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ABSTRACT Estrogen-related receptors (ERRs) have emerged as major metabolic
regulators in various tissues. However, their expression and function in the vascula-
ture remains unknown. Here, we report the transcriptional program and cellular
function of ERRa in endothelial cells (ECs), a cell type with a multifaceted role in
vasculature. Of the three ERR subtypes, ECs exclusively express ERRa. Gene expres-
sion profiling of ECs lacking ERR« revealed that ERRa predominantly acts as a tran-
scriptional repressor, targeting genes linked with angiogenesis, cell migration, and
cell adhesion. ERRa-deficient ECs exhibit decreased proliferation but increased mi-
gration and tube formation. ERRa depletion increased basal as well as vascular en-
dothelial growth factor A (VEGFA)- and ANG1/2-stimulated angiogenic sprouting in
endothelial spheroids. Moreover, retinal angiogenesis is enhanced in ERRa knockout
mice compared to that in wild-type mice. Surprisingly, ERRa is dispensable for the
regulation of its classic targets, such as metabolism, mitochondrial biogenesis, and
cellular respiration in the ECs. ERRe is enriched at the promoters of angiogenic, mi-
gratory, and cell adhesion genes. Further, VEGFA increased ERRa recruitment to
angiogenesis-associated genes and simultaneously decreased their expression. De-
spite increasing its gene occupancy, proangiogenic stimuli decrease ERRa ex-
pression in ECs. Our work shows that endothelial ERRa plays a repressive role in
angiogenesis and potentially fine-tunes growth factor-mediated angiogenesis.

KEYWORDS angiogenesis, endothelial cell, estrogen-related receptors, nuclear
receptor, regulation of gene expression

ndothelial cells (ECs) are the building blocks of blood vessels, which continue to

play an important role in the adult vasculature. These cells are the site of a wide
range of cellular activities, including regulation of barrier function, nitric oxide synthe-
sis, and inflammation (1-5). They are directly involved in vascular health, tone, and
growth, and endothelial dysfunction plays a causative role in atherosclerosis, hyper-
tension, and vascular complications. Angiogenesis, which involves proliferation, migra-
tion, and differentiation of ECs, is a central phenomenon in blood vessel growth. It is
important during development of vascular system and tissue vascularization, and its
impairment can contribute to various vascular complications, such as myopathies,
retinopathies, and peripheral vascular disease. Therefore, there is an urgent need to
understand the molecular regulation of angiogenesis, which could ultimately facilitate
therapeutic development.
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Several signaling pathways (e.g., fibroblast growth factor, transforming growth
factor beta, and angiopoietins) have been described in the process of angiogenesis
(6-8), most prominent of which is the vascular endothelial growth factor A (VEGFA)-
NOTCH signaling pathway (9, 10). This pathway plays an important role in activation of
quiescent ECs and commitment of these cells to tip or stalk cell fate. Activation of ECs
via the VEGFA-VEGFR2 pathway results in the induction of DLL4, and these cells acquire
the tip cell phenotype. Tip cells are characterized by their high migratory capacity, low
proliferative capacity, and presence of filopodia and typically form the leading edge of
the sprout during vessel morphogenesis. DLL4 expressed on tip cells acts on adjacent
ECs to activate Notch signaling, repress VEGFR2 expression, and transform these cells
to stalk cells, which have fewer filopodia, are proliferative, and contribute to blood
vessel growth. The stalk cells also express Jagged 1, which is another Notch ligand that
reciprocally acts on tip cells to antagonize DLL4-NOTCH signaling. Tip versus stalk cell
phenotype is dynamic and interchangeable until angiogenesis is complete. In addition
to growth factors, transcription regulators are also involved in tight control of endo-
thelial function during both development and adulthood. For example, developmental
factors such as Ets, Sox, Hif, Gata, and Coup-tf2 transcriptionally regulate endothelial
cell specification (5, 6, 11-14). Despite these key advances in cell surface and transcrip-
tional signaling, endothelial molecular pathways and their interactions with growth
factors in the regulation of angiogenesis still remain incompletely understood.

Classical steroid nuclear receptors such as estrogen, progesterone, testosterone, and
aldosterone receptors play a critical role in vascular physiology (15, 16). For example,
estrogen receptors are involved in angiogenesis, vascular tone, and atheroprotection in
endothelial and/or vascular smooth-muscle cells (17-22). Progesterone receptors are
negative regulators of angiogenesis, whereas androgen receptors promote ischemic
reperfusion and are atheroprotective (23-27). Glucocorticoids and mineralocorticoids
regulate vascular tone and negatively regulate angiogenesis by acting on vascular
smooth-muscle cells and ECs (28-31). While the steroid receptors have been extensively
studied, only a few nonsteroid orphan receptors have known functions in the vascu-
lature (32, 33). For example, peroxisome proliferator activator receptors (PPARs) have
been implicated in angiogenesis and vascular development (34). PPARYy inhibits migra-
tion and capillary formation in ECs and also contributes to the maintenance of vascular
tone via nitric oxide synthesis (35). Nurr/NOR receptors (nuclear receptor-related/
neuron-derived orphan receptor) are involved in the atherogenic response and posi-
tively modulate angiogenesis in ECs while inhibiting smooth-muscle cell proliferation
(36). Coup-Tf2 (chicken ovalbumin upstream promoter transcriptional factor 2) is critical
for vascular development and determining venous endothelial cell fate (11, 37). These
studies highlight a critical role for nuclear receptors in fine-tuning vascular growth and
function, warranting investigations on the other members in this superfamily.

One such subfamily is the estrogen-related receptors (ERRs), which include ERRe,
ERRB, and ERRYy (38, 39). ERRa and ERRy are enriched in highly metabolic tissues, such
as skeletal and cardiac muscle, adipose tissue, and the kidney (40). ERRB is more
selectively expressed in embryonic cells and in adult retina and kidney. ERRs have
emerged as master regulators of mitochondrial biogenesis, oxidative metabolism, lipid
metabolism, gluconeogenesis, and thermogenesis in the aforementioned tissues (40—
50). ERRs are also involved in immune responses by regulating effector T cell matura-
tion and gamma interferon-induced reactive oxygen species production (51, 52).
Interestingly, ERRs are involved in paracrine regulation of angiogenesis by promoting
Vegfa and other angiogenic factor expression in tissues, such as skeletal muscle and
hepatocytes, as well as in breast cancer and monocytic leukemia cells (46, 53-55). The
dynamic role of ERRs as regulators of metabolism, angiogenesis, and immune response
genes in peripheral tissues raises the likelihood that these receptors serve a critical role
in the vasculature.

As a step toward deciphering the role of ERRs in the vasculature, we have investi-
gated ERR subtype expression and transcriptional function in ECs. We report that ECs
exclusively express ERRe, where this receptor controls an angiogenesis-associated gene

March 2019 Volume 39 Issue 5 e00411-18

Molecular and Cellular Biology

mcb.asm.org 2


https://mcb.asm.org

Endothelial ERRa and Angiogenesis

program and acts as a negative regulator of angiogenesis. Our work provides insight
into the role of ERRs in vascular cells, warranting broader investigations on ERRs in the
vasculature and related diseases.

RESULTS

Endothelial ERRa controls an angiogenesis-linked gene program. We first mea-
sured the expression of the three subtypes of ERRs (ERRa, ERRB, and ERRy) in ECs
isolated from murine lungs and retinas, as well as in commercially available mouse
(bEnd.3) and human (human umbilical vein endothelial cells [HUVEC] and human
microvascular endothelial cells [HMVEC]) ECs. We observed that ERRa is robustly
expressed in all the ECs tested, whereas the expression of ERRB and ERRy are unde-
tectable in these cells (Fig. 1A to C). Therefore, we focused our investigation on the
potential transcriptional role of ERRa in the ECs.

To study the role of endothelial ERRa, we isolated primary ECs from lungs of
wild-type (WT) and ERRa knockout (ERRa-KO) mice (47, 56) and confirmed complete
deletion of ERRae mRNA and protein (Fig. 1D and E). We next performed unbiased
microarray gene expression analysis in ERRa-KO versus WT murine lung ECs using an
lllumina Sentrix Beadchip array mouse WG-6.v2 array. Using a selection criteria of gene
expression change of =2-fold and significance at a P value of =0.05, we found that a
total of 157 genes were upregulated, whereas 34 genes were downregulated in
ERRa-KO versus WT murine lung ECs. A heat map generated for differentially expressed
genes (Fig. 1F) clearly shows that ERRa knockout predominantly increases gene ex-
pression, suggesting that endogenous ERRa primarily represses transcription of its
target genes in ECs. To determine the functional relevance of the differentially ex-
pressed genes, we performed GO pathway enrichment analysis (Fig. 1G). The highly
ranked biological categories were linked to angiogenesis, including blood vessel mor-
phogenesis, cell motility and adhesion, and endothelial development (Fig. 1G; see also
Tables S1 and S2 in the supplemental material). Consequently, we examined the role of
endothelial ERRa in regulating angiogenesis.

Lack of ERR« increases angiogenesis in murine lung ECs. To investigate angio-
genesis, we generated a heat map now focused on genes in the “blood vessel
morphogenesis” gene ontology (GO) biological processes category. As seen in Fig. 2A,
the majority of the genes in this category were upregulated in ERRa-KO murine lung
ECs compared to those of the WT. Quantitative reverse transcriptase PCR (RT-gqPCR)
analysis of candidate angiogenic genes (e.g., Vegfr2, DIl4, Notchl, Nos3, and Hif2a)
confirmed that angiogenic gene expression is increased in ERRa-KO compared to WT
murine lung ECs (Fig. 2B).

Based on the gene expression patterns, we next asked whether ERRa regulated
angiogenesis using the in vitro sprouting assay known to recapitulate key endothelial
processes involved in angiogenesis (57, 58). Spheroids prepared from ERRa-KO murine
lung ECs exhibited enhanced sprouting compared to that of WT spheroids (Fig. 2C), as
depicted in the quantification of the total network length (Fig. 2D). This effect was
further enhanced in the VEGFA-treated ERRa-KO spheroids (Fig. 2C and D). We also
measured the effect of ERRa knockout on retinal angiogenesis in passage 5 (P5) pups.
ERRa deletion enhanced retinal angiogenesis in ERRa-KO versus the WT P5 pups (Fig.
2E), which is quantitatively presented as explant area, total network length, and the
number of junctions (Fig. 2F). Therefore, loss of ERRa in murine lung ECs triggers a
proangiogenic gene program, which increases the propensity of the mutant ECs to
undergo angiogenesis.

ERRa knockdown increases angiogenesis in HUVEC. To further characterize the
role of ERRa in endothelial angiogenesis, we used transient knockdown of ERR« in
HUVEC, a commonly used human endothelial cell line. Efficient knockdown of ERR«
mRNA and protein was confirmed by RT-qPCR and Western blotting, respectively (Fig.
3A and B). We measured the expression of some of the same angiogenesis-associated
genes that were upregulated in the ERRa-KO mouse ECs, as shown in Fig. 2B. Similar to
the case for ERRa-KO murine lung ECs, we found that ERRa knockdown in HUVEC
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FIG 1 Estrogen-related receptor alpha (ERRa) targets angiogenic genes in endothelial cells. (A) ERRa, ERRB, and ERRy mRNA expression in
different ECs (n = 3). (B and C) ERRa protein expression in ECs (n = 3). (D and E) ERRa mRNA (D) and protein expression (E) in ERRa-KO compared
to WT mouse lung ECs (n = 3). ****, P < 0.00005 by unpaired Student’s t test. (F) Heat map representing differentially expressed genes from the
microarray analysis in ERRa-KO and WT ECs. Differentially expressed genes were defined as having an absolute fold change of =2 and a P value
of <0.05 (Bonferroni's multiple-comparison test). The color bar on the left indicates the direction of differentially expressed genes (green,
upregulated; red, downregulated). (G) GO term enrichment was calculated for differentially expressed genes using Cluster Profiler. The 10 most
significant categories are shown. Each GO term is represented as a fraction of genes associated with a given GO term that were differentially
expressed in ERRa-KO versus WT cells (x axis). The size of the circle represents the number of genes in the GO term, which were differentially
expressed. The color of the circles represents the adjusted P value.

increased the expression of proangiogenic genes (Fig. 3C) and their encoded proteins
(Fig. 3D).

To test whether changes in angiogenic gene expression upon ERRa knockdown
impacts angiogenesis, we first measured the effect on EC proliferation, migration, and
tube formation. ERRa knockdown in HUVEC resulted in decreased proliferation (Fig.
4A), whereas it increased migration (Fig. 4B and C) and tube formation (Fig. 4D and E).
We next performed sprouting angiogenesis assay under vehicle and VEGFA- and
Ang1/2-treated conditions in control and knockdown HUVEC spheroids. ERRa knock-
down in the ECs resulted in an increase in VEGFA- and Ang1/2-stimulated sprouting of
the spheroids, as measured by an increase in total network length (Fig. 4F and G).
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FIG 2 Loss of ERR« increases angiogenesis in murine lung endothelial cells. (A) Heat map of differentially expressed genes
belonging to the GO category “blood vessel morphogenesis” (GO:0048514) from the WT and ERRa-KO cells. (B) Expression of
candidate angiogenic genes in ERRa-KO versus WT cells (n = 3). ****, P < 0.00005, unpaired Student’s t test. (C) Representative
images of calcein AM-stained sprouting angiogenesis in WT and ERRa-KO cells treated with vehicle or VEGFA (30 ng/ml) for
12 h. Scale bars, 100 um. (D) Quantification of sprouting presented as total network length measured using ImageJ and the
Sprout Morphology plug-in (n = 3 experiments, 10 to 20 spheroids per replicate). *, P < 0.05; **, P < 0.005; ***, P = 0.0001,
all by Tukey’s multiple-comparison test. (E) Representative images of isolectin B4-stained ERRa-KO P5 mouse retinas and WT
littermate controls showing developmental angiogenesis. Scale bars, 1,000 um. (F) Quantification of explant area, total
network area, and number of junctions in retinal vasculature was performed using AngioTool (n = 8 to 10). **, P < 0.005,
unpaired Student’s t test.

However, unlike the ERRa-KO murine lung ECs, transient ERRa knockdown did not
affect baseline sprout formation. These results show that while ERRa promotes endo-
thelial cell proliferation, it restricts other angiogenic processes, such as migration, tube
formation, and sprouting.

ERRe is dispensable for oxidative metabolism in ECs. ERR« is a master regulator
of oxidative fatty acid metabolism and mitochondrial biogenesis (40, 45, 49, 50, 59-61),
raising the possibility that ERRa exerts similar metabolic control in the ECs. Notably,
metabolic regulation in ECs can directly impact angiogenesis (62-64). We first deter-
mined the mitochondrial content in ERRa-depleted HUVEC by quantifying mitochon-
drial DNA. Paradoxically, mitochondrial DNA (MT-CO2, MT-ND3, and MT-ND5 genomic
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FIG 3 Depletion of ERRa in HUVEC induces expression of angiogenesis-associated genes. (A and B) ERRa
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angiogenesis-associated genes in HUVEC (n = 3). ****, P < 0.00005, unpaired Student’s t test.

loci) was slightly increased in ERRa-KO compared to WT ECs (Fig. 5A). However, ERR«
knockdown in HUVEC did not alter the levels of mitochondrial oxidative phosphoryla-
tion complex proteins (Fig. 5B). We also measured the expression of COX5B (electron
transport chain), hexokinase genes HK1 and HK2, glucose transporter gene GLUTT
(glycolysis), ACO2 (tricarboxylic acid cycle), and ACADM (fatty acid oxidation), none of
which changed in ERRa-deficient ECs (murine lung ECs or HUVEC) compared to the
control (Fig. 5C and D). One exception was CPTI1A, a rate-limiting fatty acid oxidation
gene, which was increased upon ERRa knockdown (Fig. 5C and D).

We next measured the rate of mitochondrial respiration in ERRa-depleted and
control HUVEC with glucose-pyruvate as the energy source using the Seahorse assay.
ERRa knockdown did not alter basal mitochondrial respiration, measured as oxygen
consumption rate (OCR). Mitochondrial ATP production (difference in OCR at baseline
and post-oligomycin treatment), maximal respiratory capacity (OCR post-FCCP treat-
ment), and spare respiratory capacity (difference between maximal and baseline respi-
ratory capacity) were unaffected by ERRa knockdown in HUVEC (Fig. 5E). We did not
observe any difference in the basal glycolytic rate (measured as extracellular acidifica-
tion rate [ECAR]) in ERRa knockdown cells. Addition of oligomycin inhibits mitochon-
drial ATP production, resulting in the cells reaching their maximal glycolytic capacity,
which was also unchanged in ERRa-depleted versus control ECs (Fig. 5E).

Additionally, we measured fatty acid oxidation in control and ERRa-depleted ECs
(Fig. 5F). When palmitate was provided as the energy substrate, we observed no
change in OCR at baseline or under oligomycin-, FCCP-, and rotenone/antimycin
A-treated conditions between control and ERRa-depleted ECs. No differences were
observed in ECAR between ERRa-depleted and control ECs when palmitate was pro-
vided as the energy source (Fig. 5F). Therefore, ERRa does not affect fatty acid oxidation
or glucose metabolism in ECs, and metabolic remodeling may not be involved in
ERRa-mediated regulation of angiogenesis.

ERR« binding is enriched at angiogenesis-associated gene promoters. Because
ERRa is a DNA binding transcriptional factor and regulates angiogenic gene expression,
we used chromatin immunoprecipitation (ChIP) coupled with high-throughput se-
quencing (ChIP sequencing) to determine genome-wide enrichment sites for ERRa in
HUVEC. We found that ERRa was predominantly enriched in gene promoter regions
(Fig. 6A and B). However, enrichment in 3’ untranslated regions (UTR), intergenic
regions, introns, and exons was also observed (Fig. 6A). Pathway analysis of genes with
an ERRa binding site at its transcription start site (TSS) revealed a number of biological
processes, including nucleic acid metabolism, stress response, angiogenesis, and DNA
damage response (Fig. 6C and Data Set S1). Notably, ERRa was enriched at angiogenic,
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FIG 4 Depletion of ERRa increases angiogenesis in HUVEC. (A) Quantification of DAPI-stained nuclei in control and ERRa
knockdown HUVEC grown in EGM2. ***, P < 0.005, unpaired Student’s t test. (B) Representative images of transwell
migration of HUVEC toward EGM2. Scale bars, 1,000 um. (C) Quantification of migrated cells via crystal violet staining. *,
P < 0.05, unpaired Student’s t test. (D) Representative images of tube formation in control and ERRa knockdown HUVEC.
Scale bars, 100 um. (E) Tube formation quantification as total network length and number of nodes using ImageJ and the
Angiogenesis Analyzer plug-in (n = 3 experiments, three wells were measured in each replicate). ****, P < 0.0001, unpaired
Student’s t test. (F) Sprouting angiogenesis. Representative images of calcein AM-stained spheroids generated from control
and ERRa knockdown HUVEC are shown. Scale bars, 100 um. (G) Sprouting angiogenesis quantified as total network length
using ImageJ and the Sprout Morphology plug-in (n = 3 experiments, 10 to 20 spheroids per replicate). *, P < 0.05; ***,
P < 0.001, Tukey’'s multiple-comparison test.

cell migration, and cell adhesion genes (Fig. 6D and Data Set S2). Using the top 500
scoring peaks, we found three significantly enriched motifs, which are known binding
sites for TATA box binding protein, MYB, and ERR« (Fig. 6E). To confirm the results from
ChlIP sequencing, we performed ChIP-qPCR on candidate angiogenic genes selected
from a ChlIP sequencing data set. ChIP-gPCR confirmed that ERRa was enriched at the
promoters of VEGFR2/KDR, DLL4, EPAS1/HIF2«, and NOS3 and not at sites more distal
to these genes’ promoters (Fig. 6F and G). MYOD1, which is a skeletal muscle-specific
gene and silent in ECs, was used as a negative control. These data indicate that
ERRa regulates angiogenic gene expression by binding in close proximity to the
angiogenesis-associated gene promoters.
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energy source measured as the oxygen consumption rate (OCR) (left) and glycolysis measured as the

extracellular

acidification rate (ECAR) (right) in ERRa knockdown versus control HUVEC at baseline and upon sequential drug
treatment. Unpaired Student’s t test was used (n = 3, each performed in 5 or 6 technical replicates). (F) Represen-
tative graphs of mitochondrial respiration with palmitate (BSA-PA) as the energy source measured as the oxygen
consumption rate (OCR) (left) and glycolysis measured as the extracellular acidification rate (ECAR) (right) in ERR«

knockdown versus control HUVEC at baseline and upon sequential drug treatment (n = 3). *, P
P < 0.001, unpaired Student’s t test. ns, not significant.

< 0.05; ***,

Regulation of ERR« expression and gene occupancy. How might proangiogenic

stimuli or chronic diseases such as diabetes regulate ERRa? We measured the effect

of

VEGFA and/or hypoxia on ERRa recruitment to angiogenic genes and ERRa expression
in HUVEC. We also measured ERRa expression in lung endothelial cells isolated from
control and diabetic mice. Upon 2h of VEGFA treatment, we observed increased

occupancy of ERRa at several candidate angiogenic genes and decreased expression

of

the same angiogenic genes in a similar time frame (Fig. 7). This is in agreement with our
microarray/gene expression data (Fig. 1F, 2A and B, and 3CQ), reflecting a repressive role
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FIG 6 ERRa is enriched at angiogenesis-associated gene promoters. (A) Occupancy of ERRa across various genomic elements in HUVEC. (B) Heat
map of ERRa enrichment at angiogenesis-associated gene promoters in HUVEC. (C) Pathway enrichment of ERRa-bound genes. (D) Number of
ERRa-bound genes in angiogenesis-associated gene categories. (E) Motif enrichment in the top 500 ERRa peaks. (F) Representative ChIP
sequencing tracks showing ERR« recruitment to angiogenesis-associated genes in HUVEC. P, promoter site; D, distal site. (G) Confirmation of ERR«
enrichment at angiogenesis-associated gene promoters by ChIP-gPCR. *, P < 0.05; **, P < 0.005, unpaired Student’s t test (n = 4).

of ERRa on angiogenesis-associated genes. Surprisingly, stimulation of ECs with VEGFA
or hypoxia decreased ERRa expression at the transcript and protein levels (Fig. 8A to E);
however, receptor expression was still detectable. Finally, we found that ERR« expres-
sion was increased in lung ECs isolated from diabetic mice (Fig. 8F). Therefore, proan-
giogenic stimulation of ECs, despite decreasing the expression of ERRa, promotes
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receptor recruitment to angiogenic genes and decreases the transcription of these
genes. Furthermore, changes in ERRa expression in diabetic ECs could play an adaptive
role in pathological angiogenesis associated with this chronic condition.

DISCUSSION

In this study, we have found that ECs exclusively express ERRa. Endothelial ERR«
predominantly acts as a repressor of gene expression, and genes linked to angiogenesis
are its major targets. Consequently, loss of ERR« facilitates angiogenesis in ECs. ERRa
expression is downregulated, whereas its recruitment to angiogenic genes is induced
by proangiogenic stimuli in ECs, revealing a complex relationship between angiogenic
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FIG 8 Regulation of ERRa expression and schematic model. (A) ERRae mRNA expression in untreated, VEGFA
(30 ng/ml)-treated, and hypoxia-treated HUVEC (n = 3). (B and C) Representative images of ERRa protein
expression in VEGFA-treated HUVEC (B) and hypoxia-treated HUVEC (C) (n = 3). (D and E) Densitometry of
Western blots quantifying ERRa expression in VEGF-treated (D) and hypoxia-treated (E) HUVEC. (F) ERRa
expression in lung endothelial cells isolated from control and diabetic (high-fat diet plus STZ) mice (n =5,
technical replicates from pooled lungs). (G) Schematic model depicting regulation of angiogenesis by ERRa
in ECs. ERRa acts as a transcriptional repressor of angiogenic genes and restricts angiogenesis. Proangio-
genic stimuli have a dual effect on ERRq, decreasing its expression as well as increasing recruitment to
angiogenic genes.

stimulants and ERRa. Surprisingly, ERR« is generally dispensable for the regulation of its
known targets from other tissues, such as mitochondrial biogenesis and oxidative
metabolism in ECs. Our work identifies a new function of ERR« in restricting angio-
genesis and related transcriptional programs in ECs (Fig. 8G).

ERRs have various expression levels in different tissues with ERRa ubiquitously
expressed, and most tissues express one or more subtypes of ERRs. These receptors are
known to regulate overlapping sets of genes based on studies in the skeletal and
cardiac muscle (40, 50). Interestingly, we found that a variety of ECs, including murine
lung, retina, and brain, as well as human lung and umbilical vein ECs, exclusively
express ERRa. Considering that ECs in different tissues may have unique gene signa-
tures, ERRB or ERRy could be expressed in ECs from tissues we have not examined.
However, ERRa knockdown/deletion did not result in ERRB or ERRy induction, suggest-
ing that these isoforms do not have a compensatory role in the ECs (data not shown).
Loss of ERRa changed PPAR« (increase in HUVEC, decrease in mouse lung ECs)
expression, increased PPAR+y (both mouse lung ECs and HUVEC) expression, and did not
change PPARS expression (data not shown). The expression of the coactivator PGC1«
was barely detectable, and its expression was unaffected by ERRa in endothelial cells
(data not shown). Therefore, it is possible that changes in expression of these other
regulators could contribute to ERRa regulation of angiogenesis.
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Gene profiling data suggest that ERRa predominantly acts as a transcriptional
repressor in ECs. A majority of the differentially expressed genes were upregulated in
ERRa-null ECs. In particular, genes linked to blood vessel morphogenesis, cell motility,
and cell adhesion were major targets of ERR« in the ECs. Of the differentially expressed
genes, 33 genes were classified as blood vessel morphogenesis and angiogenic factor
signaling-associated genes, 34 genes were linked to cell motility/migration, and 9
genes were linked to cell adhesion (see Table S2 in the supplemental material). Several
prominent genes (e.g., Nos3, Sox 17/18, Robo4, and Bmp4) that regulate angiogenesis
(65-68) were upregulated by ERRa deletion in ECs. In addition, several migratory and
cell adhesion genes, such as Pecam, Mmp3, Cdh3, and Esam1, that were upregulated
upon ERRa deletion are known to be involved in angiogenic regulation (69-72).

ERRs have been shown to regulate gene expression by preferentially binding to
conserved estrogen-related receptor response elements (ERREs) in the proximal pro-
moter regions of genes (40). Indeed, ChIP sequencing revealed that even in ECs ERRa
predominantly binds to promoter regions. In concert with gene expression data, ERRa
was localized to genes linked to angiogenesis, migration, and cell adhesion. Top-
ranking motifs found at the receptor enrichment sites are known motifs for TBP (TATA
box binding protein), MYB, and ERRe, suggesting that ERRa regulates endothelial gene
expression directly or via interaction with other transcriptional regulators. Notably,
endothelial MYB is implicated in regulation of angiogenesis in gastric cancer (73). ERR«
previously has been found to bind genes such as VEGFR2, DLL4, and HIF2a/EPAST in
different cell lines (e.g., A549, BT474, K562, and GM12878), but it did so in nonpromoter
regions (74, 75). We previously showed that muscle ERRy promotes angiogenesis
by paracrine secretion of angiogenic growth factors such as Vegfa (46, 53). How-
ever, reexamination of our published microarray data from muscle-specific ERRvy-
overexpressing mice (46) suggests that ERRy does not regulate any of the other effector
signaling angiogenic genes (e.g., DIl4, Hif2a/Epas1, and VegfR2) targeted by endothelial
ERRa. Also, to our knowledge genomic recruitment of ERRB/7y isoforms to angiogenesis
pathway genes has not been reported. Therefore, while in tissues such as skeletal
muscle ERRy may play a paracrine proangiogenic role, in ECs ERRae may have a
contrasting function to limit angiogenesis.

Transcriptional remodeling of ECs upon ERRa deletion leads to increased angiogen-
esis. ERRa depletion in murine lung ECs as well as in HUVEC leads to enhanced
sprouting angiogenesis. In this assay, we observed an increase in total network length
in ERRa-null ECs. The increase in total network length is a combination of a change in
the number of sprouts and/or sprout length. This indicates that ERR« could be affecting
the balance between the tip and stalk cells in the ECs. The tip cells are migratory and
form the leading edge that follows the angiokine gradient cues during angiogenesis.
On the other hand, stalk cells are more proliferative, follow the tip cells, and are
involved as building blocks in the elongation of the vascular sprout. Depletion of ERRa
in HUVEC decreased proliferation and increased migration and tube formation, sug-
gesting effects on tip and stalk cell dynamics. Loss of ERRa increased expression of
genes (e.g., VEGFR2 and DLL4) that are the markers of tip cells, which coincides with
increased sprouting potential of the ERRa-depleted ECs. The effect on migration is also
in agreement with the upregulation of the migratory genes in the ERRa-null ECs. Our
findings that loss of ERRa advances the angiogenic front, which in the P5 retinas is
primarily comprised of tip cells, also supports the potential effect of ERRa on tip versus
stalk cell balance. Furthermore, because lack of ERRa sensitizes the mutant ECs to both
VEGFA- or ANG1/2-mediated sprouting, ERRa may not be exclusively downstream of a
single angiogenic growth factor. Rather, ERRa-mediated gene programing may gener-
ally fine-tune EC sprouting or angiogenic responsiveness to growth factors.

Recent studies have highlighted a major role for metabolism in the regulation of
angiogenesis, particularly in tip versus stalk cell fate of ECs during angiogenesis (76).
While ECs are generally glycolytic, the tip cells become even more glycolytic, whereas
the stalk cells rely on fatty acid oxidation to meet the biosynthetic demands of
these cells. Tip cells increase the expression of phosphofructokinase 2/fructose-2,6-
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bisphosphatase (PFKFB3), an enzyme that catalyzes the rate-limiting step in glycolysis
(63). Loss of PFKFB3 decreases tip cell formation and directional cell migration (63, 77).
Meanwhile, stalk cells upregulate CPT1a, an enzyme that catalyzes the rate-limiting step
of fatty acid oxidation (78). Endothelium-specific deletion of CPT1a results in decreased
proliferation and subsequently impaired sprouting (78). Furthermore, inhibition of
CPT1a can rescue pathological ocular angiogenesis. CPT1a-driven fatty acid oxidation
seems to be necessary for de novo synthesis of nucleotide synthesis and DNA replica-
tion in ECs (78). On the other hand, CPT1a and fatty acid oxidation in quiescent
endothelial cells is required for redox homeostasis as well as for prevention of EC
dysfunction, oxidative stress, and susceptibility to inflammatory diseases (79). As men-
tioned above, ERRs are major regulators of oxidative metabolism, mitochondrial bio-
genesis, and fatty acid oxidation in organs such as skeletal muscle, heart, and adipose
tissues (50). However, ERRa was found to be dispensable for the regulation of mito-
chondrial biogenesis and oxidative metabolic genes in the ECs. Cellular oxygen con-
sumption rates as well as extracellular acidification rates measured using Seahorse with
glucose-pyruvate or palmitate as the energy source were found to be comparable
between control and ERRa-depleted ECs, suggesting that the lack of ERRa does not
affect the metabolic preference in these cells and does not contribute to angiogenesis
via this mechanism. However, this possibility currently cannot be ruled out for condi-
tions such as hyperglycemia, inflammation, and proangiogenic stimuli.

The relationship between angiogenic stimuli and ERRa was found to be complex.
VEGFA treatment of ECs resulted in increased occupancy of ERRa at most angiogenesis-
associated genes tested. VEGFA treatment within the same time frame repressed
angiogenic gene expression. We speculate that ERRa represents a counterfeedback
mechanism to limit excessive angiogenesis in response to growth factors such as
VEGFA. This idea is supported by the aforementioned results that both VEGFA- and
Ang1/2-mediated sprouting angiogenesis are enhanced in ERRa-depleted ECs. Para-
doxically, we found that proangiogenic stimulation of ECs with VEGFA or hypoxia
resulted in the downregulation of ERRa gene expression. However, there still remains
residual ERRa expression, which potentially gets recruited to angiogenic genes in
response to VEGFA treatment. How VEGFA can downregulate ERRa while simultane-
ously increasing its recruitment to angiogenesis-associated genes remains unclear. We
speculate that proangiogenic stimuli induce posttranslational modifications of ERRa,
subsequently increasing its recruitment. Nuclear trafficking of ERRa and modulation of
interaction with corepressors could also contribute to regulation of ERRa by proangio-
genic signaling. Overall, our findings are suggestive of a model where proangiogenic
stimulation of ECs represses ERRa expression while increasing its recruitment to
angiogenic genes, thereby potentially fine-tuning angiogenesis (Fig. 8G). The physio-
logical and pathological significance of this model remains to be explored. It is possible
that dynamic regulation of ERRa is critical for developmental, physiological, or patho-
logical angiogenesis. Our finding of increased ERRa expression in primary lung ECs
isolated from diabetic mice suggests that endothelial ERRa play an adaptive role in
pathological angiogenesis.

In summary, ERRa is a regulator of EC gene expression potentially via transcriptional
repression. Genes linked with angiogenesis form a substantial cohort of ERRa-regulated
targets in ECs. Consequently, endothelial ERRa acts as a repressor of angiogenesis.
While we have primarily used in vitro and ex vivo experiments to delineate the role of
endothelial ERRa in cellular angiogenesis, it opens up potentially interesting future
directions. What is the impact of endothelium-specific ERRa deletion on physiological
and pathological angiogenesis? What are the components of ERRa transcriptional
repressor complexes in ECs? What are additional mechanisms of ERRa regulation in
ECs? Finally, what other roles does ERRa play beyond angiogenesis in ECs? Future
studies will answer some of these critical questions to establish ERRa as a major player
in endothelial function.
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MATERIALS AND METHODS

Mouse strains and mouse treatment conditions. ERRa-null mice (ERRa-KO) have been previously
described (47) and were backcrossed to the C57BL/6J background strain. Mice were housed in a
temperature-controlled room (20 to 22°C) with ad libitum access to water and food (Pico Lab rodent diet,
13.2% fat) under a 12-h/12-h light-dark cycle. Animals were housed and treated in accordance with the
U.S. National Institutes of Health Guide for the Care and Use of Laboratory Animals (80). The Animal
Welfare Committee at The University of Texas McGovern Medical School in Houston approved the
procedures.

Cell culture, primary cell isolation, and treatment conditions. HUVEC (Lonza) were grown in
EGM2 medium (PromoCell) in a humidified incubator at 37°C and 5% CO,. HMVEC (Lonza) and bEnd.3
cells (ATCC) were grown on 2% gelatin-coated plates in EGM2 MV medium (PromoCell) in a humidified
incubator at 37°C and 5% CO.,,. Cells were passaged by trypsinization followed by neutralization of trypsin
with Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum. Cells used for
experiments were between passage 3 and passage 6. Mouse lung and retinal primary ECs were isolated
from pups (between P10 and P18) by adopting a previously described protocol (56). For diabetic ECs,
C57BL/6J mice were fed on a 60 kcal% fat diet (Research Diets Inc.) for 16 weeks along with injection of
STZ at 40 mg/kg of body weight for 3 days at 8 weeks. Lungs were harvested at 16 weeks, followed by
EC isolation and immediate RNA extraction. For angiogenic stimulus, cells were treated with 30 ng/ml
VEGFA (R&D Biosystems) or ANG1 (200 ng/ml) and ANG2 (650 ng/ml) (R&D Biosystems). Hypoxia treat-
ment of cells was carried out in a modular incubator chamber (Billups, Rothenberg) by flushing the
chamber containing cells with a preanalyzed gas mixture of 5% CO, and 95% N., followed by incubation
for 6 h at 37°C. HUVEC were transfected with 30 nM short interfering RNA (siRNA; L-003403-00-0005
[ESSRA] and 001810-10-05 [control]; GE Healthcare, Dharmacon) using Lipofectamine RNAiMax (Thermo
Fisher Scientific). Cells were harvested or used for experiments 48 to 60 h posttransfection.

Western blotting. Cells were harvested and lysed in radioimmunoprecipitation assay buffer (Boston
BioProducts). The Pierce bicinchoninic acid protein assay kit (Thermo Scientific) was used to quantify
protein content in the lysate. Twenty-five to 40 ug of total protein was used for Western blotting.
Proteins were separated by SDS-PAGE, transferred to nitrocellulose membrane, stained using Ponceau S,
blocked with 5% bovine serum albumin (BSA) in phosphate-buffered saline with 0.1% Tween 20 (PBST),
and incubated overnight at 4°C with primary antibody (ERR« [13826; Cell Signaling], TBP [28175; Abcam],
VEGFR2 [PA5-16487; Thermo Fisher Scientific], TEK [SC-324; Santa Cruz Biotechnology], DLL4 [2589T; Cell
Signaling], B-actin [612656; BD Biosciences], and Oxphos [110413; Abcam]). Membranes were subse-
quