding RNAs (ncRNAs) are involved in directing the
signaling pathways behind endothelial dysfunction, with implications
for CVD,2 but complete mechanisms require further research. Long
ncRNAs (lncRNAs) are an added level of epigenetic regulation of
target genes ensuing recruitment of chromatin remodeling com-
plexes. With their regulatory functions in cis and in trans at the tran-
scriptional and post-transcriptional levels, the lncRNAs can affect
physiological and pathological processes responsible for CVDs,
such as ischemic heart disease.3,4 Several nucleus-localizing lncRNAs
have been reported to interact with the enhancer zeste homolog 2
(EZH2), and the enzymatic component of the transcriptional core-
pressor, polycomb repressive complex 2 (PRC2)5 that writes histone
H3 lysine K27 tri-methylation (H3K27me3) mark.6 EZH2 is a well-
recognized epigenetic regulator of cardiovascular development and
diseases.7 The removal of H3K27me3 through PRC2 inhibition in-
creases recovery after limb ischemia8 and improves aortic perfor-
mance in a model of thoracic aortic aneurysm9 or in disease states
known to arise from endothelial dysfunction.10 Despite the large
body of research evidence detailing the lncRNA-driven mechanisms
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in endothelial dysfunction, new risk factors continue to be unraveled
involving the EZH2 cell-specific actions and intricate function in car-
diovascular remodeling, hypoxia, apoptosis, and endothelial to
mesenchymal transition.11,12

The large nuclear retained lncRNA maternally expressed gene 3
(MEG3) associates with chromatin.13 MEG3 antagonizes angiogen-
esis, as increased vascularization is observed in the MEG3 knockout
embryos, further suggesting that inhibition of MEG3 is pro-angio-
genic.14,15 Increased MEG3 expression is seen in primary ECs, and
this is both age dependent and hypoxia induced (e.g., during ischemia)
leading to pulmonary hypertension.16,17 Moreover, MEG3 depletion
improved angiogenic responses following femoral artery ligation
(limb ischemia) in aged mice and attenuated endoplasmic reticulum
stress-mediated apoptosis following myocardial infarction, leading
to blood flow recovery.18 Despite seemingly a valid target to improve
post-ischemic angiogenesis, the role of MEG3 in chromatin remodel-
ing of endothelial dysfunction has not been assessed. We postulated
that this could involve context-specific regulation of MEG3-guided
EZH2 deposition or structure-based interactions.13

In this study, we first aimed to explore EZH2:RNA functional inter-
action in primary ECs to test the RNA binding capacity of EZH2 rela-
tive to its ability to capture the RNA-RNA interactions (hybrid reads);
adding to its prevailing chromatin binding capacity. The study specif-
ically addressed EZH2 direct interaction with MEG3 in primary ECs.
As we identified that EZH2 targets MEG3:MEG3 secondary struc-
tures we asked if pro-angiogenic lncRNA-MEG3 is directly involved
in guiding EZH2 and depositing H3K27me3 methylation onto the
regulatory region of endothelial genes. We next aimed to unveil
how they repress vascular gene expression leading to endothelial
dysfunction, which can block the initiative event during ischemia-
induced angiogenesis. Ultimately, we aimed to explore EZH2 as a po-
tential therapeutic target to help restore endothelial function and to
promote arteriogenesis in ischemic pathologies.

RESULTS
EZH2-FLASH identifies direct endothelial RNA targets

Our experimental approach is outlined in Figure 1A. To generate the
endothelial EZH2-RNA interactome, we performed formaldehyde
and UV crosslinking assisted ligation and sequencing of hybrids
(FLASH) in primary ECs as a robust method to identify direct pro-
tein-RNA interactions19–21 (Figure 1B). By immunoprecipitation
against EZH2, total protein bound RNA was isolated and ligated, fol-
lowed by deep sequencing and data analysis to obtain and identify (1)
direct RNA targets (single reads) and (2) RNA-RNA interactions
(hybrid reads) associated with EZH2 protein. Statistically significant
differences were identified in >15,000 peaks (N1, 15,399; and N2,
16,768). Significant differentially expressed (DE) EZH2-FLASH tar-
gets, with RNA gene classification, i.e., biotypes (log2FC > 0.5) are
given in Table S1.

The 30% of single FLASH reads mapped within intronic and inter-
genic regions represented as “other RNA” (Figure 1B) and indicating
2 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
that bona fide interactions were recovered. Our data are consistent
with prior reports of EZH2 preferentially targeting nascent
transcripts.22 We identified a total of 390 (log2FC > 0.5) novel
lncRNAs and found known lncRNA targets. Among the top 20
represented lncRNAs bound to EZH2, the MEG3 (Ensembl:
ENSG00000214548.14) was recovered (Table S1; Figure S1A) with
single and multiple hybrid hits detected in both replicates
(Tables S2 and S3, respectively). Resultant sequences of EZH2 single
hits have been validated and aligned with MEG3 gene sequence
(Pairwise Sequence Alignment; https://www.ebi.ac.uk/Tools/msa/
clustalo/).23 Focusing on MEG3-lncRNA, high EZH2 binding was
found over exons regions ofMEG3 RNA, supporting functional inter-
actions (�75% over MEG3 exons 3–7 and 25% on introns) (Fig-
ure S1B). More than one annotated transcript was derived from the
MEG3 genomic region, with most EZH2 reads distributed over
ENST00000451743.6 (RefSeq: NR_002766.2, transcript variant 1)
relative to the ENST00000423456.5 (RefSeq:NR_003530, transcript
variant 2; Figure S1C), as per Ensembl release 77.24 The MEG3
ENST00000451743.6 transcript is already known to be highly ex-
pressed in aorta and tibial artery according to GTEx profile (GTEx:
https://gtexportal.org/home/transcriptPage). In a separate RNA
immunoprecipitation (RIP) experiment when we precipitated the
repressive chromatin (EZH2 and H3K27me3 mark, see Materials
and methods) using UV-crosslinked lysates of ECs, a maximum re-
covery is observed over exon 3 of MEG3, against which region the
primers were designed (Figure S1D). There was minimal binding
observed in the same region of exon 3 for other PRC2 subunits,
SUZ12 and EED, and none for the JARID2 co-factor. Motif analysis
using MEME identified enriched sequence motifs within MEG3 frag-
ments associated with EZH2 (Figure 1D). These motifs comprised
“XTCAC” and “AGGX” nucleotides.

EZH2 targets structures within MEG3 in ECs

The RNA-RNA duplexes associated with EZH2 as chimeric cDNA
species were identified by FLASH (biological replicates; 3,944 hybrids
from N1 and 3,228 hybrids from N2), revealing the predominance of
MEG3:MEG3 base pairing over MEG3 base pairing with other RNAs
(Figure 1E). The specific MEG3:MEG3 base pairing sites were also
identified in the replicate datasets (Figure S1E) and are representative
of MEG3 intermolecular secondary structure. The overlay of EZH2
hybrid sites with the EZH2-FLASH single hits over MEG3
(Figures S1A and S1E) signifies that EZH2 binding is constrained
to the MEG3 structures. It was preferentially associated with the
exon 3 of MEG3 transcripts (Figures S1B and S1C). Hybrids counts
were plotted against the predicted binding energy of MEG3 interac-
tions for EZH2-FLASH (i) and IgG-FLASH (ii) (Figure S1F, i and
ii). MEG3:MEG3 interactions found in chimeras were the dominant
ones captured by EZH2-FLASH as seen in Figure 1F and most inter-
actions were between MEG3 positions 52,623–52,670, corresponding
to highly conserved exon 3, and some in positions 75,277–76,613. The
computational analysis pipeline used with the FLASH is given in Fig-
ure S2. Total counts were mapped for genomic features of all
annotated hybrids and are represented with their position along
the MEG3 genomic sequence. “Viennad” files for clustering of
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Figure 1. EZH2-FLASH identifies direct endothelial

RNA targets

(A) Experimental approach used in the study with plan and

listed experiments. (B) Schematic representation of steps in

FLASH (formaldehyde and UV crosslinking, ligation, and

sequencing of hybrids) with EZH2 immunoprecipitation

using lysates from UV crosslinked HUVECs. Dynamic

EZH2:RNA complex formation occurs as represented.

Following RNA ligation and hybrid formation between

interacting RNAs, sequencing is performed. Further

analysis of single and hybrid reads bound by EZH2,

reveals interacting RNA molecules. (C) Distribution of

annotated reads over genome, with gene classification

(biotype), from statistically filtered EZH2-FLASH data with

two biological replicates in HUVECs and MEG3-lncRNA

(0.04%, red line) as the lncRNA candidate (14.6%, red

wedge). (D) (i and ii) Enriched motifs with sequences in

MEG3 mRNA of EZH2-FLASH that uniquely overlap

exons; the logos were drawn using the top 4–8 nt

K-mers for each experimental replicate (top and middle)

and Z-score for each. Motif analysis was performed

using the MEME suite.58 (iii) Enriched motif within the

fragments of MEG3:MEG3 hybrids. (E) Total RNA-RNA

interactions associated with MEG3 at chr14:100,

829,033-100,836,300 (Hg38), (MEG3 id = NR_002766.2)

and distribution of all MEG3 interactions among various

classes of RNAs as captured by EZH2-FLASH. (F)

Intermolecular MEG3-RNA interactions captured by

EZH2-FLASH. Hybrid counts were mapped for all

annotated hybrids’ genomic features, and those of MEG3

were plotted in the Circos plot, aligning with their position

along the MEG3 genomic sequence. The main MEG3

hybrid detected is MEG3, that is represented by the

number of interactions in red. Red circle shows the

position within the MEG3 gene in kilobases with *50–55

kb falling within exon 3. The blue circle is a visual

representation of MEG3 exons. Regions overlapping

exons are represented in solid blue. The purple broad

circle shows the nucleotides at each position: (A) dark

blue, (B) light blue, (T) light red, (G) dark red. The inner

part of the white circle shows MEG3:MEG3 hybrids; arcs

connecting the center of each hybrid fragment are shown

in red, and the regions spanned by the hybrid fragments

are shown in light green.
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MEG3:MEG3 interactions (hybrids), identifying the interacting nu-
cleotides, are given in Table S3, with dG energy of folding predictions
showing most convincing base pairings.

We asked what are the changes that come with EZH2 binding MEG3
in ECs and we set to explore the role of MEG3:EZH2-mediated gene
regulation on EC function. Given that EZH2 recognizes the repressive
mark H3K27me3, we reasoned that the distribution of this histone
modification over the gene body of all MEG3 potential targets in
ECs could be brought about via MEG3:EZH2 interaction. Therefore,
we next investigated the MEG3 genomic targets in ECs and identified
common MEG3/EZH2 direct targets on which MEG3 could guide
PRC2 activity.

MEG3 directly targets angiogenic genes

To unravel chromatin-associated MEG3 interactions and functions
in primary human umbilical vein endothelial cells (HUVECs), we
identified MEG3-genomic binding sites. Using chromatin isolation
by RNA purification (ChIRP) we obtained DNA targets. Chromatin
was isolated after glutaraldehyde crosslinking of ECs, followed by
RNA purification for qPCR, and DNA purification for sequencing.
Biotinylated antisense probes were designed and used against MEG3
Molecular Therapy: Nucleic Acids Vol. 35 June 2024 3
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Figure 2. MEG3 directly targets angiogenic genes

(A) ChIRP-seq analysis showing percent of peak elements

in the genomic features upon MEG3-ChIRP pull-down

using biotinylated probes against the MEG3 gene to

isolate associated DNA for sequencing and RNA for

qPCR validation of probes (Figure S3C). The ChIRP pull-

down with LacZ oligos was used as negative control. n=2

biological replicates with odd and even probes against

MEG3 was followed by bioinformatics analysis to merge

the individual replicates and boost the signals. (B) ChIRP-

seq as in (A) with a display of percent peaks over named

regulatory elements. (C) Enriched motifs with sequences

in MEG3 mRNA of ChIRP-seq peaks that uniquely overlap

promoter, enhancer, TF, open chromatin, and CTCF

binding region were assessed (see supplemental

information); logos were drawn using the top 50 nt

K-mers for each experimental replicate and a Z score was

calculated for each. Top enriched motifs by E value

(statistical significance as calculated by MEME) within the

(i) promoter sequence and (ii) enhancer binding, that

uniquely overlapped regions associated with MEG3

probes. Motif analysis was performed using the MEME

suite58 and all motifs are listed in the supplemental

information. (D) Volcano plot of gene enrichment analysis

for all MEG3 ChIRP peak-associated genes (left) with top-

rated GO biological pathway annotations (right). EnrichR

analysis with Panther Pathway resource was used to

associate most represented genes with pathways78 and p

value was calculated by the Binomial statistic with a cutoff

of 0.05 used as a start point. (E) MEG3-associated

pathways with p values, classified using Panther Pathway

analysis for MEG3-ChIRP-seq mRNAs targets. (F) Overlap

between MEG3 mRNA targets obtained from ChIRP-seq

experiments and RNA-seq of MEG3 KD performed in

HUVECs (shown in Figures 3E and S5; Table S7). (G)

Overview of the critical steps to obtain MEG3-bound

genomic loci and intersections with EZH2 and H3K27me3

ChIP signals (GEO databases for HUVECs). The

intersection between GEO EZH2 ChIP, GEO H3K27me3

ChIP, and statistically filtered MEG3-ChIRP data from two

biological replicates was performed. Overlapping features

were mapped and enhancer regions exposed. The

number of genes and degree of overlap is obtained

between MEG3- and PRC2-dependent genes. The

p values are a result of hypergeometric test.
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or LacZ control (Figure S3A). MEG3 probes specifically recognized
Ensembl: ENST00000451743.6 and Ensembl: ENST00000423456.5
transcripts and not GAPDH (Figures S3B and S3C). MEG3
ChIRP-seq identified >9,000 peaks associated with genomic (Fig-
ure 2A) and regulatory features (Figure 2B) in HUVECs. Genomic
loci were associated with the intergenic and intronic regions of the
genes, and a small proportion were in exon, promoter, and
enhancer regions. Motif enrichment analysis of regulatory se-
quences, revealed top conserved DNA sequence patterns of MEG3
recognizing the promoter regions (Figure 2C, i) comprising
“GCCTCCC” and “CCAACA” nucleotides. These sequences were
also observed within the MEG3 enhancer binding motif (Figure 2C,
ii) and within some gene promoters (see supplemental informa-
4 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
tion). The computational analysis pipeline used for ChIRP-seq
data processing is outlined in Figure S3D. As a result, we obtained
9,822 and 7,490 loci as MEG3-binding peaks from two independent
experiments (n=2), which respectively associated with annotated re-
gions and genes (Table S4). The function of these MEG3-associated
genes was assigned using EnrichR classifications (Figure 2D) and
Panther pathway analysis (Figure 3F) and we identified pathways
with direct relevance to endothelial repair, with gene ontology
(GO) biological processes terms related to cell adhesion (EBI:
GO:0007155) and angiogenesis (EBI: GO:0001525).25 The occu-
pancy was seen on multiple genes belonging to Wnt signaling
(Wnt, b-catenin), cadherin signaling (CDH1 and CDH3), integrin
(ITGA3, ITGA4), VEGF, and TGF-b signaling, all related to the

https://www.ebi.ac.uk/QuickGO/search/GO:0007155
https://www.ebi.ac.uk/QuickGO/term/GO:0001525
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process of angiogenesis GO:0001525. The qPCR validation of top
MEG3-genomic targets was performed in separate ChIRP experi-
ments, with signal enrichment over selected targets being shown
in Figure S3E. Among the MEG3 targets, we also found the genomic
locus of EZH2 (chr7:148,806,055–148,900,311), signifying MEG3
physical interaction with EZH2 gene (Figure S3F).

To further validate direct MEG3 targets MEG3-ChIRP-seq was inter-
sected with the transcriptional profile of HUVECs depleted of MEG3
(Figure 2F).MEG3 knockdown (KD) resulted in transcriptional upre-
gulation (Table S7); with nearly 40% of targets also detected by
ChIRP-seq, suggesting that they are sites of direct regulation by
MEG3.26 The pathway analysis of the overlapping genes is displayed
in Figure S5A.

Overlap between MEG3 genomic targets sites with EC

chromatin occupancy by EZH2 and H3K27me3

To study the relationship between MEG3-regulated targets and
EZH2-chromatin binding sites in human ECs, we overlaid the data-
sets. Bioinformatics bed intersection of MEG3 ChIRP-seq with pub-
lished EZH2 and H3K27me3 chromatin immunoprecipitation
sequencing (ChIP-seq) data (Figure 2G) was performed. As the
enrichment profile of H3K27me3 can depend on the cellular context,
we systematically analyzed the genome-wide profile of H3K27me3
tracks from the Gene Expression Omnibus (GEO) (via ncbi.nlm.
nih.gov) datasets of ChIP-seq performed in HUVECs. The following
datasets were found, for EZH2 ChIP under accession number
GSE109626, GSM733688, and GSM945180 for H3K27me3 ChIP.
MEG3-ChIRP-seq peaks that overlapped with ChIP-seq peaks for
EZH2/H3K27me3 chromatin occupancy were obtained. The distri-
bution of overlapping peaks was plotted in relation to the gene region
(Figure 3A) and biotype (Figure 3B). All overlapping genes are given
in Table S6 and functional profiling of genes with maximum peak
scores is given in Table 1. Computational analysis with pipeline is
given in Figure S4A. Many overlapping peaks fell within the intronic
regions of the genes, suggesting that MEG3 and EZH2 bind nascent
transcripts and together promote PRC2 protein complex assembly.27

In addition to the gene body, overlapping signals were observed up-
stream of the transcription start site (TSS) in �15% of promoter re-
gions (Figure 3A, orange), i.e., at active genes and locations already
Figure 3. Overlapping targets between MEG3 and repressive chromatin (EZH2

(A) Convergence of MEG3-ChIRP peaks overlapping EZH2-ChIP peaks or H3K27me3 p

peaks overlapping EZH2-ChIP peaks or H3K27me3 peaks with intersecting reads in rela

intersecting the top enriched MEG3 peaks associated with nearest genes. Highest EZH

ITGA8, and ITGA9, members of the ITGA family. (D) Heatmap showing distribution of r

within TSSs ±3 kb are sorted by EZH2 occupancy, in control vs. MEG3-deficient (10

antisense, and lncRNA genes) from ChIP-seq. (ii) Depletion of MEG3 gene in HUVECs (1

reduction comparedwith control (Ctr). (E) Volcano plot of differentially expressed genes w

ChIRP-seq (MEG3, human, HUVECs) –log10padj on the y-axis. Representative co-detec

fide MEG3 targets. Among the overlapping targets we highlighted in green the genes com

blue are genes from the ChIP-seq experiment (Figure 3D) commonly found between all t

that belongs to the angiogenesis pathway and ismutually regulated byMEG3:EZH2. Sim

peak scores of the overlapping signal over the ITGA4 promoter obtained by intersection

(chr2:181,457,035–181,458,302). Upon depletion of MEG3 the EZH2 signal is significa
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enriched in H3K27me3 chromatin modification22 (Table S6). The
convergence of EZH2 and H3K27me3 peaks was seen in over 40%
of intronic regions, and for >60% mRNA (Figure 3B). We hypothe-
sized that the genomic occupancy of MEG3/PRC2 is higher for their
mutually regulated direct targets. Top MEG3 peaks, enriched in both
EZH2 and H3K27me3 ChIP signals (from publicly available GEO da-
tasets), were identified and we obtained the maximum peak score for
each gene (Figure 3C). Significant EZH2/H3K27me3 occupancy of
MEG3-ChIRP targets hints at the possible existence of distinctive fea-
tures for a group of MEG3-regulated genes. We identified enrichment
of genes involved in the processes of integrin, cadherin, and Wnt-
signaling and confirmed their overlap between MEG3 and EZH2 oc-
cupancy, as seen in Figure 3C. As an additional validation of above
dependencies, we sought mutually regulated targets by MEG3 and
EZH2/PRC2 in primary ECs.

EZH2 landscape in MEG3-deficient ECs

To test the functional importance of MEG3-EZH2 interactions in pri-
mary HUVECs, we identified genomic loci with MEG3-dependent
EZH2 deposition that could modulate endothelial gene expression.
MEG3 was depleted by >70% using GapmeRs (Figure 3D, i and ii,
MEG3 KD) to decipher how it affects EZH2 enrichment or the activ-
ity of PRC2 complex. ChIP-seq was then employed to examine global
landscape of EZH2 occupancy in control and MEG3 KD cells. EZH2
enrichment was observed at >6,000 regions in control, associated with
a total of 4,785 peaks. Depletion of MEG3 resulted in decreased levels
of EZH2 at �10% of target regions (Figure 3D, i) and was lost or
reduced at a total of �563 loci (Table S8). The targeted promoter re-
gions were sorted by EZH2 occupancy in control vs. MEG3-deficient
HUVECs, with gene enrichment for common molecular functions
and biological pathways represented in Table 2. Reduction or loss
in EZH2 signal upon depletion of MEG3 was preferentially seen for
genes with GO terms for “biological adhesion” or cell-cell adhesion,
and cell junctions; and belonging to integrin, cadherin, and Wnt-
signaling pathways in line with gathered evidence. Next, three-way
intersection of datasets in HUVECs identified commonly regulated
targets and enriched GO terms with relevant pathways (Figure S5B).
The volcano plot in Figure 3E shows in red the genes commonly seen
between ChIRP-seq experiment (Figure 2) and MEG3 KD HUVECs;
in green are genes commonly seen between ChIP-seq targets
and H3K27me3) in ECs

eaks at genomic loci with the named gene regions. (B) Distribution of MEG3-ChIRP

tion to gene type. (C) Maximum peak score of ChIP signal for EZH2 and H3K27me3

2 peak score is over ITGA4, with H3K27me3 activity also detected in ITGA4, ITGA7,

eads from EZH2 ChIP-seq experiment. Signal densities at all unique RefSeq genes

nM) HUVECs. (i) Percent total changed representable peaks in MEG3 KD (mRNA,

0 nM LNA GapmeRs) was achieved with MEG3 relative expression showing �70%

ith log fold change (logFC) on the x-axis fromMEG3KD in HUVECs and the in-house

ted genes (red) between two datasets are statistically significant and represent bona

monly seen between the ChIP-seq experiment (Figure 3D) andMEG3 KD. Finally, in

hree datasetsMEG3 KD, ChIP-seq, and ChIRP-seq. We highlighted the ITGA4 gene

ilar overlap with murine dataset is represented in Figures S6D and S6E. (F) Maximum

of the EZH2 ChIP signal (D) with the MEG3-ChIRP signal (A) at this promoter region

ntly reduced and there is no overlap with the MEG3 ChIRP signal.
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Table 1. Functional profiling of overlapping genes with maximum peak

scores between ChIP signal for EZH2 and H3K27me3 vs. MEG3-ChIRP

peaks

ID Source Term ID Term name padj (query_1)

