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Abstract

Background Endothelial cells (ECs) orchestrate vascular homeostasis and resilience but can undergo reprogramming
into a mesenchymal-like phenotype through an endothelial-to-mesenchymal transition (EndMT). Crucially, EndMT

is a linchpin underlying several cardiometabolic diseases, but is almost universally studied as an endpoint. The
transcription factor ERG (ETS-related gene) is critical to the maintenance of EC identity and function, yet the dynamic
transcriptional and functional consequences of ERG loss on EndMT programs, and whether this can be reversed, has
not been explored.

Methods We modeled both acute and chronic ERG loss in human aortic ECs using siRNA knockdown and CRISPR/
Cas9-mediated E£RG deletion. We profiled temporal changes in chromatin accessibility (ATAC-seq), transcriptomic
responses (RNA-seq), and endothelial phenotypes, including migration and barrier integrity. The temporal kinetics of
ERG loss and restoration was assessed by comparing stable £RG knockout to transient FRG knockdown and recovery
over time. The implications to human disease were deciphered by examining ERG gene regulatory networks in
human atherosclerosis and linkage with genetic variation associated with human cardiovascular disease.

Results Analysis of gene regulatory networks revealed profound and dynamic rewiring of endothelial and
mesenchymal transcriptional programs upon loss of ERG. While endothelial identity was rapidly lost by 24 h of ERG
knockdown, acquisition of mesenchymal identity, barrier dysfunction, and enhanced cell migration required 72 h
to manifest. Loss of ERG was accompanied by a rapid reduction in accessibility of ETS motifs and an extensive gain
in open chromatin containing AP1 motifs. Disease-relevant endothelial dysfunction programs were associated with
dynamically reorganized transcriptional networks. Importantly, restoration of ERG expression reversed EndMT gene
regulatory networks and phenotypes.
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Conclusions Overall, this study highlights the ETS factor, ERG, as an essential transcriptional safeguard of endothelial
identity and function, and demonstrates that ERG loss initiates a progressive, yet reversible, EndMT program with EC
identity loss preceding a gain of mesenchymal gene regulatory networks and phenotypes. This study establishes

loss of ERG as an early initiating event in EndMT and suggests that ERG-targeted therapies may hold promise for

promoting endothelial resilience.

Keywords Endothelial-to-mesenchymal transition, Endothelial function, Endothelial cell identity, Gene regulatory

networks, Cardiovascular disease
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Background

Endothelial cells (ECs) form a monolayer lining the vessel
wall and act as a highly resilient interface and physiologic
barrier between flowing blood and vascular tissue. How-
ever, studies have shown that ECs can lose their protec-
tive properties when they become activated in response
to pathological insults such as disturbed flow [1], dyslip-
idemia [2], hyperglycemia [3], smoking [4], or other pro-
inflammatory signals (e.g., TNF-a and IL-1p) [5]. While
it was once thought that adult ECs are terminally differ-
entiated, recent lineage tracing studies have revealed that
ECs can undergo endothelial-to-mesenchymal transition
(EndMT), delaminate from the lumen, and migrate into
the vessel wall [6]. Importantly, the full extent of poten-
tial phenotypes that these EC-derived cells adopt is not
fully known and it remains unclear whether the process
of EndMT is detrimental or beneficial in the context of

arterial diseases [7]. Conlflicting studies report that cells
that have undergone EndMT can stabilize the fibrous cap
of an atherosclerotic plaque or adopt a pro-inflammatory
or immune cell-like phenotype [8, 9]. The kinetics and
reversibility of EndMT is also unclear as both partial and
full EndMT have been reported [10, 11]. Understanding
the mechanisms governing dynamic regulation of endo-
thelial phenotypes is key to implementing strategies to
maintain or restore vascular resilience to combat cardio-
vascular disease [12].

The endothelial-enriched transcription factor E-26
transformation specific (ETS)-related gene (ERG) is a key
regulator of EC identity and protective functions [13—
16]. ERG maintains the expression of canonical endo-
thelial marker genes, such as VE-Cadherin (CDHS5) and
PECAM-1 (CD31), while suppressing NF-kB mediated
pro-inflammatory pathways [17]. Recently, exogenous
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ERG and SOX17 expression in fibroblasts was found to
promote an endothelial-like state, inducing EC marker
expression and EC function [18, 19]. Loss of endothe-
lial ERG promotes TGF-B/SMAD3 signaling, which
drives EC dysfunction and EndMT [20]. Notably, ERG is
downregulated in several chronic inflammatory and car-
diometabolic diseases such as atherosclerosis, liver fibro-
genesis and pulmonary hypertension [13, 20, 21]. Given
that ERG loss may be a linchpin event in cardiovascular
disease pathogenesis, there is a need to define how ERG
prevents EndMT to maintain endothelial identity and
function, and whether EndMT induced by ERG loss can
be reversed in human disease models.

Herein, we investigate the role of ERG in maintain-
ing endothelial identity by examining dynamic changes
in EC chromatin accessibility and transcriptional land-
scapes and their impact on endothelial phenotypes and
function following ERG loss. We identify a progressive
transition of ECs towards a mesenchymal phenotype,
which involves an acute loss of endothelial identity mark-
ers 24 h after ERG knockdown (KD) accompanied by a
robust increase in mesenchymal gene expression, bar-
rier dysfunction, and cell migration 72 h after ERG KD.
Mechanistically, ATAC-seq reveals that ERG loss induces
a prominent closure of chromatin regions containing
ETS motifs and a gain in accessibility of chromatin con-
taining activator protein 1 (AP1) motifs. Integration of
transcriptional profiling data with genome-wide asso-
ciation studies (GWAS) and single-cell RNA sequencing
(scRNA-seq) data from human atherosclerotic plaque
samples reveals that ERG-mediated EndMT programs
are prominent in diseases associated with endothelial
dysfunction. Importantly, we show that restoring ERG
expression reverses mesenchymal gene regulatory net-
works and phenotypes induced by ERG KD and resets EC
identity programs. Collectively, these findings implicate
ERG in the maintenance of EC identity and homeostasis
in healthy vessels and highlight a novel role for ERG in
reversing the pathological consequences of EndMT and
EC dysfunction in the setting of cardiovascular disease.

Methods

Cohorts used in the study

For phenotypic assays, western blots and immunofluores-
cence, three wild-type (WT) and three AERG knockout
(KO) telomerase-immortalized human aortic endothelial
cell (teloHAEC) clones were used. For ATAC-seq, two
WT and two AERG KO clones were used. For RNA-seq,
three WT and three AERG KO clones were used with
biological replicates performed on separate days. After
removing one sample because of poor quality, a total of
five replicates for WT and six replicates for AERG KO
were included for RNA-seq analysis. Within each bio-
logical replicate of the control and ERG knockdown (KD)
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experiments in teloHAECs, all three readouts (protein,
RNA-seq and ATAC-seq) were collected from different
wells of a 12-well plate of cells treated identically. The
number of replicates for protein, RNA-seq and ATAC-
seq were five, four and three, respectively. For phenotypic
assays, western blots and immunofluorescence, three

replicates were performed on different days. For ERG
recovery experiments all three readouts (protein, RNA-
seq and ATAC-seq) were collected from different wells
of a 12-well plate of cells treated identically. The number
of replicates for protein, RNA-seq and ATAC-seq were
five, four and three, respectively. For phenotypic assays,
western blots and immunofluorescence, three replicates
were performed on different days. For qPCR, five repli-
cates were performed on different days. Single cell RNA-
seq (scRNA-seq) data was obtained from a published
study of carotid artery atherosclerotic core and proximal
adjacent regions from 3 patients from the Gene Expres-
sion Omnibus (GEO) database at https://www.ncbi.nl
m.nih.gov/geo/ (GEO accession: GSE159677) [22, 23].
H3K27ac and input ChIP-seq data was obtained from a
published study in a single replicate of human umbilical
vein endothelial cells (HUVEC) treated for 24 h with ERG
or control siRNA (GEO accession: GSE124892) [15, 24].
Human fibroblast ATAC-seq data (five replicates) was
also obtained (GEO accession: GSE121053) [25, 26].

Cell culture

All experiments were performed in teloHAECs (ATCC
50-238-1690) grown at 37 °C and 5% CO, in Endothelial
Cell Growth Media-Microvascular 2 (ECGM-MV2) (Pro-
moCell C-22121) on rat tail collagen type 1-coated plates
(Sigma-Aldrich C3867). ECGM-MV2 media was supple-
mented with 5% fetal calf serum, 5 ng/mL recombinant
human epidermal growth factor, 0.5 ng/mL recombinant
human vascular endothelial growth factor 165, 10 ng/
mL recombinant human basic fibroblast growth fac-
tor, 20 ng/mL long R3 insulin-like growth factor-1, 1 pg/
mL ascorbic acid, and 0.2 pg/mL hydrocortisone (from
ECGM-MV2 Supplement Pack; PromoCell C-39221).
Experiments using CRISPR/Cas9-edited cells were per-
formed on cells between passage 20 and 30. Experiments
using unedited teloHAECs were performed on cells
between passage 11 and 20.

CRISPR/Cas9 deletion of ERG exon 6

For the CRISPR/Cas9 deletion experiment, gRNAs
(Additional File 1: Table S1) targeting the 5 and 3’
boundaries of ERG exon 6 were designed using the MIT
CRISPR design tool (http://crispr.mit.edu/). The gRNAs
were purchased from Integrated DNA Technologies
(IDT) as standard DNA oligomers. The gRNA oligomers
were then annealed, phosphorylated, and cloned into
pSpCas9(BB)-2A-GFP (PX458) under the control of the
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U6 promoter (Addgene Plasmid ID 48138). TeloHAECs
were transfected with 2.5 ug of each 5 and 3’ gRNA-
PX458 plasmids or two scramble control gRNA-PX458
plasmids using Lipofectamine 2000 (2uL/ug DNA, Invi-
trogen) in 100 mm dishes. The GFP" cell populations,
representing cells transfected with the GFP-tagged Cas9
construct, were isolated using fluorescence-activated cell
sorting with a Becton Dickinson FACSAria sorter after
48 h (SickKids-UHN Flow Cytometry Facility). Non-
transfected cells were utilized to set the sorting gates.
After recovery, single cells were seeded in 96-well plates
and inspected for colonies after 1-2 weeks. Upon reach-
ing 60% confluency, the colonies were split into replicate
96-well plates. Genomic DNA was isolated from one of
the replicate plates by lysing cells in 96-well plates for 3
h at 65 °C in a lysis buffer (100 mM NaCl, 10 mM Tris—
HCI pH 8, 25 mM EDTA pH 8, 0.5% SDS, 0.2 mg/mL)
followed by 15 min inactivation at 95 °C. Genotyping
was performed using Taq Polymerase (Invitrogen) with
primers flanking the deletion sites or the motif mutation
sites. The PCR products were run on gel electrophore-
sis and visualized using MiniBIS Pro (DNR Bio-Imaging
Systems). Gel bands were extracted and sent for Sanger
sequencing. Sanger sequencing was confirmed by align-
ing to the human genome (hgl9) using the Blat function
in the UCSC Genome Browser. WT clones were treated
the same as above but did not receive gDNA. Given the
potential of generating undesired large deletions using
CRISPR/Cas9, multiple individual WT and homozygous
ERG KO clones were tested in all experiments to dimin-
ish the likelihood of basing our conclusions on one clone
with spurious off-target deletions.

ERG small interfering RNA inhibition

ERG KD was performed in teloHAECs. At 60-70% con-
fluence, cells were serum starved for 1 h in Opti-MEM
reduced serum medium (ThermoFisher 31985-070) and
transfected in ECGM-MV2. Lipofectamine RNAIMAX
(Invitrogen 56532) was used to transfect cells. A final
concentration of 40 nM Ambion™ Silencer™ Select ERG
siRNA (ThermoFisher 4392421 — s4813) or negative con-
trol siRNA (ThermoFisher 4390844) was used. Media was
changed 4 h following transfection. KD was confirmed
by western blot using collected cell lysates 24 h and 72 h
post-transfection. For recovery experiments, media was
changed every 48 h, with collection for RNA-seq, ATAC-
seq, western blotting and functional experiments at spec-
ified timepoints. Biological replicates were performed on
separate days.

Cell collection for downstream experiments

Cell lysates were collected as described below, using
100uL of 2 x RIPA lysis buffer (Millipore Sigma; 20—188)
and 1 x Protease inhibitor (Sigma Aldrich; 11836170001).
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To collect cells for ATAC-seq, cells in each well were
lifted with TrypLE, quenched in cell media, and counted.
50,000-70,000 cells from each well were aliquoted and
spun down for 5 min at 500 g. The cell pellet was resus-
pended in 100uL BAM Banker and frozen in a freez-
ing chamber at -80 °C. Cell lysates for RNA-seq were
prepared as follows: cells were washed three times with
room temperature PBS, 350uL of room temperature
Buffer RLT was added, cells were then scraped, and the
lysates transferred to a 1.5 mL tube.

EC migration

Ibidi culture-inserts (Ibidi 80209) were adhered to a #1.5
chambered coverglass (Lab-Tek 155409) plate. Cells were
seeded on each side of the insert and grown to conflu-
ence (1-2 days depending on initial seeding density).
For cells imaged with fluorescent confocal microscopy,
ECs were stained with sterile Hoechst (20 mg/mL stock
diluted 1:500 in media) and incubated for 15 min at 37
°C. Hoechst stain was removed and Spy650 fast actin
labelling dye (Cytoskeleton CY-SC505) diluted 1:1000
in media was added and incubated at 37 °C for 30 min.
The insert was then removed and media containing
Spy650 fast actin labelling dye at 1:2000 was added. Cells
were then transported for live cell imaging on the Nikon
AR1 Confocal microscope or the Zeiss Axio Observer
(10 x magnification was used for both). Image locations
and image parameters were set while cells were incubat-
ing (approximately 30—45 min). 1-5 sets of time-lapse
images were taken along each insert gap. Images were
taken every 5 min for approximately 6.5 h (WT or ERG
KO) or 4 h (control [Ctrl] or ERG KD). Image analy-
sis was performed using the methodology described by
Jonkman et al. [27].

xCelligence real-time cell analysis

16-well E-plates were coated with attachment fac-
tor (Gibco S-006-100) and left at 37 °C for 1 h. Base-
line resistance measurements were then taken using
200puL of ECGM-MV?2 for 1 h before cell seeding using
xCelligence Real-Time Analyzer (RTCA, ACEA Biosci-
ences, San Diego, CA). ERG KD or Ctrl teloHAECs were
then seeded at a density of 3x 10* cells/well in 200uL of
medium. Cells were monitored using the xCelligence
RTCA for 72 h post-ERG loss. Normalized cell index was
generated by normalizing cell index values to the cell
index 3 h post-seeding.

Western blot

ERG WT or KO and control or ERG KD cells (for
CD31, ERG and CDH5) were harvested using 2 x RIPA
lysis buffer (Millipore Sigma 20-188) with 1x protease
inhibitor (Sigma Aldrich 11836170001) and 1 x phos-
phatase inhibitor (Thermo Scientific A32957). Protein
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concentration was measured using a Pierce BCA Pro-
tein Assay Kit (Thermo Scientific 23228). Samples were
diluted with 2 x RIPA and 1 x protease inhibitor to ensure
equal concentration of protein in each sample. Samples
were prepared for loading using 4 xLaemmli loading
buffer (final concentration 1x; BioRad 1610747) and
[B-mercaptoethanol (final concentration 2.5%) and boiled
for 10 min at 95 °C. Control or ERG KD cells (for FN1
and VIM) were harvested using 4 xLaemmli loading
buffer with 1x protease inhibitor and 1 x phosphatase
inhibitor. Approximately 3-8 pg of protein was loaded
(depending on expression levels of the protein of interest)
into a polyacrylamide gel (SDS-PAGE; Biorad 4561094).
A BLUeye prestained protein ladder (FroggaBio PM007-
0500F) was used to assess molecular weight. Loaded gels
were run in running buffer at 80 V for 30 min (or until
loading front had entered stacking gel) and then at 110
V for 1 h. PVDF membranes (Cytiva 10600023) were
prepared for wet transfer by soaking the membrane in
100% methanol followed by transfer buffer for 10 min.
The membrane and gel sandwich were run in cold trans-
fer buffer next to an ice pack at 110 V for 90 min. PVDF
membranes were then blocked in 5% skim milk diluted in
0.2% Tween-20 (TBST) for 1 h on a rocking plate. Mem-
branes were incubated overnight at 4 °C with primary
antibody diluted (1:1000 unless otherwise indicated) in
2% milk. The following primary antibodies were used:
mouse anti-CDH5 (SantaCruz SC-9989), mouse anti-
CD31 (Abcam 9498), rabbit anti-ERG (Abcam 133264),
1:2000 rabbit anti-GAPDH (Cell Signaling 5174), rabbit
anti-FN1 (Abcam 2413), rabbit anti-Vimentin (Cell Sig-
naling 7441S). Following primary antibody incubation,
membranes were washed for 3x5 min and secondary
antibody was added (1:5000 dilutions) in 2% milk for 1 h
at room temperature. The following secondary antibod-
ies were used: anti-rabbit HRP (Cell Signaling 7074) and
anti-mouse HRP (Cell Signaling 7076). Membranes were
exposed using ECL reagent (Thermo Scientific 34580) for
5 min, then transferred to a film for imaging. Membranes
were imaged with a BioRad ChemiDoc Imaging system.
Membranes were then stripped with stripping buffer
(Thermo Scientific 46430) for 10 min and re-probed up
to 3 times.

Immunocytochemistry

Cells were seeded either on rat-tail collagen-coated cov-
erslips (Sarstedt 83.1840.002) in 24-well plates (Control
or ERG KD) or rat-tail collagen-coated 8-well cham-
ber slides (Thermo Scientific 177445) (WT or ERG
KO). Cells were washed 1 x with PBS and fixed with 4%
paraformaldehyde for 20 min. After fixation, cells were
washed 1xwith PBS and permeabilized with 0.5% Tri-
ton-X-100 for 10 min. Cells were washed with 1% bovine
serum albumin (BSA) in PBS and then blocked with 5%
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BSA for 1 h at room temperature. Primary antibody was
then diluted in 1% BSA in PBS and cells were incubated
with the dilutions at 4 °C overnight. The following pri-
mary antibody dilutions were used: 1:400 sheep anti-
VWF (Abcam 133264), 1:300 rabbit anti-FN1 (Abcam
2413), 1:200 mouse anti-CDH5 (SantaCruz SC-9989),
1:300 rabbit anti-Col1A1l (Cell Signaling 72026), 1:300
mouse anti-CD31 (Abcam 9498), 1:300 rabbit anti-ERG
(Abcam 133264). The following day, primary antibody
was removed, cells were washed 3 xwith PBS and the
following secondary antibodies diluted in 1% BSA were
added (1:300 dilution for all): anti-Rabbit 488 (Invitro-
gen A11008), anti-mouse 568 (Invitrogen A11004), anti-
sheep 647 (Jackson 713-606-147). Cells were incubated
with secondary antibody for 2 h at room temperature.
In wells assessing F-actin, cells were incubated with a
1:600 dilution of Alexa Fluor 647 Phalloidin (Invitrogen
A22287) for 30 min at room temperature. Following 3 x5
min PBS washes, cells were stained with Hoechst (1:500
dilution of 20 mg/mL stock; Thermo Scientific 3342) for
20 min at room temperature. To mount cells, mounting
media (Invitrogen P36930) and microscope slides (VWF
International CA 48323-180) were used. Cell prepara-
tions were sealed with CoverGrip Coverslip Sealant (Bio-
tium REF23005) and stored at 4 °C until imaging. Slides
were imaged on a Leica SP8 Confocal microscope using
a 63 x objective.

Quantitative reverse transcriptase polymerase chain
reaction

RNA was extracted using the RNeasy® Micro Kit (Qia-
gen 74004) according to the manufacturer’s instructions
or Trizol (ThermoFisher 15596018). Concentration and
purity of RNA was measured with nanodrop and 1 pg
of RNA was taken for cDNA synthesis. RNA samples
were diluted to a concentration of 1 ng/10uL. Reverse
transcription kit (ThermoFisher 4368813) was used to
reverse transcribe RNA into cDNA. Quantitative reverse
transcriptase PCR was performed using SYBR Green
(Applied Biosystems A46109) and forward and reverse
primers are detailed in Additional file 1: Table S4. Data
was normalized to the TATA-Box Binding protein (TBP)
using the delta-delta Ct Method.

