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Abstract 

DNA meth ylation pla y s a fundamental role in regulating transcription during de v elopment and differentiation. Ho w e v er, its functional role in the 
regulation of endothelial cell (EC) transcription during state transition, meaning the switch from an angiogenic to a quiescent cell state, has 
not been systematically studied. Here, we report the longitudinal changes of the DNA methylome over the lifetime of the murine pulmonary 
vasculature. We identified prominent alterations in hyper- and hypomethylation during the transition from angiogenic to quiescent ECs. Once 
a quiescent state was established, DNA methylation marks remained stable throughout EC aging. These longitudinal differentially methylated 
regions correlated with endothelial gene expression and highlighted the recruitment of de novo DNA methyltransferase 3a (DNMT3A), evidenced 
by its motif enrichment at transcriptional start sites of genes with meth ylation-dependent e xpression patterns. L oss-of-function studies in mice 
re v ealed that the absence of DNMT3A-dependent DNA methylation led to the loss of active enhancers, resulting in mild transcriptional changes, 
likely due to loss of active enhancer integrity. These results underline the importance of DNA methylation as a k e y epigenetic mechanism of EC 

function during state transition. Furthermore, we show that DNMT3A-dependent DNA methylation appears to be involved in establishing the 
histone landscape required for accurate transcriptome regulation. 
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Introduction 

Endothelial cells (ECs) acquire different cellular states dur-
ing development and homeostasis via extrinsic environmen-
tal factors and intrinsic epigenetic mechanisms [ 1 , 2 ]. While
the vasculature expands during embryonic and postnatal de-
velopment (referred to as the angiogenic state), it eventually
transitions to a quiescent state in adulthood [ 3 , 4 ]. This quies-
cent state is characterized by the cessation of cell proliferation
and the secretion of paracrine and endocrine factors that sup-
port vascular maintenance [ 3 ]. Monitoring epigenetic and as-
sociated transcriptomic differences among these cellular states
provides essential insight into the mechanisms governing cell
state transition. 

The epigenetic regulation of gene expression, mediated by
DNA methylation, chromatin accessibility, and histone tail
modifications, is tightly interconnected. It enables rapid and
stable adaptation of cellular functions and responses to envi-
ronmental cues [ 5 , 6 ]. In mammals, DNA methylation occurs
predominantly at CpG dinucleotides in ∼80% of the genome,
except within CpG islands (CGIs). CGIs are short regions with
a high frequency of CpG dinucleotides that are typically un-
methylated and localized at regulatory elements [ 7 ]. Generally,
DNA methylation is associated with gene silencing due to pro-
moter methylation [ 8 , 9 ]. Thus, DNA methylation inhibits the
binding of the transcriptional machinery and therefore the ini-
tiation of gene expression. 

Distal regulatory elements, such as enhancers, exhibit vary-
ing levels of DNA methylation [ 10 ] in a cell type-specific
manner [ 11 ]. The identification of low-methylated enhancers,
characterized by low CpG density [ 12 ], suggests that DNA
methylation alone does not inherently lead to gene silenc-
ing. For example, CpG-poor regulatory regions often acquire
low levels of DNA methylation upon transcription factor
(TF) binding [ 12 ]. Furthermore, TFs have been shown to
bind methylated CpG-poor regulatory regions, leading to their
subsequent demethylation [ 13 ]. Conversely, DNA methyla-
tion can inhibit the binding of methylation-sensitive TFs by
methylation of their binding motifs [ 14 , 15 ]. In addition,
methyl-CpG binding proteins, such as methyl-CpG binding
protein 2 (MeCP2), methyl-CpG binding domain protein 1,
and methyl-CpG binding domain protein 2 (MBD2), specif-
ically recognize methylated CpG sites and act as transcrip-
tional repressors of associated genes [ 16 ]. Notably, MeCP2
and MBD2 interact with histone deacetylases, linking DNA
methylation-mediated transcriptional silencing to chromatin
modification [ 17 ]. 

Examination of DNA methylation and chromatin accessi-
bility in ECs isolated from different organs in infant mice re-
vealed tissue-specific hypomethylated regions located in acces-
sible areas distal to the transcription start site (TSS) [ 18 ]. Sup-
porting a functional role of DNA methylation in gene regula-
tion, tissue-specific differentially methylated regions (DMRs)
were found in enhancers [ 19 ]. In vivo , the establishment
of a homeostatic state in pulmonary ECs is accompanied
by region-specific gain and loss of DNA methylation. No-
tably, the loss of DNA methylation at intragenic putative en-
hancers was suggested to induce homeostatic gene expres-
sion [ 4 ], in line with previous observations that DNA hy-
pomethylation occurs at active enhancers [ 12 , 20 ]. The im-
portance of DNA methylation during development has been
shown by individual and combined loss-of-function studies,
which revealed embryonic or postnatal lethality in mice, par-
ticularly with the loss of DNA methyltransferases Dnmt1 ,
Dnmt3a , and Dnmt3b [ 21 , 22 ]. In the vasculature, the loss 
of de novo DNA methyltr ansfer ase 3a ( Dnmt3a ) resulted 

in DNA hypomethylation, which impaired EC proliferation 

and angiogenesis in the placental and retinal endothelium 

[ 23 ]. 
The observed functional roles of DNA methylation in the 

endothelium are well documented. However, the interplay of 
DNA methylation with other epigenetic layers, such as histone 
modifications and chromatin accessibility, and their interde- 
pendencies in the vasculature remains understudied. Here, we 
report the genome-wide in vivo endothelial methylome land- 
scape, spanning the physiological development, quiescence,
and aging of ECs. Our analysis revealed that major DNA 

methylation changes occur during the transition from an an- 
giogenic state in infant mice to a quiescent state in adult mice.
During further development and aging, DNA methylation pat- 
terns remain largely stable. We showed that DNMT3A is 
highly expressed in the pulmonary vasculature, and its loss re- 
sulted in reduced DNA methylation enriched in putative regu- 
latory regions. These findings highlight DNMT3A’s role in es- 
tablishing DNA methylation in the pulmonary endothelium.
Furthermore, comprehensive animal loss-of-function studies 
revealed that DNMT3A-dependent DNA methylation shapes 
angiogenic enhancers. 

Materials and methods 

Cell culture 

HEK293T cells (Takara Bio Europe) were cultured in Iscove’s 
Modified Dulbecco’s Medium (IMDM) supplemented with 

10% fetal calf serum (FCS) and 5% penicillin / streptomycin 

at 37 

◦C and 5% CO 2 . Human umbilical vein endothelial 
cells (HUVECs) (C-12253) were purchased from PromoCell 
and cultured in Endopan 3 supplemented with 3% FCS and 

supplements (PAN Biotech) at 37 

◦C, 5% CO 2 , and high hu- 
midity, maximum until passage 6. Cell culture plates were 
coated with 0.1% gelatin before cell seeding. For knockdown 

experiments upon lentiviral transduction with GIPZ-shRNA 

encoding virus [nsh: non-silencing verified negative con- 
trol, RHS4346; shDNMT3A#1 : small hairpin RNA (shRNA) 
against DNMT3A , V2LHS_202509; shDNMT3A#2 : shRNA 

against DNMT3A , V3LHS_391162], cells were selected with 

puromycin (0.4 μg / mL) for 4–6 days. 

Lentivirus production 

HEK293T cells (Takara Bio Europe) were cultured in IMDM 

supplemented with 10% FCS and 5% penicillin / streptomycin 

at 37 

◦C and 5% CO 2 . For lentivirus production, 4 × 10 

6 cells 
were seeded on 0.2% gelatin-coated 10-cm dishes in 8 mL 

medium. Transfection with a plasmid of interest needed for 
lentivirus production was performed using Lenti-X Packaging 
Single Shots (VSV-G) (Takara Bio Europe), which contained 

the transfection reagent and packaging plasmid, according to 

the manufacturer’s instructions. The supernatant containing 
lentiviral particles was harvested on three consecutive days 
and filtered through a 0.22- μm filter to remove cellular debris.
Lentiviral particles were purified with the Lenti-X Concentra- 
tor, and the resulting pellet was resuspended in 1 / 100th of the 
original input volume using phosphate-buffered saline (PBS).
Fifty microliters of aliquots were stored at −80 

◦C. 



