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Atlas of cardiac endothelial cell enhancer elements
linking the mineralocorticoid receptor to pathological

gene expression
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Endothelial cells play crucial roles in physiology and are increasingly recognized as therapeutic targets in cardio-
vascular disease. Here, we analyzed the regulatory landscape of cardiac endothelial cells by assessing chromatin
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accessibility, histone modifications, and 3D chromatin organization and confirmed the functional relevance of
enhancer-promoter interactions by CRISPRi-mediated enhancer silencing. We used this dataset to explore mecha-
nisms of transcriptional regulation in cardiovascular disease and compared six different experimental models of
heart failure, hypertension, or diabetes. Enhancers that regulate gene expression in diseased endothelial cells
were enriched with binding sites for a distinct set of transcription factors, including the mineralocorticoid recep-
tor (MR), a known drug target in heart failure and hypertension. For proof of concept, we applied endothelial
cell-specific MR deletion in mice to confirm MR-dependent gene expression and predicted direct MR target genes.
Overall, we have compiled here a comprehensive atlas of cardiac endothelial cell enhancer elements that provides
insight into the role of transcription factors in cardiovascular disease.

INTRODUCTION

While for a long time cardiomyocytes have been in focus of cardiac
research, non-myocytes of the heart have received increased attention
in recent years. Endothelial cells are among the most abundant cell
types of the heart (I, 2), with the greatest proportion of them being
capillary endothelial cells (3, 4). The enormous energy demand of the
heart goes along with a high blood vessel density of approximately
one capillary per each cardiomyocyte to ensure supply with nutrients
and oxygen (5). This specialized function of cardiac endothelial cells
compared to other organs or vascular beds (6, 7) is also reflected by
marked differences in their respective transcriptomes (3, 8). In addi-
tion to their classical role in energy supply, endothelial cells are today
considered to actively regulate cardiac tissue homeostasis. As they
form the inner layer of the vasculature, endothelial cells act as sensors
for circulating factors, hemodynamic changes, and other environ-
mental stimuli (9, 10). The endothelial cell barrier regulates influx of
circulating cells such as monocytes into the tissue. In addition, endo-
thelial cells form the extracellular matrix and via secreted factors such
as nitric oxide interact with other cell types, directly modulating their
function in health and disease (9). This makes endothelial cells an in-
teresting therapeutic target in cardiovascular disease.

Promoters and enhancers are key regulatory elements that govern
gene expression. Promoters are characterized by histone H3 lysin 4
trimethylation (H3K4me3) and are typically located in close proxim-
ity to the transcription start site of a gene. Enhancers, on the other
hand, are typically characterized by H3K4mel and can be located at
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variable distances from the gene they regulate. The three-dimensional
(3D) structure of the chromatin allows enhancers to interact with
promoter regions, which may be located megabases away from them
(11), and one gene is often contacted by multiple regulatory regions
(12). The interplay between enhancers and promoters is crucial for
the fine-tuned regulation of gene expression in response to various
cellular and environmental cues. A DNA methylation-guided anno-
tation of regulatory elements predicted that approximately 40% of
them are specific for one of the major cardiac cell types within the
heart (13). Active regulatory elements can be identified by the histone
mark H3K27ac (14, 15). Regulatory regions typically contain multiple
binding sites for transcription factors that can cooperatively bind to
the chromatin (12, 14). While lineage-determining transcription fac-
tors have the ability to facilitate the transition from closed to open
chromatin, binding of the majority of signal-dependent transcription
factors to regulatory elements requires accessible chromatin (14, 16).
Similar to other cell types, endothelial cells contain a distinct reper-
toire of transcription factors (8, 17) that shape cell type-specific
gene expression in conjunction with the regulatory landscape and
enhancer-promoter interactions.

In this study, we analyzed the regulatory landscape of mouse
ventricular cardiac endothelial cells by assessing chromatin acces-
sibility, histone modifications, and 3D chromatin organization to
link enhancer elements to gene expression. The functional rele-
vance of enhancer-promoter interactions was confirmed exemplar-
ily by CRISPRi-mediated enhancer silencing. We used the resulting
database to explore mechanisms of transcriptional regulation in
cardiovascular disease, comparing six different experimental mod-
els, including heart failure, hypertension, and diabetes. Enhancer
elements that regulate gene expression in diseased endothelial cells
were enriched with a distinct set of transcription factor binding
sites, including binding sites of the mineralocorticoid receptor
(MR), a known drug target in heart failure and hypertension (18).
As a proof-of-concept experiment, we used a mouse model of cell-
specific MR deletion to confirm MR-dependent gene expression
and predict direct MR target genes in endothelial cells.
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RESULTS

Isolation of cardiac endothelial cells

To analyze their regulatory landscape, endothelial cells were isolated
from ventricular heart tissue either by fluorescence-activated cell
sorting (FACS) or magnetic cell separation (Fig. 1A). Purity of the
isolated endothelial cell population was ascertained (Fig. 1B) and
validated by comparing mRNA expression levels of cell type-specific
marker genes to heart tissue (13) (Fig. 1C). Endothelial marker genes
(Kdr, Cdh5, and Pecaml) were found enriched in the isolated endo-
thelial cell population, whereas marker gene expression indicated that
other cardiac cell types (1) such as cardiomyocytes (Myh6, Pln, At-
p2a2, Tnni3, and Ryr2), fibroblasts (Collal, Lamcl, Pdgfra, Pdgfrl,
Tbx20, Meox1, and Lambl), macrophages (Lyz2, Emrl, Mgl2, and
Mrcl), or vascular smooth muscle cells (Acta2, Myh11, Mustnl, Mylk,
and Tagln) were depleted (Fig. 1C). Expression of marker genes for
arterial capillary, venous capillary, large venous, or lymphatic endo-
thelial cell subtypes (4) indicated an enrichment of the capillary arte-
rial endothelial cell subtype (fig. S1).

The cardiac endothelial cell epigenome

To characterize the epigenome of cardiac endothelial cells, we mapped
six different histone modifications (H3K4me3, H3K4mel, H3K27ac,
H3K36me3, H3K9me3, and H3K27me3) and profiled chromatin ac-
cessibility using assay for transposase-accessible chromatin with se-
quencing (ATAC-seq) (Fig. 2A), generating more than 900 millions
reads in total (table S1). Pecam1I, a prototypical endothelial cell gene,
shows high expression and an enrichment of the histone modification
H3K4me3 at the promoter region (Fig. 2A). As expected, the active
mark H3K27ac was enriched at the promoter and active enhancer re-
gions. Furthermore, we observed strong enrichment of H3K36me3
within the gene bodies of actively transcribed genes. In contrast, no
relevant mRNA expression, chromatin accessibility, or enrichment
of H3K36me3 was detectable at typical cardiomyocyte gene bodies
(fig. S2).

On the basis of the combinatorial pattern of generated chromatic
sequencing (ChIP-seq) data, we were able to annotate 12 distinct
chromatin states (fig. S3) (19, 20). In general, four functional classes
could be detected: promoter states, enhancer states, transcribed states,
and heterochromatin (fig. S3A). ATAC-seq data analysis revealed
114,741 regions of open chromatin, with the majority of them local-
ized in active regulatory elements annotated as promoters (32%, iden-
tified by H3K4me3 and H3K27ac) or enhancers (28%, identified by
H3K4mel and H3K27ac) (fig. S3B). Thirty-four percent of all detect-
ed accessible regions were localized in heterochromatin states, reflect-
ing the fact that accessible chromatin could also correspond to
insulator proteins or inactive regulatory elements of silenced genes
(15, 21).

We next asked which transcription factors could regulate endothe-
lial cell gene expression by binding to accessible enhancer or promot-
er regions (Fig. 2, B and C). Within the 31,313 sites of open chromatin
located at distal enhancer regions, we observed a strong enrichment
of binding motifs for several transcription factors that have previously
been associated with endothelial cell fate and cell type function such
as the ETS (E26 transformation-specific) transcription factor family
and the SOX (Sry-related high mobility group box) transcription fac-
tor family (17). In addition, we found binding motifs for the AP-1
complex or nuclear factor kB among the most enriched transcription
factor binding motifs (Fig. 2, D and E). Within the 53,604 open chro-
matin sites located at promoter regions, we found an enrichment of
Krueppel-like factor family and interferon regulatory factor family
motifs (Fig. 2, D and E). Among the top-enriched motifs, only the
ETS binding motif was found in both promoter and enhancer regions
(Fig. 2D).

Enhancer-promoter interactions in endothelial cells

Binding of transcription factors to cis-regulatory elements such as en-
hancers modulates the expression of their target genes, which are not
necessarily located in immediate linear proximity (22). To uncover
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Fig. 1. Isolation of cardiac endothelial cells. (A) Endothelial cells were isolated from heart tissue for subsequent transcriptomic and epigenomic analyses via FACS using
fluorescein-labeled lectin or via magnetic-assisted cell sorting (MACS) using anti-CD31 magnetic microbeads. (B) Cardiac endothelial cells were separated from other
cardiac cell types by DRAQ5 positivity, forward light scatter, and fluorescein intensity. (C) Heatmap showing normalized gene expression of cell type-specific marker
genes in heart tissue (13) and isolated cardiac endothelial cells as assessed by RNA sequencing (RNA-seq). FSC, forward scatter; FPKM, fragments per kilobase of transcript
per million fragments mapped reads; ATAC-seq, assay for transposase-accessible chromatin with sequencing; ChIP-seq, chromatic sequencing; EC, endothelial cell; FACS,

fluorescence-activated cell sorting.
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Fig. 2. Gene expression and the epigenetic landscape in cardiac endothelial cells. (A) Representative traces showing mRNA expression, accessible chromatin
(ATAC) and histone marks in cardiac endothelial cells at the platelet endothelial cell adhesion molecule 1 (Pecam1) locus. (B) Active enhancer or (C) promoter regions
were characterized by chromatin accessibility (ATAC), H3K27ac positivity, and H3K4me1 or H3K4me3 positivity, respectively. (D) Enrichment of transcription factor
binding motifs in enhancer and promoter regions was analyzed using HOMER tools and correlated with the expression of the corresponding transcription factor gene.
(E) Detailed representation. Further information on chromatin state analysis is provided in fig. S3. RPKM, reads per kilobase per million mapped reads; TF, transcription

factor.
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enhancer-promoter interactions in cardiac endothelial cells, we stud-
ied the chromatin organization using in situ Hi-C. In total, we gener-
ated 380 million intrachromosomal Hi-C contacts from more than
1.2 billion paired-end sequencing reads from three biological repli-
cates (table S1). A representative heatmap of the resulting interaction
data is shown for the Fabp4 (fatty acid binding protein 4) locus
(Fig. 3A). To integrate chromatin interaction data for enhancer and
promoter regions with their activity, we used the activity-by-contact
(ABC) model (23) and predicted in total 75,958 enhancer-promoter
interactions. To confirm the validity of this analysis, we representa-
tively generated a virtual 4C viewpoint analysis for the Fabp4 promoter
(Fig. 3A). This analysis revealed a highly concordant enhancer-
promoter interaction. To further test the impact of enhancer activity,
we ranked enhancers or genes according to the strength of their
H3K27ac signal or expression level, respectively. As anticipated, genes
linked to enhancers with high H3K27ac signals, showed high gene
expression (Fig. 3B). Vice versa, enhancers linked to highly expressed
genes, showed strong H3K27ac signals (Fig. 3C). These findings con-
firmed a correlation between H3K27ac enrichment at enhancer sites
with gene activity in cardiac endothelial cells.

Organ specific regulation of gene expression in

endothelial cells

Endothelial cells from the heart show distinct gene expression profiles
when compared to other organs (3, 8). In a previous study, we had
identified a set of 143 genes that are specifically expressed in endothe-
lial cells from heart but not from brain, lung, or kidney (8). These
genes show high expression compared to other genes expressed in
cardiac endothelial cells [106 + 29 versus 20.0 + 0.7 fragments per
kilobase of transcript per million fragments mapped reads (FPKM)]
and could be connected to 834 active enhancer elements (Fig. 3D). A
search for transcription factor binding motifs within the associated
enhancer regions revealed a strong enrichment of binding sequences
of FOX transcription factor family members such as FOXO1, FOXL2,
FOXK1, and FOXO3 (Fig. 3D). In total, 470 enhancer elements con-
tained a FOXO1 binding motif, including enhancer regions connect-
ed to the Cd36 (cluster of differentiation 36) or Fabp4 promoter
regions, two genes, that are involved in cardiac fatty acid uptake and
metabolism and highly expressed in cardiac endothelial cells com-
pared to other organs (8, 24, 25). To validate the functional relevance
of enhancer-promoter interactions, we performed CRISPRi-mediated
silencing of an enhancer that is linked to the Fabp4 promoter and con-
served in mouse and human (Fig. 3E). Enhancer silencing reduced
FABP4 mRNA expression by 82.7 + 1.2% compared to nontargeting
single guide RNA (sgRNA) (CTRL). Silencing of the FABP4 gene
promoter served as positive control (—97.8 + 0.4% versus CTRL)
(Fig. 3F).

Endothelial cell gene expression in disease

To assess the impact of cardiovascular risk factors or diseases on en-
dothelial cell gene expression, we applied six different animal models,
isolated cardiac endothelial cells, and analyzed their transcriptomes
(Fig. 4A). The highest number of differentially expressed genes
(DEGs; g < 0.05) was observed after transverse aortic constriction
(TAG; 2266 DEGs), followed by infusion of isoprenaline and phenyl-
ephrine (IsoPE; 1437 DEGs), infusion of endothelin 1 (ET1; 949
DEGs), infusion of aldosterone (ALDO; 863 DEGs), streptozotocin-
induced hyperglycemia (STZ; 238 DEGs), and angiotensin II (Ang IT)
infusion (202 DEGs) (Fig. 4B). Of 3347 genes that were differentially
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expressed in at least one condition, 1119 genes were not significantly
changed in any other condition (Fig. 4C). The heterogeneity in the
transcriptional response to different stimuli was also reflected by a
principal component analysis that revealed four distinct clusters: clus-
ter 1 including CTRL and STZ samples, cluster 2 including ALDO
and Ang I, cluster 3 including IsoPE and ET1, and cluster 4 including
only TAC (Fig. 4D). We provide an overview of DEGs per condition,
related biological processes from Gene Ontology, and transcription
factor binding motifs in linked enhancer regions for each experimen-
tal model (fig. S4, table S2, and data S1).

A proportion of 269 genes showed overlapping regulation in at
least four of six treatment conditions and was considered as a com-
mon gene response to stress in cardiac endothelial cells (Fig. 4C).
Gene Ontology analysis revealed that predominantly genes related to
blood vessel development were represented in that common gene set
(Fig. 4E). Within the 2035 enhancer regions linked to these genes, we
found binding motifs for a set of distinct transcription factors en-
riched, including forkhead box transcription factor FOXK2 and
nuclear factor erythroid 2-related factor 2 (NFE2L2 or NREF-2).
Among the top-enriched transcription factor binding motifs was the
shared mineralocorticoid and glucocorticoid response element (GRE)
(Fig. 4F).