Statistical analysis (non-omics data)

Statistical analysis for non-omics data was performed
using GraphPad Prism version 10.1.1 (GraphPad Soft-
ware Inc., La Jolla, CA, USA). The number of indepen-
dent biological replicates is indicated in the figure legends
for all experiments. Bar and line plots were composed of
3-8 independent samples per group and were presented
as mean * standard error of the mean (SEM). Data were
assessed with a Shapiro—Wilk test for normality and F
test (2 groups) or Spearman’s test for equality of variance
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(>2 groups). If normality and equality of variance were
assumed, comparisons between groups were made using
an unpaired t-test (2 groups) or a two-way ANOVA with
Fisher’s LSD multiple comparisons (>2 groups). Compar-
isons between groups that were normally distributed but
had unequal variances were made using Welch’s t-tests.
If data were not normally distributed, comparisons were
made using non-parametric Mann—Whitney tests. For
protein quantification of replicates assessed on separate
days, comparisons were made using non-parametric
paired samples Wilcoxon tests. For comparisons between
two groups, a one-tailed unpaired t-test, Welch’s t-test,
or Mann—Whitney test was used in cases where a priori
hypotheses for directionality of phenotype were made.

Bulk RNA sequencing

RNA extraction RNA was extracted from cell lysates
in 350pL Buffer RLT using an RNeasy® Micro Kit (Qia-
gen 74004) according to manufacturer’s instructions with
the following modifications: i) after adding 350uL of 70%
ethanol and centrifuging samples in RNeasy MinElute
Spin Columns for 15 s at 8,000 g, the flowthrough was
reapplied to the spin columns and samples were centri-
fuged for an additional 15 s at 8,000 g; ii) when adding
350uL of Buffer RW1, samples were incubated at room
temperature for 5 min, centrifuged for 15 s at 8,000 g, and
flowthrough was discarded; and iii) after adding 14uL of
RNase-free water to the spin columns, samples were incu-
bated at room temperature for 1 min and centrifuged for
1 min at 8,000 g. RNA flowthrough was reapplied to spin
columns, samples were incubated at room temperature
for an additional 1 min, and centrifuged for 1 min at 8,000
g to elute RNA.

Library preparation and sequencing RNA-seq librar-
ies for CRISPR/Cas9 WT and ERG KO teloHAECs were
prepared using CATS mRNA-seq kit v2 (with poly(A)
selection) with dual indexing (Diagenode, Belgium) as
per the manufacturer’s protocol. To generate cDNA, 250
ng of total RNA was spiked-in with SIRV Set 3 (Lexo-
gen GmbH, Austria), calculated based on 1% mRNA and
1% spike-in. The resulting libraries were quantified with
Qubit™ DNA High Sensitivity assay (ThermoFisher, USA).
Fragment sizes were analyzed on the Agilent Bioanalyzer
using the High Sensitivity DNA assay prior to sequenc-
ing. Paired-end 50 bp sequencing was performed at The
Centre for Applied Genomics (TCAG, Canada) on an Illu-
mina HiSeq2500 Rapid Run (Illumina, USA) with cycles
extended to 68 bp using a custom paired-end sequenc-
ing primer for read 2 (Diagenode) and the following dark
cycle recipe 5DC+58(R1)+8(Index1) + 8(Index2) + 5DC
+58(R2). Paired end sequencing produced 59,000,000 to
87,000,000 reads per sample.
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RNA extracted from ERG and control KD teloHAECs
was sent to Novogene (Sacramento, CA) for library
preparation and sequencing. Samples were assessed for
quantity, integrity, and purity using an Agilent 5400 Frag-
ment Analyzer System (Santa Clara, CA). During library
preparation, mRNA was purified from total RNA using
poly-T oligo-attached magnetic beads. After fragmenta-
tion, first strand cDNA was synthesized using random
hexamer primers followed by second strand cDNA syn-
thesis. Libraries were complete after end repair, A-tailing,
adapter ligation, size selection, amplification, and puri-
fication. Each library was quantified with Qubit™ DNA
High Sensitivity assay (ThermoFisher, USA) and frag-
ment sizes were analyzed on the Agilent Bioanalyzer
using the High Sensitivity DNA assay prior to sequenc-
ing. Paired-end 150 bp sequencing was performed on an
[llumina NovaSeq 6000 System (Illumina, USA) and pro-
duced 38,000,000-59,000,000 raw reads per sample.

Read preprocessing and differential expression analy-
sis Raw RNA-seq reads were processed with Trimmo-
matic (v0.32; using recommended parameters) to remove
adaptor sequences and preserve high-quality reads. The
trimmed reads were then aligned to the human genome
reference assembly (GRCh37/hg38) using STAR (v2.5.1b;
default parameters). Quality control metrics for raw and
aligned RNA-seq reads were analyzed using FastQC, Mul-
tiQC (v1.3), and Picard. One WT CRISPR/Cas9-treated
teloHAEC sample was discarded due to poor quality.
After validating sample quality, feature quantification for
each sample was performed using Salmon (v1.09) against
a transcriptome derived from hg38.

Differential expression (DE) analysis was performed
using DESeq2 (v1.44.0) in R (v4.4.1). Three separate
analyses were conducted on the RNA-seq datasets. The
first analysis compared expression between ERG KO and
WT CRISPR/Cas9-treated teloHAECs (2 groups). The
second integrated the original CRISPR data with expres-
sion data from the ERG and control siRNA-treated (KD)
teloHAECs at 24 h and 72 h post transfection (6 groups).
Finally, the third analysis examined the ERG and control
siRNA treated teloHAECs at 72 h of KD (time 0), and 3, 5
and 7 days later (8 groups). For all comparisons, DESeq2
objects were filtered to retain transcripts with at least 10
counts per sample in the number of samples equal to the
size of the smallest group (5 samples for the KO analysis
and 4 samples for the other two analyses). DE compari-
sons between AERG teloHAECs and their corresponding
controls were conducted using default parameters (p.adj
value <0.05 denoting significance). PCA analysis was per-
formed on variance stabilizing-transformed data with
visualization of the top 10-11 transcript loadings using
the R package PCAtools (v2.16.0). Row-scaled heatmaps
with Euclidean clustering of samples and 100 K-means
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clusters were generated using variance stabilizing-trans-
formed data and the R package pheatmap (v1.0.12).

Generation of cell type composite scores Composite
scores for EC and EndMT transcripts were produced with
a gene signature scoring method based on the Mann—
Whitney U statistic using the R package Ucell (v2.8.0)
[28]. EC or EndMT gene lists were generated by obtain-
ing total elevated single cell markers for ECs or fibroblasts
from the Human Protein Atlas (v23.0; proteinatlas.org)
[29], respectively, and supplementing lists with manually
curated genes known to be involved in EC function or
EndMT. Complete EC and EndMT gene lists are available
in Additional file 1: Table S2. All DE genes within each
gene list were used to generate composite scores. Com-
posite scores between groups were compared using an
unpaired t-test or Welch’s t-tests with Holm-Siddk mul-
tiple comparisons correction.

Cluster and pathway enrichment analyses Gene set
co-regulation analysis (GESECA) was performed on Log2
and quantile normalized data (normalizeBetweenArrays
(log2(dataset), method = “quantile”) using the R package
fgsea (v1.3.0). GESECA gene sets were assessed using the
Msigdb human hallmark geneset (date of download: Sep-
tember 21, 2022). Additional pathway enrichment analy-
sis was conducted using the R package clusterProfiler
(v4.12.6) to predict GO biological process pathways asso-
ciated with DE genes (org.Hs.eg.db database; log2 fold
change>0.5 or<-0.5). Pathways were assigned to cat-
egories based on the inclusion of curated pathway terms.
Complete lists of terms for each pathway category are
available in Additional file 1: Table S3. Pathway category
radar plots were generated using the R package ggradar
(v0.2). Disease enrichment was performed with DE genes
(log2 fold change > 0.5 or < -0.5) using the R package enri-
chR (v3.4) and DisGeNET (v24.3) knowledge database
containing 9,828 terms, 17,464 genes, and 63 terms per
gene.

Integration of RNA-sequencing with genome-wide
association study data GWAS single nucleotide poly-
morphisms (SNPs) associated with diseases of interest
were obtained from the NHGRI-EBI GWAS Catalog [30]
for integration with DE genes between AERG KO and W'T
teloHAEC:s. For cases where multiple SNPs mapped to the
same gene, the SNP with the minimum p-value was plot-
ted. ERG KO- and WT-enriched genes associated with
disease SNPs were highlighted in each plot.

Single-cell RNA sequencing analysis

Gene expression matrices generated from scRNA-seq
of carotid artery atherosclerotic core and proximal adja-
cent regions were obtained for 3 patients (GEO accession
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GSE159677) [22, 23]. Demultiplexing, alignment, and
gene counting were performed with Cell Ranger (v3.0.2
with default parameters; 10x Genomics) using the
GRCh38 transcriptome. Matrices were filtered, normal-
ized, and clustered using R (v4.4.1) and Seurat (v5.1.0).
Briefly, features that were detected in less than 3 cells and
cells with less than 500 counts or less than 200 features
or more than 4000 features were excluded. Matrices were
additionally filtered to remove cells with a mitochondrial
transcriptome of greater than 10% and each sample was
then randomly downsampled to the minimum sample
size of 2,813 cells, which resulted in a total of 16,878
cells for analysis. Normalization was performed using
the LogNormalize method with a scale factor of 100,000.
PCA was performed on the top 2000 variable features
that were identified using the variance stabilizing-trans-
formation selection method. Cells were clustered using
the Louvain algorithm based on the first 15 PC dimen-
sions with a resolution of 0.4. Cell cluster identities
were manually assigned based on expression of classi-
cal marker genes. Cells were then subsetted to retain EC
clusters and reclustered using the Louvain algorithm with
the first 15 PC dimensions and a resolution of 0.1. Uni-
form manifold approximation and projection (UMAP)
was used for non-linear reduction and two-dimensional
data visualization. Differential gene expression analysis
between ECs obtained from atherosclerotic core ver-
sus proximal adjacent regions was performed using the
Wilcoxon Rank Sum test in Seurat (p.adj value<0.05
denoting significance). A Pearson correlation coefficient
between plaque-enriched transcripts from carotid sam-
ples and ERG KO-enriched transcripts from teloHAECs
was obtained using the R package ggpubr (v0.6.0).