DNMT3A shapes the endothelial enhancer landscape 3 

L

F  

c  

1  

t  

i  

n  

D  

a  

w  

t

S

P  

b  

m  

s  

f
 

f  

t  

m  

F  

c  

w  

s  

t  

G  

t  

f  

m  

s  

S  

(  

m  

o  

i  

t  

c

A

C  

H  

o  

m  

a  

t  

d  

w  

f  

v  

w  

o  

K  

8

H

T  

m  

l  

u  

s  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

entiviral transduction 

or lentiviral transduction, 1 × 10 

5 cells were seeded in cell
ulture medium. After ∼20 h, lentivirus was added for 16 h in
 mL medium. For knockdown experiments upon lentiviral
ransduction with GIPZ-shRNA encoding virus, the follow-
ng lentiviral constructs were used: nsh: non-silencing verified
egative control, RHS4346; shDNMT3A#1 : shRNA against
NMT3A , V2LHS_202509; and shDNMT3A#2 : shRNA

gainst DNMT3A , V3LHS_391162. Cells were washed once
ith PBS, and fresh medium was added 24 h before the an-

ibiotic selection was started for 4–6 days. 

prouting assay 

er spheroid, 400 HUVECs were suspended in 25 μL Dul-
ecco’s modified Eagle medium (DMEM) containing 20%
ethylcellulose and seeded onto a plastic square plate. Fifty

pheroids were used for one gel. Spheroids were allowed to
orm via the hanging-drop method at 37 

◦C and 5% CO 2

or 24 h. Spheroids were harvested in PBS / 5% FCS and cen-
rifuged for 5 min at 150 × g without a break, and 500 μL
ethylcellulose / 20% FCS was added to the spheroid pellet.
or each gel, 62.5 μL Medium 199, 500 μL self-produced
ollagen, 6 μL of 2 M NaOH, and 50 μL of 1 M HEPES
ere prepared. The collagen solution was mixed with the

pheroid / methylcellulose / 20% FCS mixture and immediately
ransferred into a 24-well low-attachment cell culture plate.
els were allowed to polymerize for 30 min at 37 

◦C. Af-
er polymerization, 100 μL basal medium (without growth
actor and FCS) or basal medium containing 100 ng hu-
an recombinant VEGF 165 (R&D, 293-VE) was added, and

pheroids were incubated for 24 h at 37 

◦C and 5% CO 2 .
pheroids and developed sprouts were fixed in 4% Histofix
Roth) overnight. Per gel, pictures of ∼10 spheroids were
ade using an Olympus IX71 microscope. The outgrowth
f sprouts of each spheroid was measured with the Olympus
mage analysis software cellF. For each experimental condi-
ion, 10 gels were analyzed across three independent biologi-
al replicates. 

nimal studies 

57BL / 6N female mice were obtained from Janvier Labs.
eterozygous B6 Dnmt3a knockout (KO) mice were initially
btained from Jackson Laboratory (#018838) to generate ho-
ozygous Dnmt3a KO mice. Mice were bred at the dedicated

nimal facility barrier of the German Cancer Research Cen-
er under pathogen-free conditions. Mice were housed in in-
ividually ventilated cages in a temperature-controlled room
ith a 12-h light–dark cycle and free access to autoclaved

ood and water. Transgenic B6 Dnmt3a mice were obtained
ia in-house breeding. Pups were sacrificed at P7–8. All animal
ork was performed according to German national guidelines
n animal welfare and the regulations of the regional council
arlsruhe under the following permit numbers: DKFZ370, G-
2 / 19, and G-25 / 20. 

istology 

o harvest murine lungs for immunofluorescence staining, the
ice were euthanized with an overdose of anesthesia. The

ung was inflated with undiluted O.C.T. compound (Sakura)
ntil the lung volume matched the inner rib cage space. Sub-
equently, the trachea was clamped, and the inflated lung
was dissected, immediately embedded, and frozen in O.C.T.
compound. 

For immunofluorescence staining, Tissue-Tek O.C.T.-
embedded cryopreserved lung tissue was cut into 12 μm
sections and fixed in zinc solution. Blocking and tissue
permeabilization were performed in 10% normal donkey
serum / 3% bovine serum albumin, followed by incubation
with the appropriate primary antibodies (anti-mouse CD31,
BD Pharmingen, RRID: AB_396660, 1:100; anti-DNMT3A,
Cell Signaling, #3598S, 1:100). After washing with tris-
buffered saline with Tween 20 (TBST), the sections were in-
cubated with the appropriate secondary antibodies. Hoechst
33258 was used for visualization of the nuclei. The slides were
mounted using DAKO mounting medium, and images were
taken with a Zeiss Axio Scan Z1 using an air 20 ×/ 0.8 Plan-
APOCHROMAT objective. 

Lung endothelial cell isolation by FACS 

To FACS-sort pulmonary ECs, lung tissue was digested with
2% DNAseI (Roche, 20 mg / mL) / 10% Liberase (Roche, dis-
solved in DMEM, high glucose to 2 mg / mL) in DMEM with
high glucose (Gibco) for 15 min at 37 

◦C. After the first incu-
bation time, the tissue was gently disintegrated by passing the
mixture through an 18-G needle, following a second incuba-
tion time of 15 min at 37 

◦C. The single-cell suspensions were
passed through a 100 μm cell strainer, and the enzymes were
diluted with PBS / 5% FCS. After centrifugation for 7 min at
4 

◦C, erythrocyte lysis was performed by resuspending the cell
pellet in ACK buffer following incubation for 5 min at room
temperature. Lysis was stopped with PBS / 5% FCS. A com-
pensation control for single-antibody staining was used. The
samples were incubated for 15 min at 4 

◦C with an anti-mouse
CD16 / 32 antibody (Purified Rat Anti-Mouse CD16 / CD32,
Clone 2.4G2 (RUO), BD Pharmingen, RRID: AB_394656,
1:100) to block nonspecific binding of immunoglobulin to Fc
receptors. The cells were washed and incubated at 4 

◦C for
20 min with CD31 mouse MicroBeads (Miltenyi Biotec) fol-
lowing LS column-based CD31 

+ endothelial cell enrichment.
The enriched cell suspensions were stained with an antibody
mixture (Purified Rat Anti-Mouse CD31, Clone MEC 13.3
(RUO), BD Pharmingen, RRID: AB_396660, 1:100; FITC
Rat Anti-Mouse TER-119 / Erythroid Cells, BD Pharmingen,
#561032, RRID: AB_396936, 1:200; Podoplanin Mono-
clonal Antibody [eBio8.1.1 (8.1.1)], Alexa Fluor 488, eBio-
science, #53-5381-82, RRID: AB_1106990, 1:100; FITC Rat
Anti-Mouse CD45, Clone 30-F11 (RUO), BD Pharmingen,
#553080, RRID: AB_394609, 1:400; LYVE1 Monoclonal An-
tibody (ALY7), Alexa Fluor 488, eBioscience, #53-0443-82,
RRID: AB_1633415, 1:250; and CD34 Monoclonal Antibody
(RAM34), eFluor 450, eBioscience, #48-0341-82, RRID:
AB_2043837, 1:50) at 4 

◦C for 30 min before FACS. Dead cells
were excluded by propidium iodide (Propidium Iodide Stain-
ing Solution, eBioscience, #00-6990-42, 1:20,000) staining.
Live CD45 

−/ TER119 

−/ LYVE1 

−/ PDPN 

−/ CD31 

+ / CD34 

+

cells were sorted with a BD FACSAria ll (BD Biosciences). 

RNA isolation 

RNA from FACS-sorted ECs was isolated with an Arcturus Pi-
coPure RNA Isolation Kit. The frozen pellet was resuspended
in 50 μL of Arcturus PicoPure extraction buffer, and RNA
was isolated according to the manufacturer’s instructions. The
RNA was eluted in 13 μL of RNase-free water, and the con-

https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:
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ECs isolated from litter-matched Dnmt3a WT and Dnmt3a 
centration was measured using a high-sensitivity RNA assay
with a Qubit Fluorometer according to the manufacturer’s in-
structions. The RNA was stored at −80 

◦C. 

Reverse transcription and quantitative 

measurement of RNA 

Reverse transcription was performed using the QuantiTect
Reverse Transcription Kit (Qiagen) according to the man-
ufacturer’s instructions. The obtained complementary DNA
was diluted for real-time quantitative polymerase chain re-
action (qPCR) analysis. TaqMan Fast Advanced Mastermix
(Thermo Fisher Scientific) was used to detect differences in
mRNA transcription levels. Reactions were performed in 384-
well plates. Reactions, including water control, were per-
formed in triplicate and run on a StepOnePlus Real-Time PCR
System (Applied Biosystems). CT values were normalized to
the respective CT values of the housekeeping gene ( Actb for
murine samples and ACTB for human samples), resulting in
�CT values. Relative gene expression was assessed by normal-
izing the �CT values of individual samples to the average of
the control �CT values, resulting in ��CT values. The fold
change was subsequently calculated by 2 

−��CT . The TaqMan
gene expression assays used were purchased from Thermo
Fisher Scientific. The following TaqMan gene expression as-
says were used for murine samples: Mm00607939_S1 ( Actb ),
Mm01151063_m1 ( Dnmt1 ), Mm00432881_m1 ( Dnmt3a ),
Mm01240113_m1 ( Dnmt3b ), Mm01169087_m1 ( Tet1 ),
Mm00524395_m1 ( Tet2 ), Mm00805756_m1 ( Tet3 ), and
Mm00477872_m1 ( Uhrf1 ). To assess the knockdown efficacy
after lentiviral transduction of HUVECs, the following Taq-
Man gene expression assays were used for human samples:
Hs01060665_g1 ( ACTB ) and Hs01027162_m1 ( DNMT3A ).

RNA sequencing 

RNA sequencing libraries were prepared from FACS-sorted
pulmonary ECs isolated from three mature adult mice
(EC 

mAdu ) and three aged mice (EC 

aged ), as well as from
three Dnmt3a wild-type (WT) and three Dnmt3a knockout
(KO) pups. A sequencing library was generated with 10 ng of
total RNA using the SMARTer Ultra Low RNA Kit for Illu-
mina Sequencing (Clontech) according to the manufacturer’s
protocol. Sequencing reads (100 bp paired-end reads) were
generated on the HiSeq2000 platform (Illumina). 

Tagmentation-based whole-genome bisulfite 

sequencing 

Tagmentation-based whole-genome bisulfite sequencing (T-
WGBS) was performed as described [ 4 ]. WGBS libraries from
mature adult mice (EC 

mAdu ) and aged mice (EC 

aged ) were gen-
erated using FACS-sorted pulmonary ECs, with three biolog-
ical replicates for each age group. WGBS libraries were pre-
pared from FACS-sorted pulmonary ECs isolated from three
Dnmt3a WT and three Dnmt3a KO pups. 

Assay for transposase accessible chromatin 

Murine pulmonary ECs (5 × 10 

4 ) were subjected to FACS,
pelleted for 7 min at 500 × g in a prechilled (4 

◦C) fixed-angle
centrifuge, and resuspended in 50 μL of cold lysis buffer [10
mM Tris–HCl (pH 7.4), 10 mM NaCl, 3 mM MgCl 2 , 0.1%
NP-40, 0.1% Tween 20, 0.01% digitonin]. The nuclei isola-
tion reaction was incubated for 3 min at room temperature.
After lysis, 1 mL of A T AC-RSB [10 mM Tris–HCl (pH 7.4),
10 mM NaCl, and 3 mM MgCl 2 ] containing 0.1% Tween 

20 was added and mixed. Nuclei were pelleted for 10 min 

at 500 × g at 4 

◦C and resuspended in 50 μL of transposi- 
tion buffer [10 mM Tris–HCl (pH 7.6), 5 mM MgCl 2 , 10% 

dimethyl formamide, 2.5 μL transposase (100 nM final con- 
centration), 0.1% Tween 20, 0.01% digitonin, 16.5 μL PBS,
5 μL H 2 O]. Transposition reaction was incubated for 30 min 

at 37 

◦C in a thermomixer shaking at 1000 rpm. The reaction 

was stopped with 20 μL of 5 M guanidinium thiocyanate, the 
A T AC (assay for transposase accessible chromatin) raw ma- 
terial was purified with a 2 × volume of Ampure XP DNA 

purification beads, and the DNA was eluted in 25 μL of H 2 O.
The DNA eluate was PCR amplified using 1 × NEBNext High 

Fidelity Mix in a total volume of 50 μL. The number of cycles 
used for library amplification depended on the observed am- 
plification curve and varied between 10 and 15 cycles. A T AC 

libraries were purified with a 1.4 × volume of Ampure XP 

DNA purification beads, and the DNA was eluted in 12 μL 

of elution buffer. Libraries were quality-controlled using the 
High Sensitivity DNA Bioanalyzer assay. A T AC experiments 
were conducted on FACS-sorted pulmonary ECs isolated from 

two litter-matched Dnmt3a WT and two Dnmt3a KO pups. 

Antibody-guided chromatin tagmentation 

Murine pulmonary ECs (1 × 10 

5 ) were subjected to FACS, pel- 
leted for 5 min at 300 × g at 4 

◦C, and resuspended in 50 μL 

of cold complex formation buffer (1 × CB) [50 mM Tris–HCl 
(pH 7.5), 150 mM NaCl, 0.05% Triton X-100, and 12.5% 

glycerol]. The cells were permeabilized for 10 min on ice. For 
each antibody, 0.16 μg of transposase (gifted from Dieter We- 
ichenhan) was incubated with 3.3 μM adapter sequence in 

1 × CB buffer for 10 min. After adapter loading, 1 μg of an- 
tibody (H3K27ac, ab4729; H3K4me1, ab8895; H3K4me3,
ab8580; H3K27me3, Cell Signaling, C36B11) was added, and 

the mixture was incubated for 30 min at room temperature.
The transposon–adapter–antibody complex was added to the 
permeabilized cell suspension and incubated for 1 h at room 

temperature. In parallel, 7.5 × 10 

2 permeabilized yeast nuclei 
were incubated with H2B (Hölzel diagnostika, BOS-M30930) 
targeting the transposase complex. After the 1 h incubation,
the yeast–transposase–H2B antibody mixture was added to 

the murine cell suspension, which was subsequently washed 

three times with washing buffer [50 mM Tris–HCl (pH 7.5),
150 mM NaCl, and 0.05% Triton X-100]. The cell pellet was 
resuspended in 50 μL of washing buffer, and 1 μL of 1 M 

MgCl 2 was added to initiate the transposition reaction. The 
solution was incubated for 1 h at 37 

◦C. The transposase reac- 
tion was stopped by adding 4 μL of 0.5 M ethylenediaminete- 
traacetic acid (pH 8), 2 μL of 10% sodium dodecyl sulfate,
and 1 μL of proteinase K (20 mg / mL; Qiagen), and the mix- 
ture was incubated for 1 h at 55 

◦C following DNA purifica- 
tion with a MinElute PCR Purification Kit (Qiagen). The DNA 

was eluted 2 × with 12 μL of elution buffer. The DNA eluate 
was PCR amplified using 1 × NEBNext High Fidelity Mix in a 
total volume of 50 μL. Antibody-guided chromatin tagmenta- 
tion (ACT) libraries were purified with a 1.4 × volume of Am- 
pure XP DNA purification beads, and the DNA was eluted 

in 12 μL of elution buffer. Libraries were quality-controlled 

using the Agilent High Sensitivity D1000 ScreenTape System.
ACT experiments were performed on FACS-sorted pulmonary 
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O pups. Three replicates per histone mark and per genotype
ere generated. 

NA-seq analysis 

n this study, we generated new RNA-seq data for EC 

mAdu and
C 

aged , while publicly available transcriptome data for EC 

inf 

nd EC 

yAdu were obtained from the Gene Expression Om-
ibus (GEO) under accession number GSE86600. The inte-
ration of both datasets allowed for a comprehensive analysis
f expression dynamics across EC populations at different de-
elopmental stages. RNA-seq data for WT versus KO Dnmt3a
Cs were generated as part of this study. 
For all samples, low-quality bases were removed with the

astq_quality_filter from the FASTX Toolkit (version 0.0.13)
 https:// github.com/ agordon/ fastx _ toolkit ) with 90% of the
eads needing a quality Phred score > 20. Homertools (ver-
ion 4.7) [ 24 ] was used for polyA-tail trimming, and reads
ith a length < 17 were removed. Filtered reads were quanti-
ed with Kallisto [ 25 ] using RefSeq transcripts of the mouse
m10 reference [ 26 ] (kallisto parameters -b 10 -t 3 –plaintext

single -l 292 -s 50). Later, in the customized analysis, the
ene identifiers were converted to Ensembl IDs with the
rg.Mm.eg.db R package, and the Gencode vM4 annotation
ith only protein-coding genes was used for transcriptome

nnotation. TPM (Transcripts Per Million) was used as the
ormalization method. Differential expression analysis was
erformed with the DESeq2 package (version 1.38.3) [ 27 ].
onsensus clustering analysis was performed with the cola
ackage (version 2.7.1) [ 28 ]. Functional enrichment analysis
as performed with the clusterProfiler package (version 4.7.1)

 29 ]. Gene Ontology (GO) term clustering and visualization
ere performed with the simplifyEnrichment package (ver-

ion 1.9.4) [ 30 ]. Heatmap visualization was performed with
he ComplexHeatmap package (version 2.15.4) [ 31 ] and En-
ichedHeatmap (version 1.30.0) [ 32 ]. 

 T AC-seq analysis 

 T AC-seq data for EC 

inf , EC 

yAdu , and EC 

mAdu were obtained
rom the GEO under accession number GSE292008, while
 T AC-seq data for WT versus KO Dnmt3a ECs were gen-
rated as part of this study. 

A T AC-seq reads were processed using the ENCODE A T AC-
eq pipeline kundajelab / atac_dnase_pipelines (version 1), un-
ess otherwise specified [ 33 ]. As a reference, the mm10 genome
as used. Reads were trimmed using Cutadapt and the param-

ters -e 0.1 -m 5 and aligned using Bowtie2 allowing 0 mul-
imapping and -X2000 –mm –local parameters. Duplicated
eads were marked using Picard and mitochondrial reads were
emoved from the analysis. 

enomic annotations 

enes, exons, and introns were extracted from the Gencode
M4 annotation with only protein-coding genes. Promoters
ere extracted 2 kb upstream and 200 bp downstream of the
SS. CGIs were extracted from the UCSC table browser with

he mm10 genome. CGI shores were extracted as 2 kb flanking
egions of CGIs with no overlap with CGIs. SINE and LINE
equences were extracted from repeat masker tracks via the

CSC Table Browser.  
Methylation analysis 

In this study, we generated new DNA methylation data for
EC 

mAdu and EC 

aged , while publicly available DNA methyla-
tion data for EC 

inf and EC 

yAdu were obtained from the GEO
under accession number GSE87374. The integration of both
datasets allowed for a comprehensive analysis of DNA methy-
lation dynamics across EC populations at different develop-
mental stages. WGBS data for WT versus KO Dnmt3a ECs
were generated as part of this study. 

WGBS samples were processed by our in-house standard
pipeline. The raw reads were aligned with BWA mem (version
0.7.8) on the mouse genome mm10 and additionally concate-
nated with the lambda genome to infer the bisulfite conversion
rate. Methylation data were processed in a unified way for all
experiments. The raw methylation values (i.e. the fraction of
reads that were methylated at each CpG position) for the CpG
dinucleotides were merged into a single value by weighting
the CpG coverage. The methylation values were subsequently
smoothed with the bsseq package (version 1.34.0). A window-
based method was used for detecting DMRs. The genome
was split into 1 kb windows, and the mean methylation level
was calculated for each window. Windows with fewer than
five CpG sites were filtered out. This procedure converts the
methylation data into a matrix; later, one-way ANOVA was
performed to detect genomic windows that showed signifi-
cant differences in methylation by adjusted P -value < 0.01 and
mean methylation differences > 0.1. A window was annotated
to a CGI if the overlap fraction was > 50%. Association anal-
ysis between methylation and other genomic signals was per-
formed with the EnrichedHeatmap package (version 1.28.1).
For the correlation of DNA methylation with gene expression
data, the correlated data were filtered by |cor| > 0.5 and ad-
justed P -value < 0.05. 

Motif analysis 

Motif analysis was performed with HOMER (version 4.11.1)
and the companion R package marge (version 0.0.4). Fold en-
richment of a motif was calculated as the logarithm of the
percentage of target sequence with motif and the percentage
of background sequence with motif. A fold enrichment larger
than zero represents the corresponding motif that exists more
often in the target sequences than randomly distributed on the
genome. 

ACT-seq analysis 

Trim Galore (version 0.4.4) [ 34 ] was applied in conjunction
with Cutadapt (version 1.14) [ 35 ] using the non-default op-
tions “–nextera, ” “–paired, ” “–length_1 35, ” and “–length_2
35” to carry out quality and adapter trimming. Mapping of
trimmed reads was performed against the Genome Reference
Consortium Mouse Build version 38 by means of Bowtie2
(version 2.2.6) [ 36 ] using the “–very-sensitive” flag and an
insertion length maximum of 2,500 bp. Mapped reads that
belonged to the same lane-multiplexed library were combined
using SAMtools merge (version 1.5) [ 37 ]. Discordant align-
ments with a Phred score < 20 were removed using SAM-
tools view. Since Adey et al. [ 38 ] showed that fragments ob-
tained from tagmentation cannot be < 38 bp, all alignments
that corresponded to fragment sizes below that threshold
were removed. To represent the center of the transposition
event, reads were shifted as previously described by Buen-
rostro et al. [ 39 ]. Furthermore, trimmed reads were aligned

https://github.com/agordon/fastx_toolkit
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against the Saccharomyces cerevisiae R64 reference genome,
followed by post-alignment filtering. To obtain a library-
specific scaling factor, we derived the multiplicative inverse
of the number of filtered reads mapped against the yeast
genome. Coverage tracks were made by means of the bam-
Coverage functionality of Deeptools (version 3.1.1) [ 40 ] using
the non-default parameters “–ignoreForNormalization chrM
chrY chrX” and “–effectiveGenomeSize 2652783500” as well
as the “–scaleRatio” option to specify the spike-in-based scal-
ing factor. The analysis procedure was implemented as fully
containerized workflows using the common workflow lan-
guage (version 1.0) [ 41 ], which is publicly accessible [ 42 ]. 

For the downstream analysis, peak calling was performed
with Macs2 (version 2.1.2.1) [ 43 ]. For a specific histone mark
with duplicates, we first obtained consensus peaks that oc-
curred in at least two samples. Later, the genome was seg-
mented by different combinations of histone marks. The chro-
matin states were assigned by the following rules: active
promoters should only have H3K4me3 marks; optionally,
H3K27ac and H3K4me1; bivalent promoters should have
H3K4me3 and a repressed mark of H3K27me3; active en-
hancers should have H3K27ac or H3K4me1 marks; and bi-
valent enhancers should have H3K27ac or H3K4me1 with a
repressor mark of H3K27me3. 

Statistical analysis 

All the statistical analyses were performed using Graph-
Pad Prism Software version 8. The data are expressed
as the mean ± standard deviation (SD). The performed
statistical tests are specified in the figure legends. A P -
value of < 0.05 was considered to indicate statistical signif-
icance and is marked by asterisks (* P < 0.05, ** P < 0.01,
*** P < 0.001, **** P < 0.0001). Unless otherwise stated,
n represents the number of independent mice or sam-
ples in biological replicates analyzed per group or con-
dition. The Benjamini–Hochberg (BH) method was used
to control the false discovery rate in multiple hypothesis
testing. 

Results 

DNA methylation changes occur during the 

angiogenic switch 

Several studies have highlighted the role of DNA methyla-
tion in regulating gene expression, in which silencing of cis-
regulatory elements (CREs) is accompanied by the establish-
ment of DNA methylation [ 44 , 45 ]. We consequently asked
whether DNA methylation in ECs affects the silencing of reg-
ulatory elements during EC state transition from angiogenic
to quiescent ECs. 

To understand whether DNA methylation levels change
upon longitudinal EC transition, we examined the genome-
wide DNA methylation changes covering physiological time
points of endothelial postnatal development, quiescence, and
aging. ECs from an angiogenic endothelium in infants (EC 

inf )
to a quiescent endothelium in young and mature adult mice
(EC 

yAdu and EC 

mAdu , respectively) and aged mice (EC 

aged )
were analyzed toward this end. The DNA methylation level
in EC 

mAdu and EC 

aged was assessed by tagmentation-based
WGBS, and publicly available DNA methylation data from
EC 

inf and EC 

yAdu , generated with the same method, were re-
analyzed [ 4 ] (Fig. 1 A). Angiogenic ECs displayed distinctive
changes in their DNA methylome compared to those of qui- 
escent and aged states when all identified DMRs were con- 
sidered (Fig. 1 B). Notably, DNA methylation within CGIs,
which are usually unmethylated and located in regulatory re- 
gions [ 7 , 46 ], showed no clear difference between the devel- 
opmental states (Fig. 1 C). On the global level, angiogenic ECs 
gained DNA methylation upon transition into the quiescent 
state, and the methylome remained mostly stable during aging 
(Fig. 1 D and Supplementary Fig. S1 A). Over the longitudinal 
timeline, 1,558 DMRs were identified using EC 

inf as a refer- 
ence point, 79.85% of which were located distal to the TSS 
(TSS distance > 5 kb) (Fig. 1 D and Supplementary Fig. S1 B,
and Supplementary Table S1 ). These DMRs were designated 

as longitudinal DMRs (Fig. 1 A). Classification of the identified 

longitudinal DMRs revealed minimal overlap with CGIs but 
a stronger association with CGI shores (regions adjacent to 

CGIs within a distance of 2 kb), which are known to correlate 
with tissue-specific gene expression [ 47 ]. To obtain detailed 

information about the genomic locations of the longitudinal 
DMRs, a genomic enrichment analysis was conducted, reveal- 
ing an enrichment of hypomethylated longitudinal DMRs in 

genes and introns (Fig. 1 E), whereas hypermethylated longitu- 
dinal DMRs were predominantly localized in CGI shores and 

CGIs (Fig. 1 E). 
The single-time point comparison between EC 

inf and 

EC 

yAdu resulted in the identification of 10,780 DMRs 
( Supplementary Fig. S1 C and Supplementary Table S2 ). These 
cross-sectional DMRs were distal to the TSS and predomi- 
nantly located in non-CGI-related regions ( Supplementary 
Fig. S1 C), consistent with observations for longitudinal 
DMRs. Together, the reanalysis of published DNA methyla- 
tion data from infant and young adult mice supplemented 

with aging data confirmed the previously observed strong 
methylation difference during the transition from EC 

inf to 

EC 

yAdu . Even though angiogenic ECs were globally hy- 
pomethylated ( Supplementary Fig. S1 A), 67.52% of the longi- 
tudinal DMRs (1,052 DMRs) were consistently hypermethy- 
lated in the angiogenic state compared to all quiescent states 
( Supplementary Fig. S1 D), indicating the involvement of ac- 
tive DNA methylation at these sites during angiogenesis. 

Longitudinal DMRs correlate with endothelial gene 

expression 

To understand the effect of longitudinal DMRs on gene ex- 
pression, we correlated the DNA methylome with correspond- 
ing transcriptome data (Fig. 1 A). In total, 448 continuous 
DMRs annotated to 315 unique genes (based on the nearest 
TSS) were identified (|cor| > 0.5 and adjusted P -values < 0.05).
These regions exhibited either a strong negative (meaning: loss 
of DNA methylation and gene upregulation or gain of DNA 

methylation and gene downregulation) or positive (mean- 
ing: loss of DNA methylation and gene downregulation or 
gain of DNA methylation and gene upregulation) transcrip- 
tomic correlation with the nearest genes (|cor| > 0.5; Fig. 1 F 

and Supplementary Table S3 ). 
Since DNA methylation is typically associated with gene si- 

lencing [ 8 , 9 ], we referred to the association of longitudinal 
DMRs with negatively correlated gene transcription as “con- 
ventional” and the association with positively correlated gene 
transcription as “unconventional” ( Supplementary Fig. S1 E).
In the context of endothelial growth and sustainability, key 
genes such as Pecam1 , Smad7 , and Cav1 showed a conven- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
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Figure 1. Methylation-correlating gene transcription shows differential DNA methylation distal to the TSS. ( A ) Scheme showing the longitudinal timeline 
f or meth ylome sample collection and the additional meth ylome and transcriptome dat asets used. For all the dat asets, pulmonar y capillar y ECs were 
subjected to FACS and used for library generation. Single-dat at ype analysis and data integration were performed. In this study, methylome data were 
generated using WGSB. Identified DMRs between EC 

inf and EC 

yAdu were donated as cross-sectional DMRs. DMRs identified during EC state transition 
using EC 

inf as a reference point were termed longitudinal DMRs. n = 3 for each age group. The scheme was created in BioRender. Augustin, H. (2025) 
https:// BioRender.com/ k83b042 . ( B ) Methylome-based Principal Component Analysis (PCA) plot showing all the identified DMRs from all samples of the 
longitudinal timeline. ( C ) Methylome-based PCA plot showing DMRs detected in CGIs from all samples of the longitudinal timeline. ( D ) Heatmap 
displaying the scaled methylation level as z -score for 1,558 DMRs (left) and their distance to the nearest TSS (right). DMRs were clustered based on 
their genomic location (CGI shore, others, CGI). The distance to the nearest TSS is displayed as log 10 (). ( E ) Genomic enrichment analysis of longitudinal 
DMRs separated by their methylation direction into longitudinal hypo- and hyper-DMRs. EC 

inf was used as a reference point. ( F ) Heatmap displaying the 
scaled methylation of 448 DMRs as z -score (left) with a high correlation (|cor| > 0.5 and adjusted P -values < 0.05) to scaled gene expression (right). 
Endothelial genes showing a high correlation between DNA methylation and gene transcription are highlighted at the site of the gene expression 
heatmap (right). The middle plot shows the DMR association either as CGI or other, and the distance to the nearest TSS. ( G ) Bar plot showing the fold 
enrichment of positively correlated DMRs across genomic regions. Hypermethylated DMRs in EC 

yAdu are labeled as "low in EC 

inf and high in EC 

yAdu ", 
while h ypermeth ylated DMRs in EC 

inf are labeled as "high in EC 

inf and low in EC 

yAdu ". ( H ) Heatmap enriched for the 315 genes showing a high correlation 
betw een meth ylation and gene e xpression (|cor| > 0.5 and adjusted P -v alues < 0.05). Panel 1 displa y s the mean meth ylation le v el in a gene-centric w a y 
for angiogenic EC 

inf , followed by panels 2–4, with the methylation difference between EC 

inf and EC 

yAdu , EC 

inf and EC 

mAdu , and EC 

inf and EC 

aged samples. 
Panel 5 shows the called DMRs. Panel 6 indicates the presence of a CGI at the TSS. 

https://BioRender.com/k83b042
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tional correlation, whereas Ets1 , Klf4 , Sema6a , and Vegfa ex-
hibited an unconventional correlation (Fig. 1 F). 

Since increased DNA methylation is observed in the bodies
of expressed genes [ 48 ], we investigated the genomic distri-
bution of positively correlated DMRs. We categorized them
toward this end into hypermethylated DMRs in EC 

inf and hy-
permethylated DMRs in EC 

yAdu . This analysis revealed that
hypermethylated DMRs in EC 

inf exhibited a strong over-
enrichment within gene bodies, while simultaneously show-
ing a strong under-enrichment in intergenic regions (Fig. 1 G).
Hypermethylated DMRs in EC 

yAdu showed the same trend
(Fig. 1 G). These findings highlight the preferential localiza-
tion of hypermethylated, positively correlated DMRs within
gene bodies, supporting the established association between
DNA methylation in gene bodies and active transcription. In
line with this observation, increased DNA methylation in the
angiogenic state was observed specifically downstream of the
TSS of conventional methylation-to-expression associations
(Fig. 1 H). 

To further assess the association of both negative and
positive methylation-correlated gene transcription upon state
transition, we performed GO analysis on the correlated genes,
which revealed enrichment in biological processes such as
development (vascular system development), cell migration,
growth response, and cell adhesion ( Supplementary Fig. S1 F),
indicating their potential role in angiogenesis. In summary,
the TSS-downstream longitudinal DMRs predominantly ex-
hibited a conventional correlation with the gene expression of
the identified genes, associated with longitudinal DMRs that
were involved mainly in vascular function. 

Context-dependent DNA methylation regulates 

chromatin accessibility in endothelial CREs during 

state transition 

To further analyze the impact of DNA methylation on the
chromatin landscape, we integrated chromatin accessibility
data generated by A T AC-seq. These data revealed that EC 

inf

showed higher accessibility at the TSS of genes with con-
ventional methylation-to-expression associations compared
to quiescent ECs (Fig. 2 A). Notably, within these accessi-
ble regions, we observed enrichment of DNMT3A- but not
DNMT3B-binding motifs [ 49 ] (Fig. 2 A), suggesting the in-
volvement of de novo methylation via DNMT3A during the
EC state transition. This may result in DNA hypermethylation
and subsequent gene suppression. 

To understand how DNA methylation is established in the
pulmonary endothelium, we analyzed the expression of DNA
methylation modifiers. Compared to quiescent EC 

yAdu , an-
giogenic EC 

inf showed a significantly higher expression of
Dnmt3a , which is involved in the establishment of DNA
methylation (Fig. 2 B). Furthermore, angiogenic EC 

inf showed
an upregulation of Ten-eleven translocation methylcytosine
dioxygenase 1 ( Tet1 ) (Fig. 2 B), which removes DNA methy-
lation. Notably, the co-expression of Dnmt3a and Tet1
was shown to mediate the DNA methylation turnover at
CGI shores [ 50 ]. The abundance of the de novo DNA methyl-
transferase DNMT3A was further confirmed by immunoflu-
orescence staining of lung tissue samples, which revealed the
nuclear localization of DNMT3A in lung sections obtained
from EC 

inf but not in those obtained from EC 

yAdu tissue (Fig.
2 C). Taken together, these data showed that DNA methyla-
tion in the angiogenic state is associated with chromatin ac-
cessibility in CREs, which in turn might contribute to changes 
in gene expression upon transition into quiescence. Further- 
more, these data suggest that DNMT3A functions in shaping 
the epigenetic landscape during EC state transition. 

DNMT3A fine-tunes gene expression via 

methylation at the periphery of the CGI 

Given that angiogenic EC 

inf highly expressed Dnmt3a (Fig.
2 B and C), we hypothesized that DNA methylation changes 
may instruct gene expression during the EC state transition 

in the lung. To further assess the relevance of DNMT3A- 
introduced DNA methylation, we profiled FACS-sorted pul- 
monary capillary ECs isolated from infant Dnmt3a KO (re- 
ferred to as KO) and Dnmt3a WT (referred to as WT) infants 
(Fig. 3 A). Compared to WT, KO ECs exhibited a global loss 
of DNA methylation ( Supplementary Fig. S2 A). Almost all 
DMRs were hypomethylated ( > 99.9%) in the KO endothe- 
lium ( Supplementary Fig. S2 B and Supplementary Table S4 ).
Hereafter, these DMRs were denoted as DNMT3A-dependent 
DMRs. 

We examined the distance of DMRs to the nearest TSS 
as well as their genomic location. Out of all DNMT3A- 
dependent DMRs, 83.74% (38,949 DMRs) were located dis- 
tal to their nearest TSS (TSS distance > 5 kb) (Fig. 3 B) 
and showed a strong enrichment for CGI shores (0.54 log 2 - 
fold change enrichment), genes (0.54 log 2 -fold change enrich- 
ment), and intron regions (0.56 log 2 -fold change enrichment) 
(Fig. 3 C). Local DMRs (TSS distance ≤ 5 kb) exhibited the 
strongest enrichment in CGI shores (4.15 log 2 -fold change en- 
richment) and promoters (3.76 log 2 -fold change enrichment) 
(Fig. 3 D). The enrichment of DNMT3A-dependent DMRs in 

promoters and CGI shores pointed toward their functional 
role in gene regulation. Accordingly, we hypothesized that 
the loss of Dnmt3a and therefore DNA methylation would 

lead to gene deregulation. Strikingly, compared with WT con- 
trols, KO ECs showed only 413 (adjusted P -value < 0.05) 
DEGs ( Supplementary Fig. S2 C and Supplementary Table S5 ),
and 62.5% (258 genes) of the DEGs were associated with 

DNA methylation loss (Fig. 3 E), among which were proan- 
giogenic genes such as Aplnr , Nrp1 , and Fli1 . GO analysis 
of these genes revealed enrichment in the biological func- 
tions of development, morphogenesis, and signal response 
(Fig. 3 F). 

To investigate the role of DNMT3A in angiogenesis, we 
evaluated the angiogenic potential of HUVECs using a gel- 
embedded sprouting assay (Fig. 3 G), a well-established in 

vitro surrogate of angiogenesis. Prior to conducting the 
sprouting assay, DNMT3A knockdown was induced us- 
ing shRNAs. Efficient knockdown was achieved with two 

independent shRNAs targeting DNMT3A ( shDNMT3A#1 

and shDNMT3A#2 ), reducing DNMT3A transcript levels to 

∼30% compared to a control shRNA ( nsh ) (Fig. 3 H). In 

spheroid assays, DNMT3A knockdown reduced the number 
of vascular sprouts in response to rhVEGF supplementation,
which was used to induce angiogenic sprouting (Fig. 3 I and J).
Notably, a significant reduction in average sprout length was 
observed only in response to rhVEGF in the shDNMT3A#2 

cell line (Fig. 3 K), likely due to the stronger knockdown ef- 
ficiency of this shRNA (Fig. 3 H). This observation was in 

line with our previous finding that loss of DNA methylation 

impairs the angiogenic capacity of ECs [ 23 ]. Taken together,
these data showed that DNMT3A-dependent DNA methyla- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
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Figure 2. Context-dependent impact of DNA methylation on chromatin accessibility. ( A ) Differential chromatin accessibility in the TSS of genes showing 
a methylation–transcription correlation in EC 

inf versus EC 

yAdu (panel 1) and in EC 

inf versus EC 

mAdu (panel 2). The enrichment plot displays the binding 
motiv es f or DNMT3A (panel 3) and DNMT3B (panel 4). n = 3 f or each age group. ( B ) qPCR of pulmonary ECs isolated from inf ant and y oung adult mice 
showing the expression of DNA modifiers. n = 6 per age group. The data are presented as the means ± SDs. P -values were determined by the 
Mann −Whitney test. *** P < 0.001, **** P < 0.0001. ( C ) R epresentativ e images of infant and young adult lung sections stained for CD31 (vascular 
surface), DNMT3A (DNA methyltransferase), and Hoechst (nucleus). Scale bar: 20 μm. 
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ion is found mainly in putative CREs and affects the expres-
ion of a subset of endothelial genes involved in development.

NMT3A maintains endothelial CRE composition 

s DNMT3A-dependent DMRs were significantly enriched
n putative CREs (Fig. 3 C and D), we further investigated
he impact of DNA methylation loss on regulatory elements
ia A T AC-seq of angiogenic Dnmt3a WT and KO ECs (Fig.
 A). Overall, the loss of Dnmt3a resulted in reduced chro-
atin accessibility, with the major loss observed in distal ac-

essible regions ( Supplementary Fig. S2 D and Supplementary 
able S6 ). In particular, we observed reduced enrichment of
hromatin accessibility in CGIs but not in promoter regions
 Supplementary Fig. S2 E), suggesting changes in CREs and
otential enhancers. 
Due to the inherent difficulties in correctly relating distal

REs to genes (enhancer elements can bypass their closest
ene promoter), we first analyzed local chromatin accessibil-
ty changes and their effects on gene expression. We identified
12,474 open chromatin regions at a gene TSS that were shared
between Dnmt3a WT and KO ECs ( Supplementary Fig. S2 F).
As expected, the associated genes were not differentially ex-
pressed ( Supplementary Fig. S2 F). Analysis of accessible re-
gions that were unique to each genotype resulted in 454
unique accessible TSS in Dnmt3a WT ECs ( Supplementary 
Fig. S2 G) and 44 unique accessible TSS in Dnmt3a KO ECs
( Supplementary Fig. S2 H). For both scenarios, no signifi-
cant changes in gene expression were observed. Addition-
ally, GO term analysis revealed similar enrichment of biolog-
ical processes for both shared and unique accessible regions
( Supplementary Fig. S2 I). These data indicate that the loss of
DNA methylation in the Dnmt3a KO endothelium resulted
in reduced chromatin accessibility of primarily distal CREs.
Furthermore, the rare changes in the accessibility of promoter
regions close to a gene TSS did not result in gene expression
changes. 

To further determine whether the distal regions affected
by the loss of DNA methylation are endothelial enhancers,

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
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Figure 3. Loss of DNMT3A-dependent DNA methylation results in mild gene deregulation. ( A ) Schematic overview showing the sample collection of 
pulmonary ECs isolated from Dnmt3a WT and Dnmt3a KO infant mice. FACS-sorted pulmonary ECs were further used for methylome, transcriptome, 
chromatin accessibility, and histone landscape analysis. The scheme was created in BioRender. Augustin, H. (2025) https:// BioRender.com/ k83b042 . ( B ) 
Pie diagram displaying the relative number of DMRs upon the loss of Dnmt3a located distal (distance > 5 kb) or local (distance ≤ 5 kb) to the nearest 
TSS. ( C ) Genomic enrichment of distal DNMT3A-dependent DMRs. ( D ) Genomic enrichment of local DNMT3A-dependent DMRs. ( E ) Heatmap showing 
DNMT3A-dependent DMRs (left) and 258 associated genes (middle) that were differentially expressed (adjusted P -value < 0.05) in Dnmt3a KO ECs 
compared to WT ECs. The distance of the DMRs to the gene TSS is shown on the right as log 10 () in bp. For both, methylome and transcriptome 
analyses, three biological replicates were used for each genotype. ( F ) Gene ontology analysis based on the biological functions of 258 differentially 
expressed genes (DEGs) that were associated with DNMT3A-dependent DNA methylation changes. A heatmap (left) displa y s the clustering of GO 

terms based on similarity (range: 0–0.8). The letter size represents the significance of the GO term (right). ( G ) Schematic representation of the sprouting 
assay. Control and shDNMT3A cell lines were analyzed under baseline conditions and angiogenic stimulation with recombinant human VEGF (rhVEGF) 
supplementation. The scheme was created in BioRender. Augustin, H. (2025) https:// BioRender.com/ k83b042 . ( H ) Quantification of DNMT3A 

knockdown efficacy in HUVECs following lentiviral transduction with shDNMT3A (sh#1, sh#2) or control shRNA ( nsh ). Data represent n = 3 biological 
replicates per cell line and are presented as mean ± SD. Statistical significance was assessed using an unpaired t -test. ** P < 0.01. ( I ) Representative 
images of spheroids formed by HUVECs transduced with control shRNA or shDNMT3A . The spheroid assay was conducted under baseline conditions 
or upon angiogenic induction with rhVEGF. ( J ) Quantification of the number of sprouts in spheroids formed by HUVECs transduced with control shRNA 

or shDNMT3A constructs. Data represent n = 3 biological replicates per cell line and are presented as the mean ± SD. Statistical significance was 
determined using an unpaired t -test. * P < 0.05. ( J ) Quantification of the a v erage sprout length, expressed as fold change, in HUVECs transduced with 
control shRNA or shDNMT3A constructs. Data represent n = 3 biological replicates per cell line and are presented as the mean ± SD. Statistical 
significance was determined using an unpaired t -test. * P < 0.05. 

https://BioRender.com/k83b042
https://BioRender.com/k83b042
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e performed extensive characterization of the histone land-
cape using ACT-seq ( Supplementary Fig. S3 A). We mapped
he genome-wide distribution of histone tail modifications,
uch as H3K4me1, H3K4me3, H3K27ac, and H3K27me3.
otably, the combinatorial intersection of histone marks
as used to molecularly characterize promoters (H3K4me3,
3K27ac) and enhancers (H3K4me1, H3K27ac) and deter-
ine their potential in gene regulation ( Supplementary Fig.

3 B). This integration strategy enabled the identification of ac-
ive, bivalent, and poised enhancers, as well as active, bivalent,
nd silent promoters, and repressed regions ( Supplementary 
ig. S3 B). 
In accordance with the expected genomic localization

atterns, promoters were localized near the TSS, whereas
nhancers were found at greater distances from the TSS
 Supplementary Fig. S3 C and D). Furthermore, the detected
eaks for the sampled histone marks were enriched for re-
ions with gene regulatory functions ( Supplementary Fig.
3 E). To explore how DNA methylation could affect ac-
ive promoters and enhancers in angiogenic ECs, we inte-
rated the corresponding DNA methylation data. In general,
romoters were found at DNA methylation-free CGIs and
ith accessible chromatin in both WT and Dnmt3a KO ECs

 Supplementary Fig. S4 A and B). KO ECs showed a broader
nmethylated region in the periphery of the identified pro-
oters ( Supplementary Fig. S4 B). The associated gene ex-
ression in both WT and KO ECs was not changed. To sys-
ematically assess the effect of enhancer changes in Dnmt3a
O ECs on gene expression, active enhancer regions iden-

ified in WT and KO ECs were centered around a TSS, re-
ulting in 1,187 active enhancer regions for Dnmt3a WT
nd 444 active enhancer regions for KO ECs (panel 1 in
upplementary Fig. S5 A and B). The reduction of active en-
ancers to only the ones that are centered around a TSS al-
owed us to associate these enhancers with gene expression
ata. The identified enhancers (centered around a TSS for gene
xpression association) exhibited less prominent colocaliza-
ion with CGIs in Dnmt3a KO ECs, but showed as promot-
rs accessible chromatin and DNA hypomethylation in their
ore regions ( Supplementary Fig. S5 A and B). Upon Dnmt3a
oss, we observed an expansion of the unmethylated enhancer
eriphery in line with the detected enrichment of DMRs
n CGI shores (Fig. 3 C and D), suggesting that DNMT3A-
ependent DNA methylation is more relevant at the flanking
egions of these elements rather than their central functional
ites. 