Direct and indirect effects on endothelial cell

gene expression

We observed robust expression of the MR (Nr3c2), adrenergic re-
ceptor ap (Adra2b), and endothelin receptor B (Ednrb) in cardiac
endothelial cells. In contrast, other receptors from the renin-
angiotensin-aldosterone system or adrenergic system were not de-
tectable (fig. S5A). Ang II-induced changes in gene expression
showed a strong linear correlation with those induced by aldoste-
rone (fig. S5B). Aldosterone is the main downstream mediator of
Ang Il in the renin-angiotensin-aldosterone signaling cascade (26)
and may be the main effector hormone acting on endothelial cells
in absence of Ang II receptors (Agtrla and Agtrlb).

Predicting MR target genes in cardiac endothelial cells

Aldosterone (and cortisol) binds to the MR, a ligand-activated nucle-
ar transcription factor and well-described driver of cardiovascular
disease (18). To validate whether aldosterone-induced gene expres-
sion was mediated via MR in endothelial cells, mice with cell type-
specific deletion of the MR (MR ™) and respective controls
(MRWﬂthpe) (Fig. 5A) were treated with aldosterone. RNA sequencing
(RNA-seq) from isolated endothelial cells revealed 1315 or 214 DEGs
upon aldosterone stimulation in MR"!4%P¢ or MRCICr mice, re-
spectively (g < 0.05, +1.5-fold change; Fig. 5, B and C; table S3; and
fig. S6). Hi-C analysis revealed 7471 enhancers linked to genes regu-
lated after aldosterone treatment in MR"!4¥P mice, 697 of them car-
rying a GRE (Fig. 5, D and E). In total, we identified 539 genes with a
GRE in their promoter (19 genes), connected enhancer (478 genes),
or both (39 genes) (Fig. 5F). Four hundred ninety-two of these
539 genes (91.2%) were not differentially expressed upon aldosterone
treatment in MR-deficient mice and were thus predicted as direct MR
target genes (Fig. 5, F and G). Those predicted direct MR target genes
were predominantly associated with guanosine triphosphatase (GT-
Pase) or hydrolase activity functions (Fig. 5H). Using weighted gene
network coexpression analysis as another, unbiased approach, we
identified a cluster of 286 genes (cluster “royalblue”) that shows a high
module-trait correlation (0.87, P < 0.00001) (fig. S7) with aldosterone
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Fig. 3. Enhancer-promoter interactions in cardiac endothelial cells. Heatmap of chromatin interactions and representative traces of gene expression, chromatin ac-
cessibility, and active histone marks. For Fabp4, a virtual viewpoint analysis and enhancer-promoter interactions annotated by the ABC are shown. (A) Accessible regions
of chromatin harboring the FOXO1 binding motif are indicated with one enhancer region (enhancer 1) connected to the Fabp4 promoter highlighted. (B) mRNA expres-
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mRNA expression levels (FPKM) of genes that are connected to those enhancers. Enhancer regions (834) were connected to 143 genes previously defined as specific for
cardiac endothelial cells (8). (D) Enriched transcription factor binding motifs within the enhancer regions represent potential regulators of gene expression in cardiac
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Fig. 4. Gene expression in cardiac endothelial cells in response to stress. (A) Wild-type mice were subjected to TAC, ALDO infusion, Ang Il infusion, ET1 infusion, IsoPE
infusion, or streptozotocin (STZ) treatment, and cardiac endothelial cells were isolated by FACS. (B) Violin plots indicating differences in gene expression in endothelial
cells from treated hearts compared to untreated CTRL (g < 0.05, n = 3 to 4 per group). Numbers of DEGs in one or more treatment conditions. (C) Genes that are differen-
tially expressed in >4 conditions [defined here as common response genes] are highlighted. (D) Principal components analysis of all samples. (E) Enrichment of biological
processes among common response genes as derived from gene ontology. (F) Enrichment of transcription factor binding motifs in enhancer regions connected to com-
mon response genes.
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Fig. 5. Identification of MR target genes in cardiac endothelial cells. Deletion of the MR in endothelial cells in mice was achieved using the Cre/loxP system under
control of the Cadherin 5 (Cdh5) promoter. (A) Mice with endothelial cell-specific MR deletion (MR“"5¢"®) and Cre-negative controls (MRY19¥P¢) were treated with ALDO
from osmotic minipumps, and endothelial cells were isolated for RNA-seq. (B) Heatmap and (C) violin plot indicating 1315 genes that were differentially expressed upon
ALDO treatment in MRY149P¢ mice (g < 0.05, >1.5-fold versus untreated CTRL, n = 4 to 5 per group). (D) Enhancers connecting to ALDO-regulated genes and the propor-
tion of enhancers harboring the shared mineralocorticoid, and GRE were derived from Hi-C data. (E) Representative traces of enhancer connections, mRNA expression,
chromatin accessibility (ATAC), and histone marks at the Sprouty 1 (Spry1) locus with genic and intergenic enhancers carrying an GRE. (F) The proportion of aldosterone-
regulated genes carrying a GRE in a linked enhancer, promoter, or both that were not regulated in MR-deficient mice was considered as direct MR target genes. (G) Vol-
cano plots indicating aldosterone-induced changes in expression of predicted direct MR target genes in MR"'%P¢ (blue) and MR mice (red). (H) Gene Ontology
analysis revealed enriched molecular functions among predicted MR target genes. (I) Weighted gene coexpression network analysis (WGCNA) revealed clusters of MR
target genes and associated other ALDO-regulated genes. GTPase, guanosine triphosphatase; FACS, fluorescence-activated cell sorting.
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treatment in MR"14P¢ and a high proportion of aldosterone-
regulated or direct MR target genes (Fig. 5I). GTPase activity and cel-
lular response to steroid hormone stimulus were among the most
enriched biological processes among the genes from that cluster
(fig. 7D).