Assay for transposase-accessible chromatin with sequencing
Sample preparation and sequencing For ATAC-seq on
WT and ERG KO CRISPR lines, approximately 50,000
live cells were lysed in non-ionic detergent lysis buffer (10
mM Tris—HCI, pH 7.4, 3 mM MgCl,, 10 mM NacCl, 0.1%
NP-40). Nuclei were pelleted and resuspended in 50uL
transposition reaction solution containing 2.5pL Tn5
transposase attached to sequencing adapters (Illumina
Nextera Tagment DNA enzyme TDEI1, Nextera® DNA
Sample Preparation Kit FC-121-1030), 25pL Tagment
DNA buffer (20 mM Tris—HCI pH=7.6, 10 mM MgCl,,
20% Dimethyl Formamide), 16.5uL PBS, 5uL NFH,O,
0.1% Tween, and 0.01% digitonin. Samples were resus-
pended in Tn5 mixture and incubated at 37 °C for 30 min
under gentle mixing conditions (300 rpm) using a therm-
omixer (Eppendorf). The transposed and adapter-ligated
DNA fragments were purified using the Zymo Research
DNA Clean and Concentrator purification kit and PCR
amplified using barcoded primers (Nextera Index Kit
FC-121-1011) using cycle numbers determined by RT-
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PCR. A SageSciences PippinPrep was used to size select
DNA between 125 and 600 bp using a 2% agarose gel.
The Centre for Applied Genomics (TCAG, Canada) per-
formed paired-end 150 bp sequencing on the final ATAC
libraries to a depth of ~50 million reads per sample using
an [llumina HiSeq2500.

For ERG and control siRNA ATAC-seq, approximately
250,000 cells were harvested from each biological repli-
cate of teloHAECs treated with ERG or control siRNA
for 24 h or 72 h. Separate experiments were performed
at 72 h of knockdown (time 0), and 3, 5 and 7 days later
for recovery experiments. Cells were cryopreserved in
BAMbanker freezing media (Fujifilm cellular dynam-
ics CS-02-001) using a Mr. Frosty (Thermo Scientific™
N51000001). On the day of ATAC-seq, cells were washed
with 1 mL of 37 °C ECGM-MV2 (PromoCell C-22221)
and pelleted at 500 g. Free DNA from cells lysed during
the cryopreservation process was removed through a 30
min incubation in ECGM-MV?2 supplemented with 200
units of DNasel (Thermo scientific EN0521) at 37 °C.
Approximately 50,000 live cells were isolated from the
recovered population, and ATAC-seq was performed as
described above.

Read preprocessing and differential peaks analysis The
quality of raw ATAC-seq data was assessed with FastQC
(v0.11.8) (http://www.bioinformatics.babraham.ac.uk/pr
ojects/fastqc/). Reads were trimmed of adapter sequences
using Trimmomatic (v0.32; using recommended param-
eters). Burrows-Wheeler Aligner (BWA) (v0.7.8, default
parameters) was used to align the trimmed reads to the
hg38 (GRCh38) genome reference assembly. Further QC,
including assessments of the library complexity, read size
distribution, and read density at the TSS were performed
using ATACseqQC. Peaks were called with Genrich (http
s://github.com/jsh58/Genrich) using its multiple replicat
es, deduplication and ATAC-seq modes.

In preparation for differential peaks analysis, a counts
matrix was constructed in R (Version 4.4.1) using the fea-
tureCounts function from the R package Rsubread. A list
of BAM files was provided as input, and genomic features
were defined by a union peaks file generated using the
bedops —merge tool. Deseq2 was used for normalization
and to call differential peaks. ChIP-seeker was used to
annotate differential peaks to genes defined by the UCSC
hg38 TxDb. Genomic Regions of Annotations Tool
(GREAT) [31] was used to call GO term enrichments of
differential peaks using the union peaks file as a back-
ground. HOMER was used to call motif enrichments of
differential peaks against hg38, using the size given and
—nomotif settings.

For footprinting analysis using TOBIAS (0.14.0) [32],
JASPAR’s non-redundant motif set was downloaded (date
of download: 26 November, 2021), subsetted to include
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only transcription factors that were expressed at an aver-
age of>10 transcripts per sample in our RNA-seq, and
formatted using TOBIAS formatMotifs. ATAC-seq rep-
licates were merged using Samtools (v 1.21), and reads
were corrected for Tn5 bias using TOBIAS ATACor-
rect. Footprinting scores were generated using TOBIAS
FootprintScores, and finally footprinting was compared
across conditions with TOBIAS BINDetect using the
reduced transcription factor set.

Chromatin immunoprecipitation sequencing

Read preprocessing and differential peaks analy-
sis H3K27ac and input ChIP-seq FASTQs from HUVECs
treated for 24 h with ERG or control siRNA were down-
loaded from GSE124892 [15, 24]. Preprocessing was
performed as described in the ATAC-seq section above.
Peaks were called using HOMER (http://homer.ucsd.edu/
homer/), TAG files were created for each condition using
HOMER makeTagDirectory, and peaks were identified
using HOMER findPeaks in histone mode against input
DNA. Peaksets from both conditions were merged using
HOMER mergePeaks to create a union peakfile. HOMER
getDifferentialPeaks was run to identify differential peaks
between conditions.

Integrated sequencing analysis to identify high evidence
genes (HEGs)

To create a HEG list, ChIP-seeker was used to annotate
ATAC-seq and ChIP-seq peaks to their nearest genes.
Gene fold changes were calculated by summing the fold
changes of all associated peaks. The minimum p.adj value
(matching the fold change direction) was used to repre-
sent peak significance. Genes with consistent fold change
direction and p.adj<0.05 across RNA-seq, ATAC-seq,
and ChIP-seq datasets were identified as HEGs. To
determine which transcription factor (TF) families may
be regulating expression of HEGs, TOBIAS differential
footprinting log2FCs for each transcription factor were
annotated to nearest gene using ChIPseeker [33] and
were subsetted for regions that mapped to upregulated
or downregulated HEGs. If no footprints from a tran-
scription factor mapped to a HEG it was assigned a fold
change of 0. TOBIAS footprinting log2FC values for each
transcription factor were correlated with the ATAC-seq
log2FC values for each HEG and were rank ordered by
R value. To identify transcription factors whose expres-
sion changes may be driving global changes in transcrip-
tion factor family binding, RNA-seq expression for all
transcription factors across all conditions (72 h control
siRNA, 72 h ERG KD, 24 h control siRNA, 24 h ERG KD),
was correlated with the global footprinting score for that
transcription factor across those conditions. Transcrip-
tion factors were then grouped by family (AP1, ETS, etc.)
and plotted by R value.


http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://github.com/jsh58/Genrich
https://github.com/jsh58/Genrich
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Results

Chronic loss of ERG drives robust changes in the
endothelial gene regulatory landscape and promotes
expression of a network of genes related to mesenchymal
identity

To investigate the role of ERG in maintaining identity and
function of the endothelium, we generated three inde-
pendent ERG knockout (KO; AERG) clones and three
matched wild-type (WT) controls in telomerase-immor-
talized human aortic endothelial cells (teloHAECs) using
CRISPR/Cas9-mediated deletion of ERG exon 6 (Fig.
1A). Loss of ERG in each clone was confirmed by west-
ern blot, revealing a 94% reduction in protein expression
in KO cells (Fig. 1B). AERG teloHAECs were character-
ized by a prominent disruption of EC morphology, with
loss of their classic cobblestone monolayer morphology
and development of a mesenchymal-like cell phenotype
(Fig. 1C). To identify the molecular mechanisms mediat-
ing these morphologic alterations, we compared the tran-
scriptional landscape of AERG and WT teloHAECsS using
RNA sequencing (RNA-seq). Dimensionality reduction
and visualization of these data using principal compo-
nent analysis (PCA) revealed that AERG and W'T samples
clustered distinctly from one another, with over 70% of
the variance in gene expression attributable to genotype
(Fig. 1D). Notably, the top PCA loadings driving cluster-
ing of AERG cells included mesenchymal cell transition
genes such as fibulin-2 (FBLN2), fibulin-5 (FBLNS), and
versican (VCAN), while those that supported WT cell
clustering included pro-angiogenic genes such as apelin
(APLN) and cytokine-like 1 (CYTLI). Remarkably, dif-
ferential gene expression analysis identified 3,090 differ-
entially expressed (DE) genes enriched in WT cells and
3,409 DE genes enriched in AERG cells that accounted
for 20.2% and 22.3% of the total transcriptome, respec-
tively (Fig. 1E). Thus, >40% of the transcriptome in aortic
ECs is impacted by long-term loss of ERG. To profile the
global effect of ERG loss on EC identity, we leveraged a
composite gene signature scoring package [28] to assess
expression of EC- and EndMT-enriched transcripts in
AERG and WT teloHAECs (Fig. 1F). We observed down-
regulation of 162 of 212 EC-enriched genes in AERG
cells, including transcripts associated with cell adhesion
(CDHS; claudin 5, CLDNS), angiogenesis (APLN; Fms-
related tyrosine kinase 4, FLT4/VEGFR3; kinase insert
domain receptor, KDR/VEGFR2; tyrosine kinase with
immunoglobulin-like and EGF-like domains 1, TIEI), and
EC identity (BMX non-receptor tyrosine kinase, BMX;
von Willebrand factor, VWF). In contrast, AERG telo-
HAECs had an upregulation of EndMT-enriched genes
(115 of 197 transcripts), including transforming growth
factor beta 1 (TGFBI), ZEB and TWIST transcription
factors, and the extracellular matrix proteins collagen
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type VIII alpha 1 (COL8A1I), FBLN2/5, and fibronectin
(EN1).

To examine the chromatin accessibility changes that
contribute to the marked alteration of the EC tran-
scriptome, we performed ATAC-seq on AERG and WT
teloHAECs. We detected ~90,000 unique peaks across
samples with discrete clustering by genotype (88% vari-
ance attribution in PCA) (Fig. 1G and Additional File
1: Fig. S1A). Nearly 20% of these peaks were identified
as differentially accessible regions (DARs), where 8,828
DARs were enriched in WT cells and 8,684 DARs were
enriched in AERG teloHAECs (Fig. 1G and Additional
File 1: Fig. S1B). Most DARs occurred in distal intergenic
and intronic regions of the genome (Fig. 1H), which is
consistent with the established role of ERG in regulat-
ing endothelial enhancers [15, 34]. Motif enrichment
analysis revealed that loss of ERG resulted in increased
accessibility of motifs associated with the specificity pro-
tein/Kriippel-like factor (SP/KLF) (i.e., KLF2 and KLF4)
and activator protein-1 (AP1) families (Fig. 1I and Addi-
tional File 1: Fig. S1C,D), the latter of which shapes the
EC enhancer landscape and mediates EC activation [34,
35]. Despite potential redundancy, as ERG is one of at
least 19 ETS factors expressed in ECs [36], loss of ERG
alone resulted in a profound decrease in ETS motif acces-
sibility. No changes were noted in GATA or SMAD motif
accessibility. Pathway analysis of WT-enriched DARs
highlighted core EC functions including proliferation and
neovascularization (Fig. 1J), which were derived from
accessibility changes in EC genes such as CYTLI (Fig.
1K). In contrast, AERG-enriched DARs were associated
with EndMT-related pathways including ECM organiza-
tion, abnormal cell adhesion, and SMAD binding (Fig.
1J), which resulted from altered accessibly of ECM genes
including FBLNS5 (Fig. 1K). Together, these data highlight
a prominent role for ERG in governing transcriptional
and chromatin accessibility programs that enforce EC
identity and suppress EndMT in the arterial endothelium.

ERG knockout induces endothelial-to-mesenchymal
transition, disrupts endothelial cell-cell junctions, and
drives increased cell migration

Next, we sought to confirm if these increases in EndMT-
related transcriptional networks were accompanied by
changes at the protein and phenotypic levels. Assess-
ment of EC markers revealed a robust decrease in CD31,
CDHS5, and vWE, as determined by quantifying normal-
ized fluorescence intensity and western blotting (Fig. 2A,
B and Additional file 1: Fig. S2A-D). An increased expres-
sion (COL1A1) and altered distribution (FN1) of mes-
enchymal cell markers was also observed in AERG cells
(Fig. 2A, C). Reduced localization of junctional proteins
(CD31, CDHS5) in confluent cells suggested a loss of bar-
rier integrity in AERG cells (Additional file 1: Fig. S2A).
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Fig. 1 ERG knockout alters the transcriptional landscape of human aortic endothelial cells and drives gene expression programs for mesenchymal transi-
tion. A Schematic for CRISPR/Cas9-mediated deletion of ERG exon 6 and profiling of AERG and wild-type (WT) telomerase-immortalized human aortic en-
dothelial cells (teloHAECs) with RNA sequencing (RNA-seq) and assay for transposase-accessible chromatin with sequencing (ATAC-seq). Quantification of
ERG protein expression (B) and brightfield imaging (C) for AERG and WT teloHAEC clones (n=3; unpaired t-test). D Principal component analysis (PCA) of
RNA-seq in AERG and WT teloHAECs with top transcript loadings indicated (n=5-6). E Hierarchical clustering analysis of AERG and WT transcriptomes with
shared and differentially expressed (DE) mRNAs indicated (p.adj < 0.05). F Composite scores for DE endothelial cell (EC) and endothelial-to-mesenchymal
transition (EndMT) transcripts in AERG and WT teloHAECs with top transcripts by p-value highlighted (left) (n=5-6; unpaired t-tests). Scores are normal-
ized relative to WT teloHAECs. DE analysis of EC and EndMT programs shown in volcano plot (right) (p.adj < 0.05). G Read density heatmap of accessible
chromatin regions from ATAC-seq in AERG and WT teloHAECs (n=2; p.adj<0.05). H Ring plots depicting chromosome locations for differentially acces-
sible regions (DARs) with locations of interest shown in bold text. I Positional enrichment plots for motif families of interest in AERG and WT teloHAECs.
Top motifs by p-value are depicted with consensus sequences. J, K Gene Ontology (GO) pathway enrichment of DARs with select genes associated with
reduced accessibility (CYTLT) and increased accessibility (FBLN5) in AERG teloHAECs highlighted (p.adj <0.05). Bar graphs are presented as mean +stan-
dard error of the mean (SEM). Violin plots indicate density of data points at corresponding values
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Cytoskeletal remodeling was also evident in AERG cells,
with an altered F-actin network observed (Additional file
1: Fig. S2B). Given the differences in ECM organization,
adhesion, and abnormal wound response pathways iden-
tified by Gene Ontology (GO) analysis of the transcrip-
tional profiling data (Fig. 1J), we assessed the migratory
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capacity of AERG cells. AERG cells migrated more rap-
idly than WT teloHAECs in a scratch wound assay, and
while WT cells largely maintained their cell-cell inter-
actions and migrated collectively, AERG cells displayed
single cell migration (Fig. 2D, E inset; Additional file 2:
Video S1 and Additional file 3: Video S2).
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(See figure on previous page.)

Fig. 2 Chronic loss of ERG promotes endothelial-to-mesenchymal transition, disrupts cell-cell junctions, and increases migration of aortic endothelial
cells. A Representative confocal microscopy images of ERG knockout (AERG) and wild-type (WT) telomerase-immortalized human aortic endothelial
cells (teloHAECs). Images depict EC marker staining (ETS related gene, ERG; cluster of differentiation 31, CD31, vascular endothelial-cadherin, CDH5; von
Willebrand factor, vWF) and mesenchymal cell marker staining (collagen type 1 alpha 1, COL1AT; fibronectin, FN1). Quantification of EC markers (B) and
mesenchymal markers (C) (n=3; unpaired t-tests). ERG — quantification of nuclear fluorescence intensity normalized to cell number. CD31, CDH5, vWF
- guantification of image fluorescence intensity normalized to cell number. COLTAT, FN1 — quantification of the percentage of image area with signal
present normalized to cell number. Each datapoint is the average of at least 3 fields of view in each biological replicate. D Representative images of live-
cell imaging experiment depicting migration of AERG and WT teloHAECs. Image post-barrier removal (left); image post-migration assay (right). Dashed
yellow lines denote migration front and magenta arrows denote single migrating cells. E Quantification of cell migration rate (n=3; Welch's t-test) and
area migrated, wound closure, and the %2 gap closure time (t;,, gap) (n=3; unpaired t-tests). Values determined from plot of gap area over time. Each
datapoint is the average of 1-5 fields of view along the length of the wound in each biological replicate. Bar graphs are presented as mean + standard

error of the mean (SEM)

Transient ERG loss reveals dynamic and sequential
alterations in endothelial and mesenchymal cell identity
transcriptional pathways
To determine the temporal relationship and kinetics of
EC identity loss and EndMT acquisition, we performed
siRNA-mediated KD of ERG in teloHAECs. Timepoints
for ERG KD were selected based upon ERG protein
expression (Fig. 3A) and EC morphology data (Fig. 3B).
We designated 24 h post-transfection as “early silenc-
ing” based on a 75% reduction in ERG protein without
discernable morphological changes in teloHAECs. Con-
versely, we denoted 72 h post-transfection as “late silenc-
ing” since cells maintained a comparable reduction in
ERG expression but adopted a spindle-like cell morphol-
ogy indicative of a mesenchymal-like phenotype (Fig. 3B).
We next used RNA-seq and ATAC-seq to identify
the gene regulatory programs underlying the transi-
tion from an EC identity to a mesenchymal cell fate fol-
lowing ERG loss. PCA of a composite dataset including
siRNA-treated teloHAECs (24 and 72 h) and ERG KO
teloHAECs revealed a progressive transition in cell tran-
scriptome from early to chronic stages of EndMT (red
data points along PC2 axis), which was most evident
when resolving samples using the second and third prin-
cipal components (Additional file 1: Fig. S3A). This was
also highlighted by hierarchical clustering of RNA-seq
data (Additional file 1: Fig. S3B). Differential gene expres-
sion analysis similarly identified an increasing divergence
in transcriptomes across timepoints, where 21% of the
transcriptome (3,194 genes) was differentially regulated
after 24-h ERG KD, 37% of the transcriptome (5,655
genes) was differentially regulated after 72-h ERG KD
and 43% of the transcriptome (6,499 genes) was differen-
tially regulated with ERG KO (Fig. 3C). Aggregate gene
signature scoring of EC-enriched transcripts revealed a
progressive loss of endothelial identity that was already
evident 24 h after ERG KD (92 transcripts; p.adj=3.61e-
4) and was driven by downregulation of EC genes includ-
ing APLN, CLDNS, and CYTLI (Fig. 3D, E). Notably,
the EC score was progressively reduced over time, as
seen from 24-h ERG KD to ERG KO (Fig. 3D; left panel).
Consistent with our observation that mesenchymal-like

morphology is not yet evident at 24 h of ERG KD, there
was no significant increase in composite EndMT score
during early ERG silencing, although several individual
EndMT transcripts were modestly upregulated in ERG
KD teloHAECs at this timepoint (e.g., TGFBI, SNAII,
COL8A1I). However, by 72 h, EndMT was significantly
induced with upregulation of 91 associated transcripts,
and this was further enhanced in chronic ERG KO ECs
with an increase in 115 EndMT-related transcripts (Fig.
3D; right panel). Overall, these transcriptomic data sup-
port a sequential and progressive model of EndMT where
the loss of endothelial identity precedes the acquisition of
an established mesenchymal cell state in aortic ECs (Fig.
3D, E).