Furthermore, our analysis revealed substantial changes
n regulatory element distribution upon Dnmt3a loss
Fig. 4 A, summarized in Supplementary Table S7 ). A de-
ailed breakdown of WT-specific CREs is provided in
upplementary Table S8 , and KO-specific CREs are listed in
upplementary Table S9 . Specifically, the number of active
romoters increased from 7,482 in WT ECs to 10,954 in KO
Cs, suggesting a gain in promoter activity. This change has
reviously been observed in mouse embryonic stem cells lack-

ng Dnmt3a , where the loss of DNA methylation led to in-
reased H3K4me3 deposition [ 51 ]. Similar findings have been
eported upon Dnmt1 deletion, further supporting the role of
NA methylation being indirectly involved in histone mark
eposition [ 20 ]. Similarly, bivalent promoters increased from
,044 to 8,299, indicating that Dnmt3a loss may promote the
stablishment of bivalent chromatin states at previously inac-

ive loci. 

 

Conversely, we observed a notable reduction in active en-
hancers, decreasing from 79,083 in WT ECs to 41,699 in
KO ECs. This striking loss of active enhancers highlighted
DNMT3A’s role in maintaining enhancer activity and sug-
gested that DNA methylation may be critical for enhancer
stability . Additionally , bivalent enhancers were reduced by
> 50% (from 2,286 in WT to 1,087 in KO ECs), further em-
phasizing a shift in the enhancer landscape. 

The number of poised enhancers remained largely un-
changed (899 in WT versus 882 in KO ECs), indicating that
these elements were relatively unaffected by DNMT3A deple-
tion. In contrast, silent promoters increased from 1,648 in WT
ECs to 2,106 in KO ECs. Finally, the number of repressed
regions nearly doubled, rising from 9,433 in WT ECs to
18,167 in KO ECs, indicating a widespread shift toward a re-
pressive chromatin state. This increase in repressive elements,
combined with the loss of active enhancers, suggested that
DNMT3A-dependent DNA methylation plays a crucial role
in maintaining an open chromatin environment at regulatory
regions. Overall, these findings demonstrate that DNMT3A
loss leads to widespread enhancer depletion and an increase
in repressive chromatin states, with potential consequences for
gene regulation in ECs. 

Chromatin state reprogramming in 

Dnmt3a -deficient ECs 

To investigate the chromatin state transitions following
Dnmt3a loss, we quantified the redistribution of CREs. The
total genomic coverage (in bp) of each CRE category was to-
ward this end quantified in Dnmt3a WT ECs and tracked to
their corresponding states in KO ECs. If a region was an-
notated to one of the previously identified CRE categories
( Supplementary Fig. S3 B) in one genotype but lacked an an-
notation in the other, it was classified as “others” (displayed
in gray in the circos plots). This analysis allowed us to de-
termine how individual regulatory elements changed classifi-
cation upon Dnmt3a loss, which CREs retained their iden-
tity versus those that transitioned into new regulatory states,
and the proportion of regions that lost clear CRE classifi-
cation (“others”). Subsequent findings revealed widespread
chromatin remodeling ( Supplementary Table S10 ) with no-
table shifts from active enhancers in WT ECs to non-assigned
chromatin states (referred to as “others”) in Dnmt3a KO ECs
(Fig. 4 B and C). 

In detail, active enhancers in both WT and KO ECs ex-
hibited the largest genomic coverage (23,267,740 bp in WT
ECs (Fig. 4 C) and 18,026,290 bp in KO ECs), but follow-
ing Dnmt3a loss, a substantial fraction transitioned into dif-
ferent regulatory states. In total, 37.63% (8,755,899 bp) of
active enhancers identified in WT ECs retained their active
enhancer identity in KO ECs. A minor fraction transitioned
into bivalent enhancers (1.09% corresponding to 253,737
bp), poised enhancers (0.38% corresponding to 89,126 bp),
repressed regions (0.30% corresponding to 70,492 bp),
and silent promoters (0.04% corresponding to 10,155 bp).
Notably, 12,949,262 bp (55.65%) of formerly active en-
hancers were reassigned as “others”, suggesting a substan-
tial loss of enhancer identity upon Dnmt3a KO (Fig. 4 C
and Supplementary Table S10 ). 

Active promoters in WT ECs (4,709,225 bp total genomic
coverage) were largely preserved in KO ECs (59.46% corre-
sponding to 2,800,263 bp), whereas 799,567 bp (16.98%)

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
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Figure 4. The absence of DNMT3A-dependent DNA methylation results in enhancer loss. ( A ) Bar plot showing the number of identified regulatory 
elements and silent chromatin in Dnmt3a WT and KO pulmonary ECs. ( B ) Circos plot showing the transition of all regulatory regions identified in Dnmt3a 
WT pulmonary ECs compared with Dnmt3a KO ECs. Regions are depicted in bp. ( C ) Focused circos plot of identified active enhancers in Dnmt3a WT 
pulmonary ECs (23,267,740 bp) and their change into other CRE categories in Dnmt3a KO ECs. This plot only focuses on active enhancers in WT ECs 
and does not include newly established active enhancers in KO ECs, which were gained due to conversions from non-assigned regions, among others, 
in WT ECs. Regions are depicted in bp. ( D ) Gene ontology analysis based on lost active enhancer regions in Dnmt3a WT compared to Dnmt3a KO ECs. 
GO terms were based on similarity, ranging from 0 to 0.8 (panel 3). The letter size represents the significance of the GO term (right). ( E ) Gene ontology 
analysis based on consistent active enhancer regions identified in both Dnmt3a WT and Dnmt3a KO ECs. GO terms were based on similarity, ranging 
from 0 to 0.8 (panel 3). The letter size represents the significance of the GO term (right). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

transitioned into bivalent promoters, and 1,016,014 bp
(21.57%) lost a defined CRE classification. Only minor frac-
tions of WT active promoters transitioned into active en-
hancers (1.66% corresponding to 78,092 bp), poised en-
hancers (0.07% corresponding to 3,079 bp), and repressed
states (0.14% corresponding to 6,805 bp). Overall, the ge-
nomic coverage of active promoters in KO ECs increased
to 6,301,991 bp, due to the conversion of previously un-
defined chromatin (“others”) (1,965,546 bp), active en-
hancers (863,324 bp), and bivalent promoters (564,516 bp)
from WT ECs into active promoters in KO ECs (Fig. 4 B
and Supplementary Table S10 ). 

Bivalent and silent promoter regions remained mostly sta-
ble in KO compared to WT ECs (Fig. 4 B and Supplementary 
Table S10 ). From the bivalent promoters in WT (5,438,062 bp
total genomic coverage), 78.54% (4,271,290 bp) were pre-
served in KO ECs, 10.38% (564,516 bp) transitioned from
a bivalent promoter state in WT to an active promoter state
in K O , and 8.87% (482,459 bp) lost a defined CRE classi-
fication in KO ECs. Due to the conversion from active pro-
moters (799,567 bp), active enhancers (275,745 bp), bivalent
enhancers (584,505 bp), and previously non-assigned CREs 
(1,648,272 bp) in WT ECs, the genomic coverage in KO ECs 
for bivalent promoters increased to 7,991,447 bp compared 

to 5,438,062 bp identified in WT ECs. 
Similarly, silent promoters in WT (1,506,906 bp to- 

tal genome coverage) were primarily retained in KO ECs 
(75.77% corresponding to 1,141,742 bp). Overall, 9.54% 

(143,830 bp) transitioned from a silent promoter state to a 
bivalent promoter state in KO ECs, and 11.49% (173,204 

bp) were assigned as “others”. The total genome coverage 
of silent promoters increased in KO compared to WT ECs 
largely due to the conversion from poised enhancers (102,404 

bp), repressed regions (187,798 bp), and non-assigned regions 
(1,556,750 bp) in WT ECs to silent promoters in KO ECs (Fig.
4 B and Supplementary Table S10 ). 