DISCUSSION

In this study, we analyzed the regulatory landscape of primary isolat-
ed cardiac endothelial cells. The interplay between enhancers and
promoters with transcription factors binding to these regulatory re-
gions is crucial for the fine-tuned regulation of gene expression in re-
sponse to various cellular and environmental cues (12, 14, 16). We
provide a combined analysis of the histone code, chromatin accessi-
bility, and 3D organization and exemplarily confirm the functional
relevance of enhancer-promoter interactions by CRISPRi-mediated
enhancer silencing.

ETS, GATA, SOX, and FOX families of transcription factors—
among others—have well-defined roles in endothelial cell develop-
ment, fate, and subspecification, influencing diverse cellular processes
such as differentiation, proliferation, migration, and angiogenesis (17,
27). Their binding motifs can be found at the transcription start site
(8, 28) and in regulatory elements annotated based on chromatin ac-
cessibility (29) or DNA methylation (13). Our data indicate that endo-
thelial cells have a unique set of transcription factor binding sites at
active enhancers that is distinct from those found at promoter sites.
So far, available data on endothelial cell enhancers mostly derived
from cultured cells (30-34), with many of these studies using human
umbilical vein endothelial cells as an established work horse model to
study endothelial cell biology, while we use primary cardiac endothe-
lial cells. It needs to be acknowledged that our dataset is not suitable
to study differences between endothelial cell subtypes within the
heart. The cardiac endothelial cell population comprises endothelial
cells from different vascular beds, while in our approach, predomi-
nantly capillary arterial endothelial cells were analyzed. This is in line
with data from single-cell gene expression and ATAC-seq experi-
ments, which indicate that the vast majority of cardiac endothelial
cells belongs to the capillary subtype (2-4). However, the differences
in gene expression and chromatin accessibility between endothelial
cells from vascular beds within the heart were considered to be minor
and far exceeded by those observed between endothelial cells from
different organs (3, 4). Therefore, this dataset expands our under-
standing of gene regulation in cardiac endothelial cells beyond tradi-
tional views and provides a valuable resource for further analysis.

We applied the dataset provided here to uncover mechanisms of
transcriptional control in cardiovascular disease. To mimic the mul-
tiple signaling pathways that may contribute to disease progression,
we used six different experimental models. We identified a common
response gene expression program that was associated with processes
involved in blood vessel development. Motif analysis revealed that en-
hancers connected to this gene program contained a transcription
factor subset that was distinct from other endothelial enhancers. For
instance, we found an enrichment of NFE2L2 binding sites. NFE21.2
has earlier been found to mediate the response of endothelial cells to
oxidative stress and shear stress (35, 36), both crucial in the patho-
physiology of hypertension and atherosclerosis. FOXK2 is involved in
the development and progression of cancer, e.g., by promoting tumor
angiogenesis (37), but little is known about its role in cardiovascular
disease (38).

Deng et al., Sci. Adv. 10, eadj5101 (2024) 6 March 2024

Among the top-enriched transcription factor binding motifs was
the MR binding motif. MR antagonists are standard of care for chron-
ic heart failure and an emerging option to prevent cardiovascular
events in patients with diabetic kidney disease (18, 39). Several pre-
clinical studies showed that these beneficial effects are related to inhi-
bition of MR in endothelial cells, thereby improving cardiovascular
inflammation, fibrosis, and angiogenesis (40-43). Using a stepwise
approach, we used our dataset to predict direct MR target genes in
endothelial cells. This confirmed previous reports describing the in-
teraction of MR with the promoter region of target genes such as
FK506 binding protein 5 (Fkbp5) (44), period circadian clock 1 and 2
(Perl and Per2) (45), or cryptochrome circadian regulator 2 (Cry2)
(45). However, the use of enhancer-gene associations markedly ex-
panded this view by revealing 478 predicted MR target genes carrying
a GRE in associated enhancers but not their promoter regions. This is
in line with previous studies on kidney epithelial cells, where the ma-
jority of MR-bound regions was not located at the transcription start
site but at distal enhancers (46). Among the newly predicted MR tar-
get genes were multiple regulators of GTPase or hydrolase activity.
While GTPases such as Racl (Rac Family Small GTPase 1) have pre-
viously been described as activators of MR transcriptional activity in
cardiac and renal disease (47, 48), our data suggest that they may be
involved in the downstream effects of MR activation as well.

In summary, we provide here a comprehensive atlas of cardiac en-
dothelial cell enhancer elements linked to gene expression. This re-
source can be applied to various datasets and allows to predict
regulatory mechanisms of gene expression in health and disease. Our
study highlights the role of transcription factors binding to active en-
hancer elements, particularly MR as an established drug target in car-
diovascular disease. These findings not only advance our fundamental
knowledge of transcriptional control but also offer potential avenues
for the development of innovative therapeutic strategies targeting car-
diac endothelial cells (49, 50).

MATERIALS AND METHODS

Isolation of cardiac endothelial cells for RNA-seq,

ATAC-seq, and Hi-C

For RNA-seq and ATAC-seq, cardiac endothelial cells were isolat-
ed by FACS. Briefly, ventricular heart tissue was dissected and in-
cubated in enzyme solution containing 4 mg of collagenase B
(Roche), 2.2 mg of hyaluronidase (Sigma-Aldrich), and 10 nM
CaCl, in 5 ml of Hanks’ balanced salt solution (Gibco) for 10 min.
Dissociation of the remaining tissue was obtained by repetitive pi-
petting. The resulting suspension was filtered using a 100-pm cell
strainer and centrifuged at 1000g for 5 min at 4°C. Cell pellets were
resuspended in phosphate-buffered saline (PBS) containing 2 M
EDTA. Cell suspensions were labeled using the far-red fluorescent
dye Draq5 (Cell Signaling Technology). Endothelial cells were
stained using fluorescein-conjugated Griffonia simplicifolia lectin
(Vector Laboratories). Sorting was carried out using a Bio-Rad S3
Cell Sorter. Cardiac endothelial cells were identified by Draq5 pos-
itivity, forward light scatter, and fluorescein intensity.

RNA-seq library preparation

For RNA-seq analysis, cells were sorted directly into RLT Plus lysis
buffer (QIAGEN). Isolation of RNA was carried out according to
the manufacturer’s instruction using the AllPrep Micro Kit (QIA-
GEN). Subsequently, isolated RNA was used for generation of
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sequencing libraries with the NuGEN Ovation SoLo Kit (Tecan).
Size selection was carried out using AMPure XP Beads (Beckman
Coulter, 0.8X beads). Qualitative assessment of the resulting li-
braries was performed using the Bioanalyzer High Sensitivity As-
say (Agilent).

ATAC-seq library preparation

ATAC-seq was performed as described in the Omni-ATAC protocol
with minor modifications (51). A total of 50,000 sorted cardiac endo-
thelial cells were used as an input for the transposase reaction. Reac-
tions were cleaned up with the QTAGEN MinElute Reaction Cleanup
Kit (QIAGEN). Libraries were generated and amplified using NEB-
Next High-Fidelity 2X PCR Master Mix (New England Biolabs).
Two-sided size selection was carried out using AMPure XP Beads
(Beckman Coulter, 1.8X beads).

Isolation of cardiac endothelial cells for ChiP-seq

For ChIP-seq, cardiac endothelial cells were isolated by magnetic-
assisted cell sorting (MACS). Fresh heart tissue was gently dis-
sected and enzymatically digested using a solution containing
collagenase I (4 mg/ml; Merck Millipore) in Dulbecco’s modified
Eagle’s medium (DMEM). Dissociation of remaining minced tis-
sue was achieved by repetitive pipetting. After centrifugation of
the obtained cell suspension, cell pellets resuspended with 270 pl
of PBS containing 2 M EDTA and 1% bovine serum albumin.
Resulting suspensions were incubated with 30 pl of CD31 micro-
beads (Miltenyi Biotec). CD31-positive cells were isolated by posi-
tive selection according to the manufacturer’s protocols using LS
columns on a midiMACS separator.

ChlIP-seq

Chromatin was isolated from cardiac endothelial cells using the
NEXSON protocol (52). Briefly, cells were fixed using 1% formalde-
hyde in DMEM for 5 min at room temperature. Fixation was
quenched by adding glyercin for a final concentration of 0.125 M
and incubation for 5 min. Sonication of chromatin was achieved
using a bioruptor device (Diagenode) for 3% 10 cycles (30-s on, 30-s
off, high-energy settings). ChIP was performed according to the
manufacturer’s protocol using the High sensitivity ChIP-IT Kit
(Active motif). ChIP experiments were carried out using 300 to 500
ng of isolated chromatin with the following antibodies: H3K4me3
(4 pg; Diagenode, C15410003), H3K27ac (4 pg; Abcam, ab4729),
H3K4mel (4 pg; Abcam, ab8895), H3K36me3 (4 pg; Abcam,
ab9050), H3K27me3 (4 pg; Merck, 07-449), and H3K9me3 (4 pg;
Merck Millipore, 07-449).

Hi-C

A total of 400,000 to 500,000 endothelial cells per biological rep-
licate were sorted into PBS and centrifuged (1000g, 5 min), and
the pellet was snap-frozen. Cell pellets were used for in situ Hi-C
using the Arima-HiC Kit according to the user guide for mam-
malian cells. Fragmentation of DNA to obtain an average frag-
ment size of 400 base pair was performed with the Bioruptor
(Diagenode; 30 cycles, 30-s on, 90-s off, “low”). The final Hi-C
library was amplified using the KAPA-SYBR Fast DNA amplifi-
cation reagents (Kapa Biosystems) supplemented with EvaGreen
(1X) in technical replicates to monitor library amplification. The
final sequencing libraries were constructed using the Swift Bio-
science protocol provided by Arima. Technical replicates were
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pooled and cleaned twice using Ampure Beads XP (Beckman
Coulter, 0.9% beads).