ERG KD teloHAECs were subsequently profiled
using ATAC-seq to identify early chromatin accessibil-
ity changes that accompany the loss of EC identity and
induction of EndMT. In line with our transcriptomic
results, we observed a marked and progressive increase
in differential chromatin accessibility between early and
late ERG silencing, where ERG KD and control ECs each
contained ~ 3,000 DARs at 24 h and > 13,000 DARs at 72 h
(Fig. 3F). Pathway analysis of both early and late EndMT
accessibility profiles highlighted vascular developmental
and morphogenic processes in control cells and mesen-
chymal cell-associated and migratory pathways in ERG
KD cells (Fig. 3G). Additionally, gene set co-regulation
analysis (GESECA) revealed a steady increase in chroma-
tin accessibility near genes associated with mesenchymal
transition over time (Fig. 3H, denoted by the ‘Epithelial
to mesenchymal transition’ pathway term). In contrast to
RNA-seq data, ATAC-seq results showed that mesenchy-
mal, extracellular matrix, and migration pathways were
significantly enriched as early as 24 h of ERG KD (Fig.
3G, H), which suggested a rapid and progressive opening
of chromatin associated with these sites. To character-
ize the transcription factor (TF) activity underlying this
mesenchymal cell signal, we performed a motif enrich-
ment analysis on a composite ATAC-seq dataset across
AERG timepoints (i.e., early, late, and chronic) (Fig. 3I).
We observed a rapid and increasing enrichment of ETS
family motifs (ERG, ETS1, ETV2, FLI1) across early to
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chronic stages of EndMT in downregulated ATAC-seq
peaks (Fig. 3I; top panel). Interestingly, downregulated
peaks in ERG KO cells were also enriched in AP1 motifs,
perhaps driven by a long-term failure of AP1 to compen-
sate for a loss of ERG at this subset of regulatory elements
[34]. Notably, we identified a strong association of upreg-
ulated peaks with a subset of AP1 family motifs including
AP1, JUN, and FOS that demonstrated a stable enrich-
ment from early to chronic loss of ERG and expanded to
include additional related bZIP family members, includ-
ing BACHI1 and MAF factors in the late setting (Fig. 3I;
bottom panel). Similar changes in ETS and AP1 motif
dynamics were observed for the subset of ‘EC composite’
(n=270) and ‘EndMT composite’ (n=242) genes, with
an increasing enrichment in AP1 and other bZIP fam-
ily motifs from early to late stages for EndMT compos-
ite genes (Additional file 1: Fig. S3C). We next mapped
the altered ETS or AP1 motifs to lost or gained peaks,
respectively. Peaks which were significantly smaller upon
ERG KD and contain an ERG motif were increasingly
associated with genes involved in endothelial GO terms
(e.g., angiogenesis, blood vessel development) over time,
while peaks that were significantly larger in ERG KD and
contain a JUN motif were increasingly associated with
genes involved in cellular locomotion and altered cell
adhesion (Additional file 1: Fig. S3D).

To delineate genes of interest in early cell identity
changes, we integrated a published H3K27Ac chromatin
immunoprecipitation (ChIP-seq) dataset (which marks
active enhancer elements) in HUVECs treated with
control or ERG siRNA for 24 h (GSE124892) [15, 24]
with our 24 h ATAC-seq and RNA-seq data to identify
high evidence genes (HEGs) with commonly enriched
accessibility, enhancer activity, and expression (Fig. 3J).
H3K27ac ChIP-seq changes were significantly associated
(p<107'%) with corresponding changes in our ATAC-
seq and RNA-seq data (Additional file 1: Fig. S4A,B).
Moreover, we identified 4,613 unique genes that were
altered by loss of ERG in at least one dataset, with 335
genes that were significantly downregulated across all
three 24-h datasets (downregulated HEGs) and 174 genes
significantly upregulated (upregulated HEGs) (Fig. 3]
and Additional file 1: Fig. S4B,C). Both upregulated and
downregulated HEGs were associated with cytoskeletal
processing (Additional file 1: Fig. S4B,C), with many of
the downregulated HEGs consisting of RhoGEFs such
as pleckstrin homology and RhoGEF domain containing
G1 (PLEKHGI; previously associated with mechanosen-
sitive EC cytoskeletal remodeling) [37], and upregulated
genes consisting of cytoskeleton-associated proteins such
as FN1, collagen type V alpha 2 (COL5A2) and prolyl
3-hydroxylase 2 (P3H2). We also observed a shift away
from vascular development towards cell adhesion and
TGF-f pathways.
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To better understand which TFs may be driving the
regulation of HEGs, we correlated ATAC-seq footprint-
ing scores for each TF with accessibility changes at sites
near each HEG. Ordering these correlations by rank
revealed that TOBIAS differential footprinting scores for
the AP1 family strongly correlated with ATAC-seq fold
changes in the upregulated HEG set, while ETS factor
differential footprinting scores strongly correlated with
ATAC-seq changes in the downregulated HEGs (Fig. 3K).
As ETS and AP1 are large protein families whose mem-
bers share a similar motif sequence, we dissected which
TFs may be driving the observed changes in footprinting
by correlating the global footprinting score with RNA-
seq expression for individual TF family members across
all siRNA-treated and CRISPR teloHAEC datasets (Addi-
tional file 1: Fig. S4D). As expected, this analysis revealed
that ERG expression was strongly correlated with dif-
ferential ETS binding scores (R=0.96), while JUN, FOS,
and FOSLI expression correlated most strongly with dif-
ferential AP1 binding (R>0.8). Together, these data sug-
gest an early transition from ERG to a JUN/FOS/FOSL1
transcriptional network that may drive loss of endothelial
identity and gain of mesenchymal and migratory pheno-
types in aortic ECs during the early phases of EndMT.

Endothelial dysfunction induced by ERG silencing mirrors
the kinetics of transcriptional programs for mesenchymal
transition

Pathway enrichment from RNA-seq of teloHAECs upon
loss of ERG revealed early and progressive shifts in adhe-
sion and migration pathway categories (Fig. 4A). Notably,
transcript contributions (gene ratios) for both cell adhe-
sion and migration pathways increased from 24 to 72 h
of ERG silencing to match that of ERG KO ECs. To inves-
tigate the protein-level changes that underlie this rapid
transition to a mesenchymal phenotype, we quantified
expression of the classical EC markers CD31 and CDH5
and the mesenchymal markers FN1 and vimentin (VIM).
While EC identity-associated chromatin accessibility and
transcriptional programs were disrupted after only 24 h
of ERG KD (Fig. 3), this did not manifest at the protein
level until late ERG silencing (72 h post-knockdown) (Fig.
4B,C). Similarly, increased FN1 and VIM expression was
not observed until 72 h of ERG KD (Fig. 4D, E), which
was consistent with the delayed acquisition of mesenchy-
mal gene expression networks with loss of ERG in telo-
HAECs (Fig. 3).

We next determined whether alterations in core EC
functions including establishment of barrier function and
cell migration followed a similar trajectory to gene and
protein changes following ERG loss. Immunostaining
revealed that ERG KD reduced expression of junctional
proteins (CDH5) and disrupted cytoskeletal organization
at 24 h, which was more pronounced at 72 h of silencing
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(See figure on previous page.)

Fig. 3 Early induction of endothelial-to-mesenchymal transition is accompanied by activation of the AP1 transcription factor family. A Western blot
and densitometry quantification of ERG protein expression in teloHAECs treated with control (Ctrl) or ERG small interfering RNA (siRNA) for 24 or 72 h
(n=3; two-way ANOVA). B Representative brightfield images of ERG knockdown (KD) versus control teloHAECs at the indicated times. C Differentially
expressed (DE) mRNA plots displaying the total number of AERG and control (Ctrl)-enriched transcripts at 24-h and 72-h ERG KD (top and middle) and ERG
knockout (KO; bottom) (p.adj < 0.05). D Composite scores for DE EC and endothelial-to-mesenchymal transition (EndMT) transcripts in ERG KD and ERG
KO teloHAECs with top transcripts by p-value highlighted (n=4-6; Welch's t-tests). Scores are normalized relative to control teloHAECs in each group. E
Volcano plots of DE genes in teloHAECs (p.adj < 0.05). F Volcano plots of assay for transposase-accessible chromatin with sequencing (ATAC-seq) derived
differentially accessible regions (DARs) for teloHAECs exposed to control or £RG siRNA for 24 (left) or 72 h (right) (p.adj < 0.05; n=3). (G) Genomic regions
enrichment of annotations tool (GREAT) analysis of DARs enriched in control (left) or AERG samples (right). H Gene set correlation analysis of ATAC-seq
time course data against the ‘Epithelial to mesenchymal transition’ pathway in the hallmark gene set enrichment analysis (GSEA) set. | HOMER motif en-
richment analysis of DARs associated with control (top) or AERG teloHAECs (bottom).J Z-score normalized heat maps of ATAC-seq, H3K27ac chromatin im-
munoprecipitation (ChIP-seq), and RNA sequencing (RNA-seq) data for 509 high evidence genes (HEGs), which are differentially and uniformly regulated
at 24-h ERG KD across all datasets (p.adj < 0.05). Select EC and EndMT genes are depicted. K Transcription factors rank-ordered by the correlation (R-value)
of TOBIAS footprinting fold change with ATAC-seq fold change for regions that annotated to HEGs with ChIP-seeker. The rank 1 transcription factor has
the highest correlation between binding (footprinting) and accessibility (ATAC-seq) at these regions. Bar graphs are presented as mean +standard error

of the mean (SEM). Violin plots indicate density of data points at corresponding values. FC, fold change

(Fig. 4F, G). Decreased CD31 junctional localization was
only evident in late ERG silencing (Fig. 4F). To further
evaluate the functional consequences of ERG loss over
time, EC barrier function was assessed using a real-time
cellular impedance assay (Fig. 4H). Cell index was used
as a surrogate measure for the electrical resistance of
the monolayer and was measured up to 72 h post-ERG
KD. These experiments revealed that barrier integrity
was maintained until 24 h after siRNA treatment, when
a sharp decline in integrity was observed in ERG KD telo-
HAECs. Alterations in migratory phenotypes were also
assessed in a scratch wound assay. Although no changes
in migration were observed 24 h after ERG KD, migra-
tion was significantly increased 72 h after ERG KD (Fig.
4], J). Collectively, these findings indicate that ERG loss
triggers early structural changes in ECs, but functional
alterations in barrier integrity and acquisition of a migra-
tory, EndMT-like phenotype require more time.

Assessing ERG loss and restoration as a window to

cardiovascular disease progression and regression

To determine how ERG loss in aortic ECs induces tran-
scriptional programs associated with pathology, we
performed a pathway enrichment analysis using the Dis-
GeNET database, which contains associations between
17,464 genes and 9,828 disease pathways [38]. We pre-
dicted disease associations using RNA-seq data obtained
from ERG siRNA and CRISPR/Cas9 ERG deletion telo-
HAECs and identified a prominent enrichment of can-
cer pathways (neoplasm metastasis, tumor progression),
which supported our observation of dedifferentiation,
mesenchymal transformation and increased migratory
capacity in ERG-deficient cells (Fig. 5A). We also noted
a robust and progressive enrichment of cardiovascular
disease pathways (atherosclerosis, myocardial infarc-
tion, aortic aneurysm) from early ERG KD to ERG KO,
which highlighted the role of ERG in protecting against
arterial endothelial dysfunction. Associations were also
noted with fibrotic disease (liver cirrhosis). To further

examine the relevance of ERG loss in human disease
and identify candidate causative genes, we integrated
our RNA-seq data with the NHGRI-EBI GWAS Catalog
[30] and observed genome-wide-significant single-nucle-
otide polymorphisms within EC genes (APLN, CYTLI)
and EndMT genes (FBLN2, VCAN) that were linked
to GWAS for cancer, cardiovascular disease, coronary
artery disease, and aortic aneurysm (Fig. 5B-E). We next
assessed associations with atherosclerosis by analyzing a
public scRNA-seq dataset from human carotid endarter-
ectomy samples (Additional file 1: Fig. S5A,B) [22], where
we identified notable clustering of ECs according to ath-
erosclerotic plaque versus non-plaque adjacent regions
(Fig. 5F). We then compared the transcriptional pro-
files of plaque-enriched ECs with ERG KO teloHAECs
(Fig. 5G) and found that while the overall correlation
between the two datasets was not significant, there was
an overlap of EndMT genes that were upregulated in
both atherosclerosis and ERG-deficient cells, including
COL8A1, FBLNS, FNI, and S100 calcium binding pro-
tein A4 (S100A4) (Fig. 5H; right panel). Expression of
EC transcripts including ADAM metallopeptidase with
thrombospondin type 1 motif 9 (ADAMTS9), CYTLI,
Frizzled-4 (FZD4), and PLEKHGI, which have been
implicated in angiogenesis and alignment of ECs in the
endothelium [37], were reduced in both datasets (Fig.
5H; left panels). Together, these findings highlight the
potential role of ERG in protecting against transcrip-
tional programs that induce endothelial dysfunction and
are associated with diseases of the arterial vasculature.
Future work will be needed to directly link ERG activity
to the control of these disease-associated genes.

The extent to which EndMT is reversible remains a key
unanswered question of relevance to the design of thera-
peutic strategies that enforce EC identity, maintain EC
resilience, and mitigate or reverse cardiovascular disease
progression. Long-term ERG KD (i.e, 72 h) in siRNA-
treated teloHAECs closely recapitulated the robust
alterations in chromatin accessibility, mesenchymal
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Fig.4 Disruption of endothelial function mirrors the temporality of endothelial-to-mesenchymal transition following ERG loss. A Radar plot depicting en-
richment of Gene Ontology Biological Process pathway categories from transient £RG knockdown (KD) to ERG knockout (KO) in telomerase-immortalized
human aortic endothelial cells (teloHAECs) (p.adj < 0.05). Western blot and densitometry quantification of the EC proteins CD31 (B; n=3; Welch'’s t-tests)
and CDHS5 (G n=3; two-way ANOVA) and the mesenchymal proteins FN1 and VIM (D, E; n=3-8; Wilcoxon tests) in teloHAECs treated with control (Ctrl)
or ERG small interfering RNA (siRNA) for 24 or 72 h. F Representative confocal microscopy images of ERG KD versus control teloHAECs depicting the junc-
tional markers CD31 and CDH5 (representative of 3 independent experiments). G Representative confocal microscopy images of ERG KD versus control
teloHAECs with F-actin visualized (representative of 3 independent experiments). H Time-course monitoring of barrier function (cell index) post-ERG KD
(n=3;two-way ANOVA). Values are normalized to 3 h post-cell seeding. p-values associated with differences in average slope between £RG KD and control
teloHAECs are indicated for 0-24 h, 24-48 h, and 48-72 h post-cell seeding. | Representative brightfield images depicting live-cell migration of ERG KD
versus control teloHAECs. Images post-barrier removal (to) and post-migration assay are shown (t). J Quantification of cell migration rate (Voygearion) and ¥2
gap maximal area (t; ,; n = 3; two-way ANOVA). Values determined from plot of gap area over time. Each dot is the average of 1-5 fields of view along the

length of the wound in each biological replicate. Bar and line graphs are presented as mean + standard error of the mean (SEM)

transition, and migratory capacity observed in ERG KO,
which prompted us to investigate whether these changes
in cell state persisted when ERG expression was restored.
To this end, we treated teloHAECs with ERG or control
siRNA and assessed the resolution of EndMT begin-
ning at 72 h post-transfection (day 0), during which ERG
expression was expected to recover due to dilution of
siRNA from cell proliferation (Fig. 6A). When compared
with control cells, ERG siRNA-treated teloHAECs pos-
sessed a spindle-shaped fibroblast-like morphology at 72
h of KD (day 0) and progressively transitioned towards a
cobblestone, endothelial-like arrangement during siRNA
wash-out (Fig. 6B). ERG protein expression gradu-
ally recovered with levels returning to normal by Day 5
(Fig. 6B). We next assessed global gene regulatory net-
works by performing RNA-seq and ATAC-seq at Day 0
(72 h of KD) and then at Days 3, 5 and 7 of recovery (Fig.
6A). At the transcript level, there were 4,243 DE genes
at Day 0, and this rapidly decreased to 1956, 634 and 67
differential genes at Days 3, 5 and 7 of recovery, respec-
tively (Fig. 6C). The EC identity and EndMT composite
scores returned to normal by 5 days of recovery (Fig.
6D), with the recovery of constituent EC identity genes
(APLN, DLL4, ERG, VWF) and EndMT genes (ACTA2,
FN1) validated via qPCR (Fig. 6E, Additional file 1: Fig.
S6A). A similar resetting of the regulatory landscape was
observed in ATAC-seq data with 14,757 DARs at Day 0,
followed by a progressive decrease to 5858, 476 and 0
DARs at Days 3, 5 and 7, respectively (Fig. 6F). The EC
identity gene, PLEKHGI, exemplifies the re-establish-
ment of open chromatin at an ERG-bound regulatory ele-
ment during recovery (Fig. 6G). Analysis of motif usage
during recovery revealed that loss of ETS motif usage
was primarily associated with downregulated peaks at
Day 0, and accessibility of these motifs was progressively
regained during recovery (Fig. 6H). In contrast, a gain of
AP1 motif usage was associated with upregulated peaks
at Day 0, and these became less accessible across the
recovery period (Fig. 6H).

We were surprised that the regulatory landscape
appeared to fully reset following ERG recovery (Fig.
6F). Further analysis revealed that peaks that were

downregulated in ECs following ERG KD retained some
accessibility relative to publicly available fibroblast
ATAC-seq data (n=5) (GSE121053) [25, 26], suggesting
that EC identity genes may retain a ‘bookmark’ to facili-
tate re-expression upon ERG induction (Additional file 1:
Fig. S6B).

Finally, we asked whether restoration of ERG was suf-
ficient to resolve the barrier dysfunction and increased
migration of ERG siRNA-treated teloHAECs. Immuno-
fluorescence staining revealed that CD31 and VE-Cad-
herin were localized to cell-cell junctions, and cortical
F-actin staining was regained following 8 days of recovery
of ERG expression (Additional file 1: Fig. S6C). Migration
speed and gap closure also returned to baseline following
recovery of ERG expression (Fig. 6I). Collectively, these
data demonstrate the inherent plasticity and resilience
of ECs, as EndMT induced by ERG loss — including gene
regulatory networks, cellular morphology, barrier integ-
rity, and migratory responses — recover following resto-
ration of ERG.

Discussion

Despite extensive evidence of EndMT occurring in
numerous cardiovascular and cardiometabolic dis-
eases [3, 7, 39], there remains uncertainty regarding the
dynamics and mechanisms of this process. This could be
related to the challenges in assessing EndMT in animal
models or human samples as an end-state [40, 41], where
the stepwise progression of cellular identity changes are
difficult to study. Accordingly, the dynamic transcrip-
tional regulatory networks controlling these transitions
remain poorly characterized. Here, we identified a set of
endothelial and EndMT identity markers that are regu-
lated by ERG in aortic ECs, and monitored their chro-
matin, transcriptional, and protein-level changes, as
well as the functional consequences of these alterations
in ECs over time. By leveraging these gene sets in a time
course analysis, we found that ERG loss compromised
endothelial identity as early as 24 h post gene silencing
at the epigenetic and transcriptional level, with expres-
sion of EC genes progressively diminishing over time.
Phenotypic changes in EC morphology and behavior,



Schulz et al. Genome Medicine (2026) 18:53

Page 18 of 23

A B Cancer C Cardiovascular disease
AERG teloHAECs: DisGeNET enrichment Cardiovascular disease g MBOAT2 VCAN g TMTC1 ASAP2
3 3
- j - j 200
Atherosclerosis @ -uPad Atherosclerosis @ | oPad) Z z
o o
Liver cirrhosis, experimental . 10 Arteriosclerosis [ ] l 10 £ £
Arteriosclerosis . Vascular diseases E 0 PDGFB A 2
5 5 g v PDGFB jcAD s
Neoplasm metastasis . Cerebrovascular accident 9 = ZNF618 Cx)
-200 [P QpPCT
Colorectal neoplasms . Overlap Coronary artery disease Overlap E:’J CNRAPGEF5 &) N SIPAIL2
Prostatic neoplasms . ® 010 Cardiovascular diseases ® 0.1 u ERG k?IPAM? T o CYTLT APLN
Glioblastoma ® o o5 Coronary arteriosclerosis @ o2 0 50 100 150 200 0 50 100 150 200
0.20 . .
Degenerative polyarthritis [ ] : 0.25 Myocardial infarction @ o3 GWAS SNP: —logso(P.value) GWAS SNP: —log;o(P.value)
Malignant tumor of colon [ ] . 0:30 Aortic aneurysm, abdominal D Coronary artery disease E Aortic aneurysm
Colon carcinoma [ ] Aortic valve insufficiency 2 EMP1 ASAP2 py ekiA7 e VCAN ,ANTXRT
Tumor progression [ ] Coronary heart disease & 200 TMEM17/ FARP1 & 200 P7:I;‘I\)I(.’32
Solid neoplasm . Myocardial ischemia g FKBPS ‘5 // FERMT1
£ FGD5-AS1 £ CAST Ny
Mammary neoplasms . Intracranial aneurysm S 0 SKi 5
Malignant neoplasm of prostate ' Aneurysm ;:" ¢ PLEK';(G::DPAHPQ E
Breast carcinoma [ ] Heart failure 2 %ZNFGIB 2
" " g 200 \ STK328 9
AERG 24h 72h KO AERG 24h 72h KO I ERG ApLNLIPG ]
0 50 100 150 200 30 60 920
GWAS SNP: —logo(P.value) GWAS SNP: —logyo(P.value)