1 GO:BP GO:0007155 cell adhesion 6.091 � 10�21

2 GO:BP GO:0022610 biological adhesion 1.330 � 10�21

3 GO:BP GO:0007267 cell-cell signaling 4.476 � 10�13

4 GO:BP GO:0030029 actin filament-based process 3.637 � 10�13

5 GO:BP GO:0098609 cell-cell adhesion 1.535 � 10�13

6 GO:BP GO:0098742
cell-cell adhesion via plasma
membrane adhesion

3.745 � 10�11

7 GO:BP GO:0034330 cell junction organization 4.404 � 10�10

8 GO:BP GO:0034329 cell junction assembly 1.687 � 10�9

Genes in common were functionally profiled (left) with named pathways (right) repre-
sented for top enriched mRNA targets, as per Figure 3C. Biological pathway regulating
cell adhesion was predominant. BP, biological pathways.

www.moleculartherapy.org
(Figure 3D) andMEG3 KD HUVECs. Finally, in blue are genes from
ChIP-seq experiment that are commonly found between all three da-
tasets MEG3 KD, ChIP-seq, and ChIRP-seq; with ITGA4 (integrin
subunit alpha 4) highlighted as top regulated by MEG3:EZH2 among
all datasets (Figure 3E). The permutation tests that showed that the set
of mRNAs identified in the ChIRP, ChIP, and RNA-seq datasets
(which includes ITGA4) was found to have a significantly higher
log2 fold change than would be expected for a randomly selected
set of mRNAs of equivalent size. This effect was seen in both the
new HUVEC RNA-seq data (p = 0.0007644) and the C2C12 data
(p = 0.02422; Figure S6D and S6E). We further chose to focus on
ITGA4, and to validate its regulation in HUVECs as a mutual target
of MEG3:EZH2 identified in our approach and of relevance for
angiogenesis.

Specifically, at the ITGA4 locus, binding of EZH2-ChIP was reduced
due to MEG3 depletion (Figure 3F). The EZH2 ChIP signal overlaps
the MEG3-ChIRP binding at the ITGA4 locus and it is lost due to
MEG3 depletion. This finding suggests that MEG3 regulation of
ITGA4 expression (Figure S5C). In addition a clear dependency and
mutual epigenetic landscape by EZH2 and MEG3 in ECs is observed,
alongside enrichment of activating histone marks (H3K4me3,
H3K27Ac) and other PRC2 components (EED, SUZ12), to directly
regulate the ITGA4 promoter (Figures S8A) suggesting an early ac-
quired bivalent regulation28

MEG3 targets EZH2- and H3K27me3-regulated integrin

signaling

To dissect MEG3:EZH2-mediated regulation in HUVECs we
explored the relationship between MEG3 and PRC2 binding. We
next sub-classified the ChIRP-MEG3 targets into groups according
to EZH2 occupancy following MEG3 depletion and gene transcrip-
tion activity in the EZH2-deficient HUVECs vs. control (Figure 4A).
We identified differentially regulated genes in EZH2-silenced
HUVECs following de novo RNA-seq gene expression analysis,
alignment, and data mapping to human genome Hg38. siEZH2
RNA-seq re-derived dataset from HUVECs (GSE71164) is given
in Table S7 and Figure S10. To identify targets with a differential
PRC2-RNA binding capacity rather than those where PRC2 binds
to chromatin, we created genome-wide datasets. The set of 418
genes (blue and pink overlap) represents the EZH2 deregulated
RNA interactome, not bound at DNA level, but exemplifies a novel
unconventional function of EZH2 to bind RNA targets, specifically
in line with the cytoplasmic distribution of EZH2.29 Based on their
nature of interaction with PRC2 and MEG3, we sub-classified genes
into two types of targets: group 1, MEG3-dependent EZH2 target
genes at the DNA level (175 genes) and group 2, at the RNA level
(205 genes). In group 1, MEG3-PRC2 DNA targets are the genes
with EZH2 deposition (ChIP-seq) regulated by EZH2 (siEZH2
RNA-seq) with low FLASH signal (no binding at the RNA level).
In group 2, there are the targets with high PRC2-RNA signals
(FLASH) over the genes bound to the nascent transcript, but with
low occupancy of EZH2 (ChIP) and pronounced MEG3 enrichment
on the chromatin. We focused on targets in group 1, regulated by
EZH2 at the DNA level in a MEG3-dependent manner. A subset
of genes had functions in cell adhesion molecule binding and again
belonged to the integrin cell surface interactions pathway. These in-
tegrin targets do not interact at the RNA level with EZH2 but are
specifically regulated by it (Figures 4B and S9). Among the top 50
siEZH2 genes, ITGA4 is a direct target, together with ITGB1. In Fig-
ure S6B, ii, ITGA4 was also upregulated due to MEG3 KD. There-
fore, ITGA4 is an apparent mutual target of MEG3/EZH2
(Table S8). The integrin ITGA4 exists as a dimer with ITGB1 sub-
unit in the cell known as a4b1 (CD49d/CD29), which is a cell adhe-
sion receptor known to bind fibronectin (FN1, selective for the CS1
domain) and VCAM1 (vascular cell adhesion molecule 1) as a
counter receptor that is crucial for controlling the focal adhesion
formation and cell migration.

MEG3 occupancy by ChIRP was seen within the ITGA4 promoter in
HUVECs (Figure 4C). Both H3K27me3 peaks of available GEO data-
sets from HUVECs and in-house EZH2 peaks were also detected in
the ITGA4 promoter region and aligned with the MEG3-ChIRP
peaks. Depletion of MEG3 (MEG3 KD) resulted in a visible loss of
EZH2 signal from this promoter area. Subsequent ChIRP-qPCR
showed an enrichment of MEG3 binding compared with LacZ con-
trol at three sites (probe areas 1, 2, and 3) within the ITGA4 promoter
(Figure 4D), and this binding corresponds to EZH2 ChIP-seq signal
in the area (Figure S8A). There is a CpG island of 1,268 bp covering
the ITGA4 region of probe area 2 where the signals converge,
chr2:181,457,035–181,458,302 (green) with all other PRC2 compo-
nents also visibly binding (Figure S8A).

MEG3 depletion results in increased expression of ITGA4 in
HUVECs (Figures 4E and S5C). The public dataset of murine
Meg3-depleted C2C12 myoblasts further corroborates that ITGA4
is a direct target of MEG3 (Figures S6D and S6E).30,31 We next per-
formed ChIP-qPCR to quantify the levels of EZH2 and H3K27me3
repressive marks in HUVECs and observed their enrichment at the
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Table 2. Functional profiling of differentially expressed genes in EZH2ChIP-

seq from control and MEG3-depleted ECs

ID Source Term ID Term name padj (query_1)

1 GO:MF GO:0050839 cell adhesion molecular binding 8.991 � 10�5

2 GO:MF GO:1904929
coreceptor activity involved in
Wnt signaling pathway, planar
cell polarity pathway

1.619 � 10�3

3 GO:MF GO:0015085
calcium ion transmembrane
transporter activity

2.137 � 10�2

4 GO:BP GO:0007155 cell adhesion 9.053 � 10�5

5 GO:BP GO:0022610 biological adhesion 1.083 � 10�4

6 GO:BP GO:0098609 cell-cell adhesion 2.892 � 10�3

7 GO:BP GO:0098742
cell-cell adhesion via plasma
membrane adhesion molecules

4.212 � 10�3

8 GO:BP GO:0034330 cell junction organization 9.316 � 10�3

Molecular function (MF) and biological pathways (BP) of all unique RefSeq genes
within TSS ± 3 kb, sorted by occupancy in control vs. MEG3-LNA GapmeR (10 nM,
MEG3 KD) HUVECs. Reduction or depletion in EZH2 signal is seen in 10% of genes
mostly belonging to biological adhesion, cell-cell adhesion, and cell junction. The total
list of regulated genes is given as Table S8 csv file.
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promoter region of ITGA4. Assessment of the enrichment on the
ITGA4 promoter following MEG3 depletion showed a reduction in
both EZH2 and H3K27me3 signals at the ITGA4 promoter region
(Figure 4F). We conclude that the PRC2 complex binds and is enzy-
matically active at the ITGA4 site. Our findings prove that the loss of
MEG3 compromises the H3K27me3 landscape, as it reduces PRC2
binding to ITGA4. Accordingly, PRC2 requires binding of MEG3
for chromatin localization and methyltransferase activity in the pro-
moter region of ITGA4.

MEG3-EZH2-dependent regulation of ITGA4 is required for EC

function

To gain further insight into the functional significance of the interac-
tion of EZH2 with MEG3, we determined how pharmacological inhi-
bition of EZH2 enzymatic activity affected cell function and gene
expression. We used a selective chemical probe known to prevent
allosteric activation of the catalytic activity of PRC2 (A-39532,33).
A-395 is a potent antagonist of the H3K27me3 binding functions of
EED protein, and it disrupts the trimeric PRC2 complex and blocks
EZH2 activity in ECs. Next, we performed ChIP-qPCR against
EZH2 and H3K27me3. A-395 reduced the ChIP signals of EZH2
and induced endothelial chromatin remodeling by depleting
H3K27me3 from the ITGA4 promoter; amplified by two sets of
primers against this promoter region (Figure 5A). Treatment with
A-395 led to increased expression of ITGA4 compared with control
cells (Figure 5B). Similarly, an increase in ITGA4 transcript level
was observed following MEG3 depletion in ECs (Figure 5C). We
used immunocytochemistry and western blot analysis in Figure 5C,
i and ii, and identified an increase in ITGA4 protein (human pro-
tein atlas: https://www.proteinatlas.org/ENSG00000115232-ITGA4)
levels following MEG3 depletion or PRC2 inhibition; (Figure 5C, ii,
quantification of the blot in Figures S8B and S9). This further
8 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
confirmed that both MEG3 and PRC2 regulate ITGA4 protein
expression.

We also assessed the subcellular distribution of MEG3 that is chro-
matin associated and predominantly localized in the nucleus.
MEG3 co-localizes with EZH2 on the chromatin in ECs
(Figures S7A–S7C). Surprisingly, we observed a shift in the cellular
distribution of MEG3 when ECs were treated with the A-395 inhibi-
tor, with increased cytoplasmic occupancy of MEG3 (Figure 5D) and
we reasoned that MEG3 could be removed from the chromatin. We
therefore performed ChIRP in ECs treated with the A-395 inhibitor
of PRC2 and found less MEG3 enrichment at the ITGA4 promoter
region on the chromatin compared with non-biotinylated control
probes or the DMSO control (Figure 5E).

Finally, we assessed EC functionality following treatment with
A-395. By measuring the cell migratory capacity and determining
the speed of migration, we observed that A-395 rendered ECs
with a greater migratory capacity and increased the closure of
scratch assay in vitro compared with control (DMSO) (Figure 5F).
The interaction of cells with fibronectin (FN) is specific and medi-
ated by integrin receptors at the cell surface.34 The engagement of
integrins by FN triggers a signaling cascade inside the cells that ul-
timately culminates in cell adherence and spreading. The cell index
was determined as a measure of cell attachment to FN that leads to
increase of resistance and adhesion within 3 h. Cells were success-
fully depleted of ITGA4 (Figure S5D). A-395 treatment efficiently
increased the cell migration and attachment compared with control
(Figures 5F and 5G). Reduced migration and adhesion capacity were
observed in ITGA4-depleted cells, but A-395 treatment reverted this
pattern.

Inhibition of EZH2 in vivo promotes arteriogenesis

Endothelial integrins are involved in vascular lumen formation of
arteries, angiogenesis, inflammatory processes, and vessel wall re-
modeling.35 We investigated the regulation of the MEG3-EZH2-
ITGA4 axis using a model of post-ischemic vascularization (i.e.,
the model of hindlimb ischemia induced by femoral ligation).
Mice were treated with A-395 (i.p. 10 mg/kg twice/week; or vehicle
control) to inhibit EED/EZH2 enzymatic activity demonstrated by
the decreased of the level of H3K27me3 in the adductor muscles
and ECs (Figure 6A). A-395 treatment increased the formation of
collaterals (shown is an increased number of arterioles without pro-
ducing an increase of capillaries) in mice following ischemia
compared with the control (Figure 6B). A-395 treatment has not
increased the blood flow following hindlimb ischaemia (Figure
6C), only an increase is observed in the overal mean ratio of recov-
ery compared to day 0 (Figure S8C). Respectively total percentage
(%) of vessels positive for ITGA4, and % of arterioles positive for
ITGA4 was increased with A-395 compared with control (Figure 6D
i, ii). In summary, the dissociation of the MEG3-EZH2 complex us-
ing A-395 chemical probe to disrupt PRC2 complex in mice has
improved arteriogenesis by increasing the expression of endothelial
ITGA4.

https://www.proteinatlas.org/ENSG00000115232-ITGA4


(legend on next page)
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DISCUSSION
The results of this study represent several novel findings: first, that EC
lncRNA-MEG3 is bound by EZH2 via stable secondary structure el-
ements. Second, we demonstrate a MEG3-dependent mechanism of
EZH2 engagement with integrin a, ITGA4, to epigenetically repress
its expression in ECs. Following comprehensive exploration, we
demonstrated the significance of the ITGA4 signaling pathway in vivo
for the collateral formation in hindlimb ischemia. More, we also show
that PRC2 inhibition could counteract ischemia-induced endothelial
dysfunction and vascular remodeling by dissociating the EZH2-
MEG3-ITGA4 axis.

Many endothelial lncRNAs mediate gene expression and could guide
context-specific regulation of PRC2 activity. Other immunoprecipita-
tion approaches to gain insight into EZH2 binding RNA in ECs gave
inconsistent data, but the use of FLASH now provided us with
biochemical evidence for direct physical and functional interactions.
EZH2 binding is constrained toMEG3 hybrid interactions, indicating
conserved pseudoknot structures.36 This is also consistent with in sil-
ico predictions that MEG3 is highly structured, due to its high content
of G-C base pairs (57%).13,36 The identification of secondary
structures within theMEG3molecule as docking sites for EZH2 bind-
ing indicates that the MEG3 structure is a direct intermediate for
PRC2 recruitment onto chromatin. The G-rich motif sequences are
recognized by EZH2 and could aid structures such as RNA
G-quadruplex formation (rG4), but we did not study this.37 There
is now a need to ascertain whether other MEG3 splice variants with
different MEG3 exonic organization have similar functions and
exhibit different levels of interactions or MEG3 structures.

While EZH2 is more preferentially associated with the MEG3 exon,
the endothelial MEG3-binding loci from ChIRP were mostly recov-
ered in intergenic and intronic regions. Crossing the MEG3 genomic
loci with EZH2 genomic occupancy showed clear overlap in a subset
of exons and promoters. Among common target genes, the enrich-
Figure 4. MEG3:EZH2-regulated targets in ECs

(A) Using a Venn diagram, logical relationships are displyed between genes by plotting t

are differentially expressed following EZH2 knockdown in HUVECs (blue) (these are de n

seq peaks (green) are displayed against EZH2 ChIP-seq intensities over loci (yellow) ob

regulated by EZH2 at the DNA level, in a MEG3-dependent manner. (B) Correlation betw

reproducible FLASH signal consistently detected in RNA-seq. Blue, genes with the hig

surface interaction pathway. Red, expressed ITGA4 gene; green, ITGB1 gene, without

FLASH sample and three biological replicates of EZH2 RNA-seq samples (Scr vs. siEZH

HUVECs over the ITGA4 gene region. The updated tracks for ChIRP-seq show called p

odd probes, which have been combined in all MEG3 tracks from two experiments. TheM

overlaps with the H3K27me3 signal and EZH2 signals, and it overlaps with the EZH2 sign

are also presented in duplicates for Scr control and MEG3-depleted HUVECs (MEG3 KD

is a CpG island of 1,268 bp covering chr2:181,457,035–181,458,302 (green). This sam

representation of ITGA4 regulatory region (see Figure S8A). (D) MEG3-ChIRP validation b

done using primers against ITGA4 probe areas 1, 2, and 3 as marked in corresponding

control ChIRP to calculate the enrichment and background level was <1. (E) ITGA4 exp

n=6 independent experiments compared using a t test. (F) ChIP-qPCR enrichment for

HUVECs depleted of MEG3 (10 nM) vs. LNA GapmeR control (control). qPCR was perf

percent IgG control. Both EZH2 and H3K27me3 signals are reduced in MEG3 KD sam

showing mean ± SEM.
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ment for functions in angiogenesis, preferentially integrin-related
functions in adhesion and extracellular matrix formation were seen.
Integrins, the heterodimeric cell adhesion molecules, recognize a va-
riety of proteins on the surface of other cells or in the ECM. Therefore,
they are essential for all processes critical to inflammation and angio-
genesis such as cell adhesion, sprouting, and migration following
injury.35 Our data show the expression of ITGA4 in ECs is essential
for migratory processes and for regulation of FN-stimulated cell
adhesion or adhesion-dependent signal transduction. It was therefore
unsurprising that MEG3 occupies these regions and integrin (ITGA4)
was transcriptionally upregulated upon MEG3 depletion. Integrin-
mediated EC adhesion to ECM triggers remodeling of the cytoskel-
eton of ECs that precedes vessel sprouting, also exactly the processes
that are inhibited by MEG3.29,38 ITGA4 codes for a4, the subunit of
the a4b1 integrin receptor dimer that in ECs ensures high affinity
for FN and hence controls processes of focal adhesion and cell migra-
tion.39 Moreover, a4b1 is an important receptor for EC homeostasis,
which mediates proliferative responses,40,41 whereas b1 integrin is
required for collateral formation, and widening of the arterial lumen
following hindlimb ischemia.42 Here, we identified a previously un-
known mechanism by which MEG3 regulates lTGA4 in an endothe-
lium-dependent manner, unlike its role in the TGF-b pathway.43 In
our ChIRP dataset we did not observe strong MEG3 targeting of
TGF-b in the endothelium, despite established similarities with the
Mondal et al.43 dataset (overlap of 2,933 hits upon correlation).
Hence, our findings signify a context-specific role of endothelial
MEG3, as seen in myoblast identity,30 to regulate the a4 integrin
expression and integrin signaling and promote EC function following
ischemia.

Our extensive bioinformatic approaches have exposed a mutual role
for MEG3 and EZH2 in regulation of ITGA4 that mediated the endo-
thelial function in vitro and in our murine model. Removal of MEG3
abolished the loss of migratory capacity and increased the sprouting
capacity of ECs; two key processes during the initial stages of
he EZH2-FLASH RNA gene interactome (pink) against RNA-seq data for genes that

ovo analyzed GEO RNA-seq data (GSE71164) of Scr vs. EZH2). Next, MEG3 ChIRP-

tained following MEG3 KD in HUVECs. We focused on targets in Group 1, that are

een gene expression levels and FLASH signal. Gray, expressed RefSeq genes with

hest RNA-seq signals and no reproducible FLASH signal belonging to integrin cell

reproducible FLASH signals. Data are from two biological replicates of each EZH2

2, GSE71164). (C) Genomic tracks showing ChIRP-seq signal (MEG3 and LacZ) in

eaks using MACS2. The two ChiRP tracks are from biological replicates of even and

EG3 binding site is located upstream of the ITGA4 gene in the promoter region, and it

al in the promoter region of the gene. The EZH2 ChIP-seq tracks over ITGA4 regions

, 10 nM). Within the ITGA4 promoter region where the named signals converge there

e pattern of EZH2 and other PRC2 components occupancy is observed on UCSC

y qPCR, n=3 independent experiment in duplicates. Analysis of MEG3 binding was

signal under (C). qPCR was performed in triplicate. The signal was related to LacZ

ression in HUVECs depleted of MEG3 (10 nM, 48 h) vs. LNA GapmerR control from

EZH2 and H3K27me3 over the ITGA4 promoter region using primer set ITGA4-2 in
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ples. A representative graph is from n=3 independent qPCR experiments with data
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vascularization. The presence of H3K27me3 on ITGA4 precedes the
recruitment of PRC2 that promotes propagation of H3K27me3
mark. Since the MEG3:EZH2 interaction was unraveled at the
genomic region of ITGA4 where the PRC2 is enzymatically active,
we reasoned that H3K27me3 permits the assembly of all other
PRC2 components, (EED and SUZ12) to maintain its canonical func-
tion at this chromatin loci. Occupancy of the ITGA4 region by EZH2
results in binding to MEG3, which further stimulates EZH2 enzy-
matic activity. MEG3 could act as a triplex forming lncRNA here
and use a functionally important mechanism to alter chromatin ar-
chitecture and regulate ITGA4 expression.44,45 This is in line with
PRC2 using RNA binding to enhance the long-range chromosome
folding and H3K27me3 spreading.46 Accordingly, in the absence of
MEG3, the genomic occupancy and spread of EZH2 over ITGA4
were reduced, along with H3K27me3 over the ITGA4 promoter.
Given the importance of MEG3-mediated chromatin remodeling
for post-ischemic re-vascularization, these findings have important
implications for vascular diseases associated with cardiac and periph-
eral ischemia.35

Use of PRC2 inhibitors, or repurposing some of them to stimulate spe-
cifically post-ischemic angiogenesis, could offer useful means for regu-
lation of adhesion signaling pathways and integrin production by ECs.
Integrin activation in arterioles is required for collateral growth
following ischemia (arteriogenesis) in the mouse hindlimb ischemia
model42 and is associatedwith improved recovery followingmyocardial
infarction.47 When we employed a small chemical probe A-395, and
administered it to block the activity of EED/EZH2 during ischemia, it
unlocked ITGA4 expression and led to an increase in arteriole numbers
in the adductor muscles. A-395 improves ECmigration and appears to
have a prominent effect on vessel maturation, unlike vessel sprouting.
This mechanism was specific for arteriogenesis only, as there were no
observed changes in the number of capillaries in the same experimental
conditions. The effect of A-395 could also be coming from other cell
types involved in vessel maturation. Moreover, an increased expression
of integrins contributes toward the vessel maturation,42 and the forma-
Figure 5. Inhibition of EZH2 de-represses ITGA4 and improves EC function

(A) ChIP signal enrichment vs. 1% input for EZH2 and H3K27me3 mark over the ITGA4

(DMSO). The expression was measured using two sets of primers against the same pro

experiments and data are mean ± SEM. (B) ITGA4 expression in the presence of A-39

Immunostaining for ITGA4 protein levels in ECs treated with A-395 (5 mM) vs. DMSO, o

400 mm (magnification �200). (ii) Western blot staining for ITGA4 protein as in (i). Staining

and a full blot in Figures S8A and S9. (D) Intracellular localization of MEG3 (chromatin-as

A-395 vs. DMSO. Using A-395 (5 mM, 24 h) chemical probe, the distribution of MEG3 ha

Representative bars were compared by t test and one-way ANOVA. (E) MEG3-ChIRP fo

HUVECs treated with A-395 (5 mM, 24 h) vs. DMSO. MEG3-ChIRP lysates from HUVEC

compared with either DMSO control or ChIRPwith non-biotinylated probes. The non-bio

Measure of cell migratory capacity using ECIS functional analysis in ECs depleted of ITG

trace (left-hand side) are mean ± SD as calculated by the ECIS machine. The graph on th

technical replicates. p values were further obtained by Student’s t test comparisons of

(G) Adhesion assay was assessed using ECIS functional analysis. Fibronectin, FN (20 mg

pre-treatment with A-395 (5 mM, 24 h). The cell index was determined as a measure of ce

in resistance change was calculated over 3 h. Experiments were performed in triplicate (

calculated by the ECIS machine, and the graph on the right is mean ± SEM with n=6 r
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tion of collaterals requiresb1 integrin for endothelium-dependent vaso-
dilation in hindlimb ischemia. Treatment of mice by intraperitoneal in-
jectionof EZH2also involved repeated injections prior to limb ischemia,
which may result in off-target effects, and hence does not selectively
interfere with EZH2 inhibition in the muscle. However, the data re-
ported here are consistent with the role of MEG3 or EZH2 in driving
limb ischemia and show significant arteriogenesis following treatment
with A-395. As a therapeutic benefit, pharmacological inhibition of
the EED-EZH2 interaction32 could be a novel strategy to activate
ITGA4 signaling during myocardial infarction to increase the resilience
of ECs for prevention of cardiac remodeling.

In conclusion, we demonstrate that EZH2 directly targets structured
MEG3 in ECs, which is in turn involved in guiding EZH2 to transcrip-
tionally repress integrin signaling. Thereby, dissociation of MEG3-
EZH2 promotes arteriogenesis by stimulating ITGA4 expression
and protein levels. We have shown proof of concept that specific
EED protein-protein interaction inhibitor (A-395), which inactivates
PRC2, can also alter RNA binding properties of EZH2/PRC2 and
dissociate MEG3 chromatin interactions, promoting post-ischemic
re-vascularization.

MATERIALS AND METHODS
Animal work

All scientific procedures involving mice were covered by the project
and personal licenses issued by the UK Home Office, and with
approval from the University of Bristol and the University of Edin-
burgh. Experiments were performed in accordance with the Guide
for the Care and Use of Laboratory Animals (Institute of Laboratory
Animal Resources, 1996) and in accordance with Animal Research
Report of in vivo Experiments (ARRIVE) guidelines.

In vivomodel of therapeutic angiogenesis with Doppler analysis

To determine the potential of A-395 selective chemical probe for
vascular regeneration in vivo, a mousemodel of therapeutic angiogen-
esis, with a hindlimb ischemia was used. Surgery was performed to
promoter (regions 1 and 2) in HUVECs treated with A-395 (5 mM, 24 h) vs. control

moter region of ITGA4. Representative graphs are average of 3 independent qPCR

5 vs. DMSO control, n=6 independent experiments compared using a t test. (C) (i)

r upon MEG3 depletion (MEG3 KD, using LNA GapmeRs, 10 nM 48 h). Scale bars,

was related to b-tubulin control and quantification with densitometry measurement

sociated lncRNA) between different cellular compartments in HUVECs treated with

s shifted from the nucleus (where it was highly chromatin bound) into the cytoplasm.

llowed by qPCR, n=3, analysis of MEG3 binding over the ITGA4 promoter region in

s treated with A-395 resulted in reduced engagement of MEG3 with the ITGA4 site

tin probes served as a negative control, andwe detected the background level <1. (F)

A4 (50 nM) and treated with control or A-395 (5 mM, 24 h). The data showing ECIS

e right is mean ± SEMwith n=4 replicates, and each value obtained as mean of three

individual groups, as shown.

/mL) was used to coat the culture plates and assess adhesion of ECs following cell

ll attachment to FN that leads to increase of resistance and adhesion. The difference

technical replicates). The data showing ECIS trace (left-hand side) are mean ± SD as

eplicates.



Figure 6. Hindlimb ischemia was performed in mice

(n=13) that were injected with vehicle (water) or A-395

(i.p. 10 mg/kg twice/week) to inhibit EZH2 enzymatic

activity for 3 weeks.

Muscle tissue was collected at day 21 and processed for

histology. (A) Staining was done for H3K27me3 and iso-

lectin B4 (Iso-B4), displaying nuclear positivity with strong

intensity in vehicle control. A-395 treatment decreased

total H3K27me3 staining, as compared by t test

(p < 0.0001), while seemingly increasing isolectin B4.

Scale bars, 400 mm (magnification �200). (B) Staining for

capillaries (Iso-B4) and arterioles (a-SMA) was also

performed to assess arteriogenesis in mice. The data

show increased area of staining for Iso-B4 dye and

a-SMA in A-395 vs. vehicle control treated mice with limb

ischemia, p < 0.05. Scale bars, 400 mm (magnification

�200). (C) The ratios of ischemic to contralateral foot

blood flow represented at 0, 3, 7, 14 and 21 days post

hindlimb ischemia in mice (n=13) remained unchanged

between A-395 treatment and control; data is mean ±

SEM, compared using 2-way ANOVA. (D) i In the muscle

sections A-395 has increased the total percentage (%) of

vessels positive for ITGA4 (red, left) within/in the vicinity of

the Iso-B4-positive cells (green, right), when compared

with the vehicle control Scale bars, 100 mm (magnification

�400); ii Percentage (%) arterioles stained with a-SMA

and positive for ITGA4, has increased in sections of A-395

treated mice comapred with control. Representative

points were compared using t-test, p < 0.01.
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induce left femoral artery ligation in 12-week-old male C57BL/6J
mice. A-395 (10 mg/kg dose i.p. at day 0 and every 3 days for
21 days) or vehicle (H2O) was administered in vivo. On the day of sur-
gery mice were anesthetized using 3% isoflurane in air, and the fur
above the left femoral triangle shaved. Mice were maintained on
2%–3% isoflurane in air. After checking for depth of anesthesia using
the pedal reflex, the skin above the femoral artery was sterilized
(chlorhexidine in alcohol) and the remainder of the mouse covered
using transparent sterile drapes. Aseptic technique was used
throughout the surgical procedure to induce left femoral artery liga-
tion. The basal foot blood flow was assessed in two groups of male
mice (n=13) by color laser Doppler (Moor, UK) to ensure complete
Molecula
ischemia within 30 min following surgery (day
0, D0), and thereafter at 3, 7, 14, and 21 days to
monitor the recovery, with thermal scans gener-
ated for each animal at given timepoint. The
blood flowmeasurements were conducted exactly
as described before.8 After administration of
long-acting analgesic buprenorphine (Vetergesic,
0.01 mg/kg dose s.c.), the animals were allowed to
recover under observation. The animals were
closely observed daily for the first 7–10 days
post-surgery and a well-being and behavioral
clinical assessment performed. No animals
required additional analgesia. At this point,
when animals have recovered, A-395 or vehicle were administered
to each group of mice (n=13). After 21 days, final blood flowmeasure-
ment was conducted; the ratio of left to right foot blood flow
was calculated for further statistical data analysis. Anesthetized
mice were killed by exsanguination for organ removal. Adductor
muscles were collected and processed for histology. Paraffin cross-
sections were blocked with normal goat serum, incubated with anti-
H3K27me3 (CST) and anti-ITGA4 (1:200, PeproTech) primary
antibody or biotinylated isolectin-B4 (Thermo Fisher Scientific) over-
night at 4�C, and then incubated with Alexa Fluor 555-conjugated
anti-rat IgG antibody or streptavidin Alexa Fluor 488-conjugated
(1:1,000) (Thermo Fisher Scientific). High-power fields were captured
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(at 400�) and the number of vessels per field were counted. At least
30 randomly chosen fields were evaluated per sample, in a blinded
experiment. Isolectin B4 (Iso-B4)-positive vessel area was quantified
using ImageJ software and expressed per square micrometer. Staining
for arterioles (a-smooth muscle actin, a-SMA) was performed to
assess vessel growth as angiogenesis.

EC culture and treatment and transfection

HUVECs (C-12203) and human dermal microvascular endothelial
cells (C-12212) were purchased from Promocell, Germany, and
cultured in the recommended growth medium (EGM2-MV2 or
MV, respectively) according to the manufacturer’s instructions un-
der 5% CO2 at 37�C. Hypoxia was stimulated in a Coy chamber
with a gas mixture of 1% O2, 5% CO2, and 94% N2 (Coy Labora-
tory Products). Cell preparation for experiments varied in the size
and number of plates used and the quantity of cells harvested. Cry-
opreserved cells were brought into culture and incubated in com-
plete medium to adhere to flasks. Fresh medium was added to re-
move residual DMSO after 24 h, and cells were incubated in their
first passage for 48 h. Medium was replaced every 48 h and cells
were passaged once reaching 80%–90% confluency and expanded
to passage P3 then frozen for further use. Cells were cultured be-
tween passage P4 and P8 for 16 duplication times (P8). All cells
described in the following experiments were used at P5 or P6. Cells
were washed with PBS, detached using trypsin/EDTA (1�, Life
Technologies) and plated onto plates of desired size. Cells were
plated on 6-well plates at 80% confluence and left to attach
overnight before pre-treating them with A-395 (Sigma, SML1923)
for 24 h using 5 mM final concentration with 0.01% DMSO in
water. For transfection experiments, cells were seeded onto a
12-well plate, for 24 h. Next day OPTIMEM medium was added
for 1 h before addition of transfection complexes prepared by mix-
ing lipofectamine iMax (Thermo Fisher Scientific) with LNA
GapmeRs against MEG3 (10 nM, QIAGEN). Cells were incubated
(6 h), then complexes and optimum replaced with medium for
further 48 h.

RNA extraction and quantitative real-time analysis

Total RNAwas extracted using miRNeasy kit (QIAGEN) or Monarch
kit (New England Biolabs [NEB], no. T2010). RNA concentration and
purity were assessed using a NanoDrop2000 Spectrophotometer
(Thermo Fisher Scientific). For mRNA analysis, RNA was reverse
transcribed using a LunaScript reverse transcription Kit (NEB, no.
E3010). cDNA amplification was performed on a QuantStudio 5
Flex (Thermo Fisher Scientific) Real-Time System in a 384-well plate.
A Luna qPCR SYBR Master Mix (NEB, M3003) was used along with
specific primers to determine the expression of MEG3 and house-
keeping genes using an Applied Biosystems QuantStudio 5 Real-
Time PCR Detection System. The comparative delta cycle threshold
(Ct) value method was used for qPCR analysis. Ct values represent
the number of PCR stage cycles required for cDNA of a gene of inter-
est to be amplified enough for the fluorescent signal from the reaction
to exceed a defined threshold. A full list of primers and reagents is
given in Table S10.
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Subcellular fractionation (to obtain nuclear, chromatin, and

cytoplasmic RNA) with qPCR

For subcellular isolation of RNA, HUVECs were plated onto 10-cm2

dishes at P5. Medium was changed and cell plates were treated with
A-395 orDMSO for 24 h. Cells were collected and gently lysed in hypo-
tonic lysis buffer to obtain supernatant (cytoplasm) and pellet (nuclei)
using low-speed centrifugation that was sufficient to pellet and wash
nuclei from HUVECs. Further fractionation steps were performed to
separate the nuclear fraction into chromatin andnucleoplasm following
sonication. The full protocol was described previously.48,49

Cytoplasmic hypotonic lysis buffer contained 10 mM Tris (pH 7.5),
10 mM NaCl, 3 mM MgCl2, 0.3% (v/v) NP-40, 10% (v/v) glycerol.
Buffers were prepared using nuclease-free water with addition of pro-
tease inhibitor mix, prepared freshly before use and stores on ice).
Nuclei wash buffer: 0.1% (v/v) Triton X-100, 1 mM EDTA, 25 mM
a-amanitin, 40 U SUPERase.IN, 1� protease inhibitor mix, in 1�
PBS. Nuclei lysis buffer: 20 mM Tris (pH 7.5), 150 mM KCl, 3 mM
MgCl2, 0.3% (v/v) NP-40, 10% (v/v) glycerol, 10 U SUPERase.IN,
1� protease inhibitor mix. MSW lysis buffer: 10 mM Tris-HCl (pH
7.0), 4 mMEDTA, 0.3MNaCl, 1M urea, 1% (v/v) NP-40. The buffers
were prepared using nuclease-free water and stored at 4�C for up to
6 months.

Pelleted nuclei were washed, lysed, and split to directly isolate the to-
tal nuclear RNA. Remaining nuclei were diluted in MWS for 30 s and
incubated on ice for 10 min before centrifugation at 1,000 � g at 4�C
for 3 min. The supernatant (nucleoplasm fraction) and pellet (chro-
matin) were collected into TriaZol to isolate RNA.

The RNA extraction was performed following a Monarch kit (NEB,
no. T2010). RNA was precipitated with 60 mL of 3 M sodium ace-
tate (pH 5.5), 2 mL of GlycoBlue (15 mg/mL), and 500 mL of
RNase/DNase-free H2O, and extracted from each fraction, from
three independent experiments as described above. Following
RNA quantification using NanoDrop, reverse-transcription (RT)-
qPCR reaction was carried out in duplicate, with total of 300 ng
of purified RNA being converted to cDNA using 1� LunaScript
RT SuperMix in 20 mL reactions and standard reaction conditions
(25�C/2 min, 55�C/10 min, 95�C/1 min). qPCR detection was per-
formed using the Luna Universal qPCR Master Mix (NEB, M3003)
and included 1 mL of neat cDNA product as a template, with trip-
licate reactions for each target against MEG3, UBC, or NEAT1. Re-
sults were evaluated for efficiency and lack of non-template control
amplification.

To study the cellular localization of MEG3, the qPCR levels of MEG3,
U1 snRNA, NEAT1, and UBC in the chromatin, nucleus, and cyto-
plasm were plotted as percentage, defined as: percentage chromatin
= (MEG3 quantified in RNA chromatin fractions)/(U1 snRNA quan-
tified in total fraction RNA); nucleus = (MEG3 quantified in RNA
nuclear fractions)/(NEAT1 quantified in total fraction RNA); and
percentage cytoplasm = (MEG3 quantified in RNA cytoplasmic frac-
tions)/(UBC quantified in total fraction RNA); using U1 snRNA,
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NEAT1, UBC, or 18S as loading controls of chromatin, nucleus, cyto-
plasm, and total cellular fractions, respectively.

UV crosslinking of cells

For plates to be treated with UV, 15-cm culture dishes with confluent
HUVECs were washed in ice-cold PBS. PBS was removed before
placing cells on a bed of ice and crosslinking with 400 mJoules/cm2

UVB frequency l = 254 for 2 min in a CL-1000 UltraViolet Cross-
linker UVP Stratalinker (Stratagene). Cells were washed twice in
ice-cold PBS (300 rcf, 5 min, 20�C) and scraped to collect the pellet
(16,000 rcf, 5min, 4�C). During the final wash, cells were resuspended
in 1 mL PBS and transferred into a 1.5-mL Eppendorf then centri-
fuged again and the pellet was immediately used in a fractionation
step or cell lysis.

FLASH

The approach used is similar to that reported for CLASH,50 whereas
RNA-protein interactions were captured in growing cells using UV
crosslinking (as above) and antibodies for affinity purification of
endogenous RNA-protein complexes instead of FLAG-tagged pro-
tein.21 In brief, formaldehyde crosslinking is used during the purifica-
tion step to stabilize binding of the covalent bait protein-RNA com-
plex to the protein A beads. This step allows column washes under
highly denaturing conditions, hence assuring reliable down-
stream hits.

HUVECs were cultured as described, grown to 80% confluency, UV
crosslinked, and cell pellet collected, as above. The pellet was lysed
in ice-cold TM150 buffer (20 mM Tris-HCl [pH 7.4], 150 mM
NaCl, 0.4% NP-40, 2 mM MgCl2, 1 mM DTT, protease inhibitors
[Roche, complete, EDTA-free], RNAse inhibitor [Promega]). Tenmi-
croliters of RQ1DNAse (Promega) was added and the samples were
mixed by pipetting and incubated for 10 min at room temperature
to break genomic DNA. Lysates were centrifuged in an Eppendorf
mini centrifuge (14,000 rpm, 4�C, 10 min) and supernatant was
collected.

Affinity purification

To precipitate EZH2, we used 20 mL of anti-EZH2 rabbit monoclonal
antibody (D2C9 clone, CST, no. 5246S) and crosslinked cell lysates of
HUVECs. We used non-immune (mouse or rabbit) IgG and ribonu-
leoprotein (RNP) rabbit polyclonal anti-hnRNPAB (PA5-27549,
Thermo Fisher Scientific) as a control (see Table S10). Immunopre-
cipitation was done for 2 h at 4�C, then 50 mL Protein A beads
(LSKMAGA02, Millipore) were added for another 60 min. The
RNP complexes bound to the beads were washed twice with PBS-
WB buffer (PBS, +150 mM NaCl, 2 mM MgCl2, 0.4% NP-40), and
treated with 0.5 U RNaseA + T1 mix (RNace-IT, Stratagene) for
10 min at 20�C, then washed again twice with PBS-WB buffer and
once in PBS. These complexes were crosslinked on beads in 0.1%
formaldehyde (PFA) (Life Technologies no. 28908) in PBS for
2 min, then PFA was quenched by addition of glycine to 0.2 M and
Tris-HCl (pH 8) to 0.1 M. Crosslinked complexes were subjected to
3� denaturing washes in UB (50 mM Tris [pH 7.4], 2 M urea,
0.3 M NaCl, 0.4% NP-40) and 4� washes with PNK buffer (50 mM
Tris-HCl [pH 7.5], 10 mM MgCl2, 50 mM NaCl, 0.5% NP-40,
1 mM DTT) to remove non-specific interactions. Subsequent steps
were identical for FLASH as described for CLASH.50

RNA end modification and linker ligation

The complexes were treated with TSAP phosphatase (Promega) for
40 min at room temperature. Between all enzymatic reactions, immo-
bilized complexes were washed once with UB and three times with
PNK buffer. Phosphorylation of RNA was carried out with 40 units
T4 PNK (NEB), first with P32-labeled ATP for 45 min, then a further
20 min with 1 mM cold ATP at room temperature. The reactions
should provide 50 phosphates needed for downstream ligations.

Protein-bound RNA molecules were ligated together and with 30

linker (1 mM miRCat-33, IDT) overnight using 40 units of T4 RNA
ligase 1 (NEB) at 16�C. This reaction created RNA hybrids and single
RNA molecules ligated to miRCat linker.

Then barcoded 50 linkers (final concentration 5 mM; IDT, one for each
sample) were ligated with RNA ligase 1 in its buffer with 1 mM ATP
for 3–6 h at 20�C (see Table S10). The complexes were eluted off the
beads by boiling for 3 min in NuPAGE protein sample buffer with
100 mM Tris-HCl, 1% SDS, 100 mM ME (b-mercaptoethanol).

SDS-PAGE and transfer, proteinase K treatment, RNA isolation,

and cDNA library preparation

Eluted RNA-protein complexes were resolved on a 4%–12% Bis-Tris
NuPAGE gel (Life Technologies) then transferred to a nitrocellulose
membrane (GE Healthcare, Amersham Hybond ECL). The mem-
brane was exposed on film (Amersham) at -70�C. The radioactive
bands corresponding to the EZH2-RNA complexes were cut out,
and then incubated with 150 mg of proteinase K (0.1 mg/mL final,
QIAGEN, no. 19131) for 2 h at 55�C. The RNA was extracted with
a phenol-chloroform-isoamyl alcohol mixture and ethanol precipi-
tated overnight. The isolated RNAwas reverse transcribed using miR-
Cat-33 primer (IDT) with Superscript III Reverse Transcriptase (Life
Technologies) and RNA was then degraded by addition of RNase H
(NEB) for 30 min. cDNA was amplified using primers P5 and primer
PE_miRCat_PCR and TaKaRa LA Taq polymerase (Takara Bio). RT
was carried out with RT primer miRCat-33 primer (IDT) CCTTGGC
ACCCGAGAATT. Then we carried out 21 cycles of PCR
(PE_miRCat_PCR) with the following PCR primers:

P5 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTA
CACGACGCTCTTCCGATCT.

PE_mircat_reverse CAAGCAGAAGACGGCATACGAGATCGGT
CTCGGCATTCCTGGCCTTGGCACCCGAGAATTCC.

The product was gel purified, and samples pooled before submitting
for sequencing. In total 20 mL of 3 ng/mL mixed sample was sent for
sequencing with �0.3 ng/mL of each individual sample. Barcoded
cDNA libraries from each sample were pulled together and subject
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to high-throughput Illumina sequencing (PE100) at Bejing Genomics
Institute (BGI).

The final library was of the following form:

50-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTA
CACGACGCTCTTCCGATCT = = = INSERT = = = TGGAA
TTCTCGGGTGCCAAGGCCAGGAATGCCGAGACCGATCTCG
TATGCCGTCTTCTGCTTG-3’.

FLASH-seq data processing

The raw sequenced reads were obtained in fastq format, and miRCat
linker sequenceswere trimmed from the paired end data using cutadapt
v.1.15 (https://github.com/marcelm/cutadapt 51). The first read in each
pair was retained for downstream analysis. Duplicate reads caused
by PCR amplification were removed using the pyFastqDuplicate-
Remover.py tool from the pyCRAC suite,52 and the remaining reads
were aligned to the human genome (hg38) using Novoalign 2.07.53

Overlaps between aligned reads and genomic features were calculated
using the pyReadCounters.py tool from the pyCRAC suite, which
also generated strand-specific overlap counts for each RNA biotype.

Differential binding was calculated using DESeq254 and differential
enrichment for each transcript was determined by comparing
EZH2 pull-down with IgG control, and against a known RNA binding
protein hnRNPAB.55 Comparable data were obtained from two inde-
pendent biological replicates of primary ECs (Table S1) confirming
that FLASH, with its stringent purification steps, is a robust method
to identify endothelial RNA species and base pairing interactions with
EZH2. The RNA-RNA hybrids were identified using a published hyb
pipeline,56 and MEG3 hybrid fragment sequences were extracted us-
ing hybtools.57 The outputs of the hyb pipeline included a file with
coordinates of all the hybrids (“.hyb”) and a file with the folding anal-
ysis in “.Viennad” format. These and other output file formats are
described in the hyb pipeline documentation, see https://github.
com/gkudla/hyb. The stability of the predicted base pairing between
the two RNA molecules in the chimeras was calculated as the change
in free energy of hybridization (DG in kcal/mol), and hybrids with a
DG value below�10 were retained. A total of 553 interactions passed
this filtering step. Motif analysis was done using pyMotif.py from the
pyCRAC suite. Enriched motifs in hybrid sequences and in the se-
quences of FLASH single-hit clusters were identified using MEME52

https://meme-suite.org/meme/. Motif logos and E values (statistical
significance from MEME) were obtained for top significant k-mers
(4–8 nt in length).58 These single-hit clusters were obtained by
merging the genomic co-ordinates of overlapping reads using the
pyClusterReads.py tool from the pyCRAC suite,52 and then extracting
their sequences from the complete human genome sequence using the
bedtools getfasta command.59 We also associated lncRNAs (anno-
tated and unannotated) to the neighboring genes.

UV-RIP

HUVECs (2� 106 cells per plate) were harvested from two 15-cm tis-
sue culture plates following UV crosslinking as described above. The
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crosslinked pellet was lysed in ice-cold RIPA Lysis buffer (pH 8.0)
(1 mL/pellet) (50 mM Tris [pH 8.0], 150 mM KCl, 0.1% SDS, 1%
Triton X-100, 5 mM EDTA, 0.5% sodium deoxycholate) with addi-
tion of the following (per 1 mL): 100 U/mL RNAseOUT, 0.5 mM
DTT, and 1� PIC as per suppliers’ instructions and rotated for
30 min at 4�C. Resuspended lysates were sonicated as described above
and supernatant collected following a spin in a microcentrifuge
(16,000 rpm, 20 min, 4�C). To pre-clear the lysates, 25 mL of Protein
G Dyneabeads (Life Technologies, 10003D) were added per immuno-
precipitation condition for 30min at 4�C, then removed. At this stage,
we removed a 10 mL aliquot for RNA INPUT. Immunoprecipitation
with pre-cleared UV-crosslinked lysates of ECs proceeded overnight
at 4�C using antibodies against repressive chromatin (EZH2 [5246S]
and H3K27me3 [9733S]) (see Table S11), IgG, or mock control (no
antibody, hnRPAB), as described for ChIP. Beads were captured on
a DynaMag magnet (Thermo Fisher Scientific, 12321D) and washed
in 500 mL ice-cold Native Lysis buffer (150 mMKCl, 25 mM Tris [pH
7.5], 5 mM EDTA, 0.5% NP-40 with fresh addition of 0.5 mM DTT,
1� PIC, 100 U/mL RNaseOUT) to wash off the unbound material.
Three RIP washes were performed at 4�C and beads pelleted
(2,500 rpm, 30 s), followed by a final wash of 500 mL with Tris
EDTA (10 mM Tris-HCl [pH 7.5]/1 mM EDTA). The beads or input
samples were then resuspended in TRIzol (1 mL) vortexed vigorously
for 10 s and incubated at room temperature for 10 min. Samples were
usually stored at -80�C before further RNA extraction using a Mon-
arch kit (NEB, no. T2010) following the manufacturer’s instructions.
RNAwas eluted with nuclease-free water (e.g., 20 mL), quantified, and
used in qPCR analysis, which was performed in triplicate.

Sonication of chromatin

UV-crosslinked lysates from FLASH and RIP were sonicated
(6 � 2 min ON/30 s OFF) to fragment DNA to 200–700 bp, and
centrifuged (15 min) using a Bioruptor sonicator (Diagenode).
Glutaraldehyde crosslinked (1%) lysates from ChIRP were sonicated
on a Covaris E220 Evolution Focused-Ultrasonicator System using a
water at a temperature range of 5�C-7�C and the following protocol:
peak power 140 W, duty factor 10%, 200 cycles per burst for 60 s. A
total of 30–35 cycles was used for cell lysates prepared from 150mg of
crosslinked HUVEC pellets. Samples were then centrifuged (16,000
rcf, 15 min at 4�C) and 10 mL supernatant was removed from each
condition for DNA isolation following de-crosslinking. DNA was
eluted by adding 150 mL elution buffer and shaking (37�C, 30 min,
900 rpm) and 15 mL proteinase K (10 mg/mL, Sigma, P4850) was
added per sample and shaking repeated (50�C, 45min, 900 rpm).
DNA was purified using a QIAquick PCR Purification Kit. Fragment
size was determined by resolving samples on 1.5% agarose gel with
1-kb and 100-bp ladders for reference. The gel was imaged, and frag-
ments visualized using a UVidoc HD6 system (UVitec).

ChIRP was performed as described previously60 using two sets of
biotin-labeled antisense oligonucleotide DNA probes targeting
MEG3, whereas biotinylated LacZ probes served as negative controls.
We used published probes and designed additional ones at http://
www.singlemoleculefish.com/designer.html and validated them.

https://github.com/marcelm/cutadapt
https://github.com/gkudla/hyb
https://github.com/gkudla/hyb
https://meme-suite.org/meme/
http://www.singlemoleculefish.com/designer.html
http://www.singlemoleculefish.com/designer.html
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Sequences of MEG3 and LacZ control probes and non-biotinylated
control probes are reported in Table S10. 30-Biotinylated antisense
MEG3DNA oligonucleotide probes were incubated with chromatin ly-
sates from HUVECs. Before, cells were fixed with 1% glutaraldehyde
(Sigma-Aldrich) and the crosslinking reaction was quenched with
glycine (0.125 mM). The crosslinked cells were pelleted (>100 mg)
and stored at -80�C until use. Next, 100–150mg pellets were pulverized
in liquid nitrogen and chromatin prepared as reported before.61 Lysate/
sample (1%) condition was saved as input and 10%/90% samples were
used for RNA/DNA extraction, respectively. Chromatin complexes
were purified using RNA pull-down with streptavidin-labeled C-1
magnetic beads (Invitrogen, 65001). Subsequent stringent washes of
beads:biotin-probes:RNA:chromatin were performed as described pre-
viously.62 MEG3-bound DNA and proteins were eluted off the beads
using nuclear hybridization buffer (0.75 M NaCl, 50 mM Tris-HCl
[pH 7.0], 1 mM EDTA, 1% SDS, 15% formamide and water, with
1 mM AEBSF, 0.01� vol protease inhibitor cocktail [Sigma P8340])
and 0.01� vol RNase inhibitor [Sigma R1158] added fresh just before
use) and incubated for 60min at 37�C. After the incubation, beads were
collected and washed four times with 500 mL of ChIRP wash buffer
(2� SSC, 0.5% SDS, and fresh 1mMAEBSF and 0.01� vol RNA inhib-
itor added). After the last wash, beads were deposed in elution buffer
(50 mM NaHCO3, 1% SDS, 200 mM NaCl) with 10 mL of proteinase
K (10 mg/mL, Sigma P4850), and reversal of crosslinking was
performed at 65�C for 3 h. DNA was eluted with a cocktail of
100 mg/mL RNase A (Sigma-Aldrich) and 0.1 U/mL RNase H
(Ambion) and recovered using a Monarch kit (T1030L) and used for
library construction. RNA was TRIzol-extracted and purified. The
quality and RNA was assessed using an Agilent RNA 6000 Pico Kit
and an Agilent Bioanalyser, obtaining the quantification information.
A Qubit High Sensitivity DNA Kit (Life Technologies, Q32851) was
used to obtain total DNA concentration and DNA peak distribution
and fragments of DNA 1000 allowing a correct sizing and quantifica-
tion analysis. The input and odd and even probes samples were
sequenced individually.

ChIRP-seq data processing

Biotin-labeled probes targeting MEG3:RNA and MEG3:DNA com-
plexes (Figure 3A) were captured with streptavidin magnetic beads as
reported before.63 The specificity of biotin-labeled probes for MEG3
gene, as opposed to other genes, was confirmed using one-step qPCR
with RNA purified from ChIRP (Figure 3B). Initial processing and
alignment of sequenced ChIRP-seq data was performed by at BGI,
where initial fastq filtering using SOAPnuke was performed.64 Filtered
reads were aligned to the human genome (hg38) using bwa 0.7.15, and
peaks called using MACS2 v.2.2.7.1.65 The code for processing the
aligned ChIRP-seq data is given here: https://github.com/hyweldd/
2024_mtna_chirpseq_pipeline. Genomic coverage of ChIRP-seq peaks
was calculated using bedtools merge59 and bedGraphToBigWig66 as
outlined in Figure S3D. Profiles and heatmaps around the TSS of
mRNAswere createdusing the computeMatrix, plotHeatmap, andplot-
Profile tools from the deepTools suite.67 Identified genomic sites of
MEG3 interactions were considered as true MEG3-targets if they
were recognized in both independent ChIRP experiments and in the
RNA-seq experiments as bellow and undetected in the negative
ChIRP control (using probes against LacZ RNA) (Table S10).

ChIP

ChIP assays were performed essentially as described previously.8 In
brief, chromatin in control and treated cells (1 � 107) were cross-
linked with 1% formaldehyde solution (methanol-free, Thermo
Fisher Scientific) at a volume of 0.5 mL for every 1 � 106 cell for
10 min at room temperature with slow rotation. Fixation was
quenched using glycine (125 mM, 5min) followed by 3� PBS washes.
Cells were collected and incubated in lysis buffer (150 mM NaCl,
25 mM Tris [pH 7.5], 1% Triton X-100, 0.1% SDS, 0.5% deoxycho-
late) supplemented with a protease inhibitor tablet and PMSF.
DNA was fragmented into 200–700-bp pieces using a chilling Bio-
ruptor sonicator (6 � 2 min ON/30 s OFF/30 s, 4�C) and lysates
centrifuged (15 min, 1,000 rcf, 4�C). Aliquots of lysates containing
200 mg of protein were used for each immunoprecipitation reaction
with EZH2 (D2C9) XP(R) rabbit mAb (Cell Signaling Technology,
5246S), tri-methyl-histone H3 (H3K27me3) (C36B11) rabbit mAb
(9733S, CST) antibodies, or IgG control (normal rabbit IgG, CST,
2729S) and captured on beads using Protein GDynabeads (Life Tech-
nologies, 10003D). The immune complexes were eluted with the
elution buffer (1% SDS, 100mMNaCO3) supplemented with protein-
ase K (10 mg/mL) and with shaking at 65�C, 1,000 rpm for 3–6 h.
DNA was purified using a Monarch kit (T1030L).

ChIP followed by sequencing or qPCR after MEG3 KD

We immunoprecipitated EZH2, together with associated chromatin
isolated from the HUVECs (2 � 106) previously transfected with
MEG3 GapmeRs (10 nM, 48 h) or a scrambled control GapmeRs
(control) and purified bound DNA for sequencing or analysis by
qPCR. For transfection, we used 10 nM scrambled LNA (locked nu-
cleic acids) GapmeR control (cat. no. 339515) or phosphorothioate
antisense standard GapmeRs MEG3-lncRNA (QIAGEN, cat. no.
339511). On beads, crosslinked chromatin complexes were reversed,
and DNA purified using a QIAquick PCR Purification Kit and quan-
tified using a Qubit HS assay (Q33230) following the manufacturer’s
instructions. The comparative delta Ct value method was used for
qPCR analysis with positive and negative primer controls to validate
the binding. Prior to sending for sequencing, DNA quality and con-
centration was measured using an Agilent HS DNA kit (5067-4626).

Overlap between ChIRP targets and EZH2-binding sites

ChIP-seq extracted bed files of histone mark H3K27me3 were down-
loaded from GEO GSM733688 and GSM945180. The bed files for the
public ChIP-seq database for epigenetic regulator EZH2 in HUVECs
were downloaded from GEO accession number GSE109626. ChIP-
seq peaks in bed format were lifted over from hg19 to hg38 using
liftOver66 and concatenated. GEO datasets in the NCBI portal
(ncbi.nlm.nih.gov) were searched using the key words “EZH2” or
“H3K27me3 ChIP-seq in HUVECs.” All intersections with called
peaks from ChIP-seq data obtained from GEO were calculated using
the bedtools intersect command.59 All bed intersections of extracted
peaks between ChIP-seq and ChIRP-seq were calculated using the
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bedtools intersect command.59 Maximum peak scores for ChIRP-seq
peaks that overlap genomic features were calculated using bedmap
from the bedops suite (https://bedops.readthedocs.io/en/latest/).68

The ChIP enrichment profiles were also compared with the LacZ
ChIRP controls. Functional profiling of overlaping ChIRP and
ChIP targets with maximum peak scores, is reported in Table 1.

RNA-seq processing following MEG3 KD in HUVECs

HUVECs were seeded onto 6-well plates and transfected with LNA
GapmeRs against MEG3 (10 nM, QIAGEN) as described above, by
incubation (6 h, 37�C, 5% CO2), then complexes and Optimem
were replaced with medium for a further 48 h. RNA was collected
and purified before quantification ahead of sequencing using BGI ser-
vices. RNA-seq analyses of control (n=4) and MEG3-depleted
RNA (n = 3/group) were performed in-house. Raw fastq files were
processed using the nf-core RNA-seq pipeline release 3.12.0
(https://github.com/nf-core/rnaseq/tree/3.12.0), using Salmon for
quantification, and hg38 as the reference genome assembly. Differen-
tial expression analysis was performed using DESeq2,54 and plots
were generated in R. The differential expression analysis was per-
formed using three biological replicates of the MEG3 KD experiment
and four controls.

De novo analysis of RNA-seq data

Raw SRA files of RNA-seq data were obtained from GEO GSE71164,
converted to FASTQ files, and aligned using TopHat2 (v.2.0.3).69 De
novo analyses were performed and data aligned to human genome
build Hg38 via STAR70 and DESeq2,54 using a human genome data-
base from Ensembl release 77 (www.ensembl.org). GTF (gene transfer
format) files were generated as described before.71 Statistical analysis
of the differential expression of genes was performed using EdgeR.
Genes with false discovery rate for differential expression lower
than 0.01 were considered significant.

Pharmacological inhibition of PRC2

The solution of A-395 inhibitor (Sigma, SML1923) was prepared as
per the manufacturer’s instructions. A-395 is a potent chemical
probe that binds to the H3K27me3 binding pocket of EED to
allosterically inhibit and disrupt the trimeric PRC2 protein com-
plex.72 For in vitro assays it was used at 5 mM final concentration
with 0.01% DMSO in water from the 50 mM stock, whereas for
in vivo studies the final dose was 10 mg/kg (i.p.). The working stock
concentration was 2 mg/mL, used from a stock of 100 mg/mL dis-
solved in water (vehicle). Working stock was stored at 4�C and ali-
quoted stock solutions were kept at -20�C until needed for
experiment.

Immunocytochemistry

HUVECs (2 � 106) were transfected with MEG3 GapmeRs (10 nM,
48 h) or a scrambled control GapmeRs (control), or treated with
A-395 inhibitor (Sigma, SML1923; 5 mM final) with 0.01% DMSO
in water, diluted from 50 mM stock. Methanol-ethanol fixation
was prepared in a 1:1 methanol and ethanol mixture and cells fixed
at -20�C for 5-10 min. Cell staining was performed following the
18 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
manufacturer’s instructions for ITGA4 and isotype control antibody,
as reported in Table S11.

Fluorescent in situ hybridization against MEG3 transcript

Custom Stellaris fluorescent in situ hybridization (FISH) Probes
recognizing MEG3 and labeled with Cy3 were purchased from Bio-
search Technologies (https://www.biosearchtech.com/; Petaluma,
CA). The HUVECs were hybridized with the MEG3 Stellaris FISH
Probe set, following the manufacturer’s instructions available online
at www.biosearchtech.com/stellarisprotocols.

In brief, cells were incubated with hybridization buffer (50% form-
amide, 4� SSC, 2.5� Denhadrt’s solution, 2.5 mg/mL salmon
DNA, 0.6 mg/mL yeast tRNA, 0.025% SDS, and 0.1% blocking re-
agent) at 37�C for 1 h followed by a 37�C overnight incubation
with 125 nM ofMEG3 probes conjugated with Cy3 in the same buffer.
Detection of EZH2 (Cell Signaling; [D2C9] XP rabbit mAb no. 5246;
1:100) was subsequently performed and detected using Alexa Fluor
488 (Thermo Fisher Scientific, 1:500) secondary antibody using a
Zeiss fluorescent microscope.

Protein quantification by western blot analysis

Protein samples were prepared from cells using a lysis buffer contain-
ing a protease inhibitor (Roche, 11852700) and phosphatase inhibitor
(Thermo Fisher Scientific, 88667). Protein lysates were matched for
protein concentration; total protein (15 mg) was resolved by SDS-
PAGE and transferred onto PVDF membranes (Bio-Rad) that were
incubated with integrin ITGA4 primary antibody and revealed with
appropriate HRP-linked secondary antibody (Table S9). Densities
of the immunoreactive bands were evaluated using NIH ImageJ soft-
ware. Protein loading was verified against b-actin densities.

In vitro functional studies

HUVECs were pre-treated with A-395 (5 mM) in 12-well plates for
24 h or transfected with siRNA for ITGA4 (20 nM, Thermo Fisher
Scientific). ECs were plated in a FN-coated (20 mg/mL) 8W10E+ elec-
trode chamber array. Cell adhesion was continuously recorded for a
further 7 h using an ECIS Z-Theta system (Applied Biophysics)
with associated software as reported before73 and then resistance
changes were calculated. Migration was analyzed using an ECIS
chip array (8W1E) coated in a FN-gelatin coating mix (1 mg/mL
FN/0.01% gelatin) as reported by us previously.74 The migration
speed was calculated in micrometers per hour.

Statistical analysis

Unless otherwise stated each experiment was performed three times
(biological replicates). All statistical comparisons between two groups
or multiple groups were performed using GraphPad Prism 10.2.1
(171) software. Normally distributed variables were compared be-
tween groups using Student’s t-test and p values were calculated.
Two-way analysis or ANOVA test was performed followed by Bon-
ferroni post hoc test or Dunnett’s correction as indicated in the figure
legends. Statistical significance was determined when p % 0.05, and
p > 0.05 was not significant. If not alternatively specified, all error

https://bedops.readthedocs.io/en/latest/
https://github.com/nf-core/rnaseq/tree/3.12.0
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE71164
http://www.ensembl.org/
https://www.biosearchtech.com/
http://www.biosearchtech.com/stellarisprotocols
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bars represent mean values with SEM. Permutation tests with asymp-
totic approximation were performed in R using the Perm R-package
run in R.75

Data processing and software analysis

The gene-type distribution of reads was revealed using Pavis online
software, PAVIS76 and all gene ID crosses in the study were done us-
ing JVenn.77 GO pathway analysis was performed on determined pro-
tein-coding genes, using Panther Pathways,78 g:Profiler (v.0.6.7),79

and Enrichr.80,81 The g:Profiler database Ensembl 103, Ensembl Ge-
nomes 50 (build date 2021-04-14) was used. Only GO terms with
p < 0.05 were used for further analysis. The list of mouse protein-cod-
ing genes was converted to human orthologous gene IDs that were
obtained using g:Orth https://biit.cs.ut.ee/gprofiler/orth or converted
using https://biit.cs.ut.ee/gprofiler/convert, and used in downstream
representation. The python pyCRAC v.1.5.252 software package was
used for analyzing the data, available from ECDF Gitlab repository
https://git.ecdf.ed.ac.uk.

DATA AND CODE AVAILABILITY
All sequence data from this study, Genomemaps, Bedgraph, and GTF
files generated from the analysis of the Hfq FLASH (GSE230112),
ChIRP-seq (GSE234542), ChIP-seq (GSE234543), or RNA-seq
(GSE253830) have been deposited into the GEO. Re-mapped RNA-
seq data of the GEO dataset GSE71164 are available from University
of Edinburgh Data repository at https://bifx-core3.bio.ed.ac.uk/
hyweldd/tmitic. All other data underlying the key findings are avail-
able in the supplemental information. All computational analysis pro-
cessing pipelines are available from https://github.com/hyweldd. The
hyb pipeline for identifying chimeric reads and the hybtools package
for downstream identification of first read in a pair are available at
https://github.com/gkudla/hyb. All doppler imaging scans, blood
flow ratios and data analysis from animal study are available at “Zen-
odo: https://zenodo.org/records/10902595”.

ChIP-seq-extracted bed files of histone mark H3K27me3 for chro-
matin state in motor neurons were downloaded from GSE114283.
Peaks unique to control vs. MEG3 KD were assigned to positions
associated with promoters and gene lists that were obtained from
Ensembl Biomart, geneset v.97 with added 2,000 bp upstream.82

Gene region list was submitted to GREAT (Genomic Regions
Enrichment of Annotations Tool) to compose associated mouse
gene list.83 DAVID enrichment tool and clustering were used84

and the computational analysis pipeline is described as outlined in
Figure S4B.

RNA-seq de novo mapping and analysis employed RNA sequences
extracted from the GEO dataset GSE71164 and is available in
Table S9. The microarray dataset from identification of differentially
expressed genes in murine C2C12 cell lines after MEG3 KD was ex-
tracted from the GSE73524 dataset. Using GEO2R, two or more
groups were assigned and compared (control vs.MEG3KD) to obtain
the top differentially expressed genes as instructed https://www.ncbi.
nlm.nih.gov/geo/info/geo2r.html#how_to_use.85 A list of identified
mouse targets and human ortholog genes was obtained upon data
processing and is given in Table S10.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtn.2024.102173.
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