Bioinformatics

Libraries were sequenced on Illumina sequencers in paired-end
mode. Raw data can be accessed via BioProject IDs PRINA945592,
PRJNA972993, and PRJNA989417. Bioinformatics analyses were
performed using the Galaxy platform (53). Quality control was
performed with FastQC. Trimming of low read quality reads and
adapter contamination was achieved using Trim Galore. RNA-seq
data were aligned to the Mus musculus genome (mm9) using
RNA-STAR. Subsequently, htseq-count was used to obtain read
count data. Differential gene expression analysis was performed
with DESeq2 (g < 0.05). Transcript abundance was estimated as
FPKM. Data visualization at specific loci was performed using the
Integrative Genomics Viewer or pyGenomeTracks (54). Enrich-
ment of biological processes from Gene Ontology (GO) was as-
sessed using Cytoscape with ClueGO (55).

ChIP-seq and ATAC-seq reads were mapped to the mm9 ge-
nome assembly by Bowtie2 (56). Polymerase chain reaction
(PCR) duplicated were removed using rmdup. MACS2 was used
for peak calling over input (g < 0.05). Visualization of sequenc-
ing datasets was carried out mainly using deeptools (57): Bigwig
tracks for visualization were generated with deeptools bamCov-
erage. Read coverage was estimated as reads per kilobase per
million mapped reads (RPKM). Calculation of log, reads ratio
of ChIP RPKM and input RPKM was achieved using deeptools
bamCompare. On the basis of ChIP-seq data for H3K27ac,
H3K4mel, H3K4me3, H3K36me3, H3K9me3, and H3K27me3
from isolated cardiac endothelial cells, 12 chromatin states were
annotated using ChromHMM using default settings (58). To
find enriched transcription factor binding motifs within specific
regions relative to the background of all endothelial enhancer
regions, HOMER tools (findMotifsGenome.pl) (http://homer.
ucsd.edu/homer/) (59) were used.

For Hi-C data analysis, trimmed reads were mapped as single-
end reads to the reference genome mm9 with Bowtie2 using the
local alignment mode (--local) (56). HiCExplorer (version 3.7.2)
(60) was used for further processing Hi-C data. hicBuildMatrix
was used to generate Hi-C matrices with a resolution of 1 kb for
the predicted restriction cutting sites (GATC and GANTC). Repli-
cates were merged with hicSumMatrices. For visualization of Hi-C
interaction heatmaps, the bin size was adjusted to 5 kb with hic-
MergeMatrixBins and hicCorrectMatrix was used to correct the
Hi-C matrix. Viewpoint analysis was performed for the Fabp4 pro-
moter site (+2.5 kb) A background model was created with 10,000
random 5-kb regions using chicViewpointBackgroundModel. To
prevent overestimation of chromatin interaction due to sparse
background signal in regions far away from the viewpoint, we ad-
justed the background by replacing bins more than 200 kb distal
from the viewpoint with mean background values obtained for the
last 10 bins of the 200-kb flanking intervals (61). The matrices used
for viewpoint analysis (chicViewpoint) are 1 kb in bin size and
were analyzed using a 5-kb smoothing window. Significantly inter-
acting domains were determined using chicSignificantInteractions
(P < 0.001 and 1.5-fold over background).

To predict the effect of enhancer on target gene expression, we used
the ABC model (62) with ATAC-seq, H3K27ac ChIP-seq, and Hi-C
data (1-kb matrix). Data were visualized using pyGenomeTracks (54).
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Weighted gene coexpression network analysis

To identify cluster of related genes, a weighted gene coexpression net-
work analysis was carried out as described before (63) with normal-
ized counts of genes retrieved from RNA-seq data. The dataset was
filtered for genes (n = 5791) with an expression level of equal or high-
er than 10 in at least one experimental group to reduce noise. An
adjacency matrix was generated by using bicor for correlation calcula-
tions, signed hybrid as a network type, and a soft-threshold p = 16
(scale free R* = 0.9) and transformed into a topological overlap ma-
trix. Hierarchical clustering was used to identify modules with a min-
imum of 30 genes per cluster (minModuleSize = 30). Eigengenes of
modules were calculated, clustered based on correlation, and merged
according to a height cut of 0.25 (correlation of 0.75) to combine
similar modules. By correlating module eigengenes with treatment
groups (traits), gene cluster with significant associations to those traits
could be identified (64).

In vivo models of cardiovascular disease

Adult wild-type mice on C57BL/6 background were subjected to dif-
ferent models of cardiovascular risk factors or injury. To mimic heart
failure, ventricular pressure overload was induced by TAC. Mice
were anesthetized with isoflurane (2.0 to 3.0 volume % in oxygen),
and after minimal-invasive thoracotomy, a 7.0 silk suture was placed
around 27-gauge needle to constrict the transverse aorta (65). After
surgery, mice were monitored for 2 weeks. To evaluate the impact
of disease-relevant circulating factors, mice received either ALDO
(500 pg/kg body weight per day), Ang II (2 mg/kg body weight per
day), ET1 (36 pg/kg body weight per day), or isoprenaline and phenyl-
ephrine (IsoPE 15 mg + 15 mg/kg body weight per day) (66) for
2 weeks from subcutaneously implanted osmotic minipumps (Alzet).
As a model of diabetes, hyperglycemia was induced in mice receiving
repetitive low-dose intraperitoneal applications of streptozotocin
(60 mg/kg body weight) for six consecutive days with an 8-week
follow-up period (13).

Generation of MR mutant mice

Mice with endothelial cell-specific deletion of the MR were generated
as described using a tamoxifen-inducible Cre/loxP system (40, 41).
Mice expressing Cre under the control of the cadherin 5 promoter
(Cdh5Cre-ERT?2) (67) were crossed with mice carrying a floxed MR
allele (MR1) (68). Cre-negative (MRVI4YP¢) mice were used as a
control. All mice were treated with 2 mg of tamoxigen (20 mg/ml;
Sigma-Aldrich) in sunflower oil and 10% ethanol intraperitoneally
per day on five consecutive days at least 2 weeks before any further
experiments.

All animal procedures were approved by the responsible animal
care committees (Regierungspraesidium Freiburg, Germany, G-
13/27, G-15/109, G-16/48, and G-16/62), and they conformed to the
Guide for the Care and Use of Laboratory Animals published by the
U.S. National Institutes of Health (2011).

Cell culture

Human umbilical vein endothelial cells (HUVECs) were purchased
from PromoCell (C-12203, lot nos. 4747010, 46672022, and 4717011,
Heidelberg, Germany) and cultured at 37°C, 5% CO,. Endothelial
growth medium, consisting of endothelial basal medium sup-
plemented with human recombinant epidermal growth factor,
EndoCGS-Heparin (PeloBiotech, Germany), 8% fetal calf serum
(FCS) (F7524, Sigma-Aldrich, Germany), penicillin-streptomycin
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(15140122, Gibco, USA), was used. For all experiments, three differ-
ent batches of HUVEC at passage 3 were used.

Human embryonic kidney-293 T (HEK293T) cells were obtained
from American Type Culture Collection (Manassas, VA, USA) and
cultured at 37°C, 5% CO, in DMEM high glucose (Gibco, USA) sup-
plemented with FCS (8%) and penicillin-streptomycin (15140122,
Gibco, USA).

Construction of the lentiviral CRISPRi plasmid and

sgRNA cloning

A lentiviral expression vector was generated using a plasmid gifted by
C. Gersbach (pLV hU6-sgRNA-hUbC-dCas9-KRAB-T2a-GFP; Add-
gene, #71237), in which the human U6, ubiquitin C promoter, and
KRAB domain were replaced by synthetic fragments containing the
mouse U6 promoter, guide RNA (gRNA) entry site, CAG promoter,
and the ZIM3 repressor domain. Cross-species conservation of en-
hancer regions in mouse (mm9) and human (hg38) genomes was
assessed using liftOver (69) and visually confirmed in datasets
ENCFF118SVL and ENCFF656TFQ retrieved from the ENCODE
portal (www.encodeproject.org/) (70). Two (FABP4 promoter) or
three (FABP4 enhancer) sgRNAs were designed for each target site us-
ing CRISPOR v5.01 (http://crispor.tefor.net/), ordered as oligonucle-
otide pairs, annealed, and cloned into the expression vector via golden
gate cloning with Esp 31. A gRNA targeting a region of the lambda
phage DNA without homology to mammalian genomes was used as a
negative control. The gRNA sequences are provided in table S4.

Transduction of HUVEC and gene expression analysis

For lentiviral packaging, the plasmid coding for the nontargeting
gRNA or an equimolar mix of the two (FABP4 promoter) or three
(FABP4 enhancer) plasmids coding for the target specific sgRNAs
was transfected into HEK293T along with envelope and helper plas-
mids (gifts from D. Trono; Addgene #12259 and #12260). Viral su-
pernatants were collected after 72 hours, filtered, and added to three
batches of HUVEC (P3) for 48 hours before medium change. After
7 days, green fluorescent protein-positive HUVEC cells were sorted
into RLT buffer (QIAGEN) using an SH800 cell sorter (Sony). RNA
was isolated with the RNeasy Micro Kit (QIAGEN) according to the
manufacturer’s instructions, reverse-transcribed into ¢cDNA, and
used for quantitative PCR analysis of FABP4 and RPS29 (housekeep-
ing gene) expression with primer pairs indicated in table S5. One-
way analysis of variance (ANOVA) followed by Dunnett’s multiple
comparisons test was performed for statistical analysis using Graph-
Pad Prism v10.0.2.

Supplementary Materials
This PDF file includes:

Figs.S1to S7

Legends for tables S1to S3

Tables S4 and S5

Legend for data S1

Other Supplementary Material for this manuscript includes the following:
Tables S1to S3
Data S1
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