A substantial proportion of CREs lost their classifica- 
tion upon Dnmt3a loss, as reflected in the “others” cate- 
gory in KO ECs. This effect was most pronounced for ac- 
tive enhancers (12,949,262 bp reassigned), bivalent enhancers 
(17.17% corresponding to 265,984 bp out of 1,548,815 bp 

total genome coverage of bivalent enhancers in WT ECs),

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
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nd repressed regions (35.34% corresponding to 1,465,917
p out of 4,148,531 bp total genome coverage of repressed
egions in WT ECs). However, out of the repressed regions,
5.56% (2,304,921 bp) remained repressed upon Dnmt3a
O (Fig. 4 B and Supplementary Table S10 ). Taken together,

he loss of Dnmt3a led to a reduction in active enhancers due
o the transition into non-assigned chromatin states. Addition-
lly, Dnmt3a deletion resulted in a gain of active promoters,
argely through the conversion of undefined chromatin (“oth-
rs”) into functional CREs. 

nhancer loss in Dnmt3a KO ECs is not associated 

ith specific biological functions 

ext, we determined whether the loss of active enhancers
n Dnmt3a KO ECs affected specific GO terms related to
iological processes and explored the downstream conse-
uences on gene expression. Region-based GO term analysis
or lost enhancers in the Dnmt3a KO was enriched for bio-
ogical processes related to signaling response, metabolic pro-
esses, differentiation, and cellular transport (Fig. 4 D). Sta-
le enhancers present in both the WT and Dnmt3a KO ECs
ere similarly enriched for differentiation, signaling response,
etabolic processes, and cellular transport (Fig. 4 E). The sim-

larity in GO term enrichment between lost and stable ac-
ive enhancers suggested a potential compensatory mechanism
n which remaining enhancers may regulate genes previously
ontrolled by lost enhancers. 

To further explore the potential impact of DNA methy-
ation changes on chromatin organization, we examined
hether the identified DMRs upon Dnmt3a loss overlapped
ith known TF binding motifs. Specifically, motif analy-

is of distal hypomethylated DMRs upon Dnmt3a loss re-
ealed a significant enrichment for TF binding sites associ-
ted with Fox family members (FO XO1, FO XO3, FO XA2,
O XA3, FO XF1, FO XH1, FO XP1), GA T A factors (GA T A1,
A T A2, GA T A3, GA T A4, GA T A6), homeobox TFs (HOXA1,
O XA2, HO XB4, DLX3, DLX5), and additional regulators

 Supplementary Fig. S6 ). Moreover, we observed motif en-
ichment in both distal and local DMRs for COUP-TFII,
AR2, FOXA1, Smad2, Smad4, and Zfp281, among others
 Supplementary Fig. S6 ). However, no enrichment was ob-
erved for CTCF (CCCTC-binding factor), YY1, or ZNF143,
hich are well known for their roles as architectural proteins

nd in mediating chromatin looping [ 52 , 53 ]. This might sug-
est that DNA methylation loss in the endothelium affects
ore local chromatin remodeling processes rather than global

hromatin architecture [ 54–56 ]. 

iscussion 

he impact of DNA methylation on gene expression has
een a subject of active research for several years. Here, we
onducted an analysis of the pulmonary endothelial methy-
ome over a longitudinal developmental timeline in mice. Our
nalyses revealed two key findings: first, significant changes
n the methylome occur during the transition from an an-
iogenic to a quiescent state, and second, the stability of
NA methylation marks after the establishment of the qui-

scent state during aging. During this transition, we iden-
ified a subset of genes with correlated DNA methylation
nd gene expression, the majority of which were more highly
methylated in the angiogenic state. Further research revealed
DNMT3A as a DNA methyltransferase responsible for estab-
lishing DNA methylation in angiogenic ECs. The paradox of
hypermethylation in actively transcribed genes and their in-
creased expression is likely explained by the recognition of
H3K36me3 by DNMTs [ 48 , 57 , 58 ]. Minor DNA methy-
lation changes in EC 

mAdu compared to EC 

aged may be at-
tributed to vascular reactivation caused by inflammation [ 59 ].
The resulting increase in gene expression, compared to ECs
in a quiescent state, might impact the DNA methylation lev-
els of these genes. However, this observation was not further
investigated. 

DNA hypomethylation upon loss of Dnmt3a changed the
epigenetic landscape, leading to the loss of (i) chromatin ac-
cessibility and (ii) active enhancers in KO ECs. Counterin-
tuitively, these epigenetic changes did not result in extensive
gene deregulation, in line with the published literature [ 23 ,
60 , 61 ]. This paradoxical observation may be explained by
the complex interplay between multiple enhancer elements
and their associated promoters, potentially compensating for
each other’s loss and maintaining consistent gene expression
[ 62 , 63 ]. Additionally, it is possible that many of the lost en-
hancers were originally linked to genes that are weakly ex-
pressed or transcriptionally silent in this context. However,
without direct enhancer–promoter connectivity data, we can-
not definitively determine whether the affected enhancers were
functionally active or just poised for activation [ 64 , 65 ]. This
highlights the need for future studies incorporating chromatin
conformation and enhancer perturbation approaches to dis-
sect the functional consequences of enhancer loss. Despite this
limitation, our findings underscore the complexity of enhancer
regulation and suggest that enhancer loss alone is not neces-
sarily sufficient to drive widespread gene expression changes.
This raises the question of whether DNA methylation itself
plays a role in stabilizing enhancer activity beyond its di-
rect impact on transcriptional regulation. Recent research sug-
gests that DNA methylation may stabilize the chromatin land-
scape at enhancer regions, preventing a shift toward a repres-
sive state. In mouse embryonic stem cells, DNA hypomethy-
lation was shown to cause loss of H3K27ac and gain of the
repressive mark H3K27me3 at enhancers [ 66 ]. Additionally,
bivalent enhancers with both H3K27ac and DNA methyla-
tion were shown to lose their activating histone mark when
DNA methylation was removed [ 67 ], indicating that methy-
lation plays a stabilizing role at these critical regulatory sites.
However, our observed increase in repressive elements upon
Dnmt3a loss appears counterintuitive to parts of the pub-
lished literature, where the loss of Dnmt3a and DNA hy-
pomethylation have been associated with reduced distribution
of H3K27me3 [ 51 , 68 ]. 

DNA methylation, especially at regulatory elements, has
been generally considered to prohibit TF binding, leading to
transcriptional downregulation. However, the loss of DNA
methylation upon Dnmt3a deletion in ECs did not cause
widespread gene deregulation but instead resulted in altered
chromatin accessibility and enhancer remodeling. These find-
ings suggest that the classical concept of DNA methylation as
a mainly repressive mark may not fully apply to the endothe-
lial epigenome. This raises an intriguing question: How does
DNA methylation shape enhancer function and TF binding
in the endothelium? In addition to its repressive role, DNA
methylation may also positively influence transcription by re-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf435#supplementary-data
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cruiting methylation-sensitive TFs. Intriguingly, gene ontology
analysis of TFs that prefer methylated CpG sites within their
motifs revealed associations with angiogenesis [ 15 ]. This find-
ing aligns with the observed reduction in EC proliferation fol-
lowing the loss of DNA methylation [ 23 ], supporting the idea
that methylation could be crucial for maintaining the prolif-
erative potential of angiogenic ECs. In relation to our pre-
sented findings, we suggest that the role of DNA methyla-
tion in endothelial transcriptional control is more complex.
Rather than acting as a primary determinant of transcrip-
tion, it may serve as a fine-tuning mechanism, modulating TF
binding affinity and enhancer responsiveness under specific
conditions. 

For example, the important endothelial TF KLF4 has been
shown to preferentially bind to methylated CpG sites in regu-
latory elements, leading to chromatin remodeling and gene ac-
tivation. In fact, the binding of KLF4 to methylated enhancers
has been linked to phenotypically increased cell migration in
glioblastoma cells, due to the direct activation of 116 genes
[ 69 ]. This suggests that DNA methylation-mediated TF re-
cruitment can, in certain contexts, drive gene activation rather
than repression. However, in ECs, where Dnmt3a loss did not
lead to widespread transcriptional changes, it is likely that
KLF4 binding alone is not sufficient to induce gene activation.
Instead, methylation-dependent TF binding may act as a prim-
ing mechanism, facilitating chromatin accessibility and en-
hancer activation in response to additional regulatory inputs
[ 70 ]. These findings suggest a context-dependent role for DNA
methylation in transcriptional regulation. While methylation-
sensitive TFs such as KLF4 may promote transcription in some
cell types, in ECs, DNA methylation may primarily function
to stabilize enhancer states, ensuring regulatory element readi-
ness rather than directly inducing gene expression. This aligns
with our observation that enhancer loss in Dnmt3a KO ECs
did not lead to transcriptional deregulation, likely due to en-
hancer redundancy and compensatory mechanisms that pre-
serve gene expression stability. 

Taken together, the findings of this study suggest that DNA
methylation in ECs is not a primary determinant of gene ex-
pression but rather contributes to the fine-tuning of endothe-
lial transcriptional programs. This model provides a more nu-
anced understanding of DNA methylation as a dynamic regu-
latory mark that modulates, rather than dictates, endothelial
gene expression. 
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