Human carotid atherosclerosis ERG KO vs. human atherosclerosis

5.0
R?=0.00015 5100A4
2 pgof P=023 FNT./ 11BP2
25 3 COL8AT
’ § e
g 1004
N‘ £ SERPINE1
kS 6 —
g 00 § L ~ Ser FBLNS
= ES CYTL1 K
2 100] PLEKHG] L
s c coscr’, _J nostam
5 FZD4'/1GFBP4
T 2004 ADAMTS9 ° EC
JFITM1 ® EndMT
5 0 -5 -10 200 0 200
umap_1

TeloHAEC ERG KO enrichment score

Endothelial transcripts Mesenchymal transcripts

ADAMTS9 CYTL1 CoL8A1 FBLNS
0 6 50 6
4 I 4
25 2 25 5
004 ~ % o0 SR 0
25 -25 @
& -5.0 - -5.0
g FZD4 PLEKHGT FN1 5100A4
g 50 5.0
E ¢ y
25 25 P
0.0 A 0.0 e ; %
2.5 1 -25 b )
-5.0 - T T T T T T T T -5.0 T T T T i T T
5 0 -5 -10 5 0 -5 -10 5 0 5 -10 5 0 -5 -10
umap_1 umap_1

Fig. 5 Gene networks dysregulated by loss of ERG are associated with diseases of the arterial vasculature. A Disease enrichment of differentially ex-
pressed (DE) transcripts from ERG-deficient teloHAECs from £RG siRNA knockdown (KD) at 24 and 72 h to ERG knockout (KO) (n=4-6; p.adj<0.05). Top
pathways by p-value are shown. B-E Genome-wide association study (GWAS) enrichment of DE transcripts from ERG KO teloHAECs and single nucleotide
polymorphisms (SNPs) associated with cancer (B), cardiovascular disease (C), coronary artery disease (D), and aortic aneurysm (E) (p.adj < 0.05). ERG KO-
and wild-type (WT)-enriched genes are denoted with red and blue text, respectively. F Uniform manifold approximation and projection (UMAP) plot of
ECs from human carotid atherosclerotic core (AC) and proximal adjacent regions (PA). G Correlation plot between ERG KO-enriched teloHAEC transcripts
and AC-enriched EC transcripts with select EC and endothelial-to-mesenchymal transition (EndMT) genes highlighted (p.adj < 0.05). H UMAP plots for DE

endothelial and mesenchymal transcripts of interest

cytoskeletal rearrangement, and increased mesenchy-
mal marker transcripts manifested at a later stage, only
becoming predominant 72 h after loss of ERG. Our work
suggests a sequential process of EndMT following ERG
loss, whereby loss of EC identity precedes the acquisition
of mesenchymal-like fate. Our work implies that ERG-
dependent transcriptional programs preserve EC identity
and may serve as a barrier to the acquisition of EndMT
phenotypes.

Leveraging ATAC-seq and RNA-seq allowed us to
identify the gene regulatory networks underpinning the
progressive EndMT following compromised ERG func-
tion. The rapid rewiring of the transcriptional landscape
upon loss of ERG was profound. More than 20% of the
EC transcriptome was modulated by just 24 h of ERG
KD, and >40% of genes were altered in ERG KO ECs, with
a roughly equal number of up- and downregulated genes,
suggesting that ERG function is a critical regulator of EC
transcriptional identity. Similarly, alterations in acces-
sible chromatin regions were also pervasive, with > 6,000

DARs evident 24 h after ERG KD, increasing to> 17,000
differential regions in ERG KO ECs. Further analysis
revealed that downregulated DARs showed a profound
loss of ETS factor motif accessibility over time. Surpris-
ingly, other ETS factors that are highly expressed in ECs,
such as FLI1, were not able to compensate for ERG loss.
In chronic ERG KO cells, AP1 motifs were also lost in
downregulated peaks. In contrast, regions of increas-
ing accessibility upon loss of ERG consistently showed a
strong enrichment for AP1 motifs. SP/KLF motifs were
also enriched in chronic ERG KO cells. This dual asso-
ciation of AP1 motifs with regions that are persistently
upregulated alongside those lost with long-term ERG loss
suggests AP1 may simultaneously compensate for ERG
loss in the short term, while also driving EndMT via acti-
vating mesenchymal and ECM-related genes. We specu-
late that the collapse of EC identity regulatory regions
may allow for AP1 factors to redistribute to mesenchy-
mal and ECM-related genes. While AP1 factors have
transcriptional pioneering properties [42], upregulated
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Fig. 6 Recovery of ERG abolishes EndMT gene regulatory networks and restores endothelial cell identity and function. A Schematic of ERG recovery
experiments. ATAC-seq, assay for transposase-accessible chromatin with sequencing; RNA-seq, RNA sequencing; siRNA, small interfering RNA; TeloHAECs,
telomerase-immortalized human aortic endothelial cells. B Representative western blot and brightfield imaging of ERG or Control (Ctrl) siRNA treated
teloHAECs. CVolcano plots of RNA-seq data, with differentially expressed (DE) genes highlighted (p.adj < 0.05; n=4). D Composite scores for DE genes as-
sociated with endothelial identity or endothelial-to-mesenchymal transition. E Quantitative PCR (qPCR) validation of the expression of ERG (n=5; Mann—
Whitney test) and the EndMT gene, ACTA2 (n =5, Welch's t-test). F Volcano plots of ATAC-seq data, with differentially accessible regions (DARs) highlighted
(p.adj <0.05; n=3). G Genome browser track of an ERG-bound enhancer upstream of PLEKHG that sees reduced accessibility upon ERG KD and is absent
in fibroblasts (GSE121053). H HOMER motif enrichment analysis of DARs associated with downregulated (left) or upregulated (right) peaks in ERG siRNA
treated teloHAECs. | Representative live-cell imaging depicting migration of Ctrl or ERG siRNA treated teloHAECs (top). Image post-barrier removal (left);
image post-migration assay (right). Dashed lines denote migration front. Quantification of cell migration rate (Viygration; 1=3; Mann-Whitney test) and %2
gap maximal area (t;,; n=3; unpaired t-test) (bottom). Values determined from plot of gap area over time. Each dot is the average of 1-5 fields of view
along the length of the wound in each biological replicate. Bar graphs are presented as mean +standard error of the mean (SEM). Violin plots indicate

density of data points at corresponding values. Significant p-values are denoted with bold text. FC, fold change

peaks tend to have some modest level of accessibility in
WT cells. This suggests that a mesenchymal gene pro-
gram competes with an EC identity regulatory network
for transcription factor recruitment.

Given the profound changes in the transcriptional and
regulatory landscape upon loss of ERG, the reversibility
of cellular identity changes was questionable. Indeed,
there are reports in the literature of partial or complete
EndMT. For example, in the setting of acute myocardial
infarction, a partial EndMT phenotype was noted, which
resolved over time without any discernable long-term
effects on EC identity or function [43]. However, in the
setting of atherosclerosis, where ECs undergoing EndMT
delaminate from the lumen and migrate into the intima
[6], it is not known if this cell state can be reversed. We
therefore tested the permanence of EndMT by restoring
native ERG expression. Impressively, recovery of endo-
thelial gene regulatory networks, morphology, and func-
tion occurred following restoration of ERG. While the
EC and EndMT composite scores were partially restored
after 3 days, they were fully recovered by 5 days. Nota-
bly, the regulatory landscape was fully reset by 7 days.
We found that EC identity regulatory elements main-
tained some degree of accessibility even in the absence of
ERG, suggesting that these elements may be bookmarked
to provide epigenetic memory of their EC origin and to
facilitate their reinstatement upon ERG re-expression.
The mechanisms that maintain this accessibility remain
to be uncovered. It is also unknown if there is a ‘point-of-
no-return’ where this accessibility might be lost, prevent-
ing reversal of an EndMT state. Our data provide insights
into windows of opportunity where novel therapeutic
strategies may be deployed to restore EC identity to com-
bat EC dysfunction and cardiovascular disease.

Contextualizing our data with human disease datasets
highlighted a strong role for ERG in cardiovascular dis-
ease. This analysis also highlighted enrichment with can-
cer pathways, which may be related to the loss of identity
and enhanced mesenchymal and migratory phenotypes
that occur during oncogenesis [44], as well as fibrotic
liver disease. Indeed, ERG is downregulated in the setting
of multiple cardiovascular and fibrotic diseases, including

pulmonary hypertension [21], liver fibrosis [20], and ath-
erosclerosis [13]. Our findings demonstrate the rapid
molecular and phenotypic alterations that accompany
ERG downregulation in ECs. They also suggest that res-
toration of ERG expression may reverse EC dysfunction
by reestablishing EC identity while simultaneously sup-
pressing EndMT phenotypes. The dynamic EC plasticity
observed in our study implicates ERG as a fulcrum about
which EC state transitions may tilt towards homeosta-
sis or pathological remodeling, and sheds new light on
the timing and reversible nature of this critical disease
process.

Conclusions

Taken together, this study reveals the dynamic molecu-
lar underpinnings of EndMT and demonstrates that ERG
regulates a network of EC identity genes while suppress-
ing mesenchymal gene programs that are regulated by
AP1 transcription factors. The acquisition of EndMT was
found to involve a sequential loss of EC identity followed
by gain of mesenchymal identity and was reversible upon
restoration of ERG expression. The strong associations
of ERG gene regulatory networks with transcriptional
changes that occur in human atherosclerosis and linkage
with genetic variants associated with cardiovascular dis-
ease, demonstrate that ERG may be a potential target to
restore EC identity and to promote vascular resilience to
combat cardiovascular disease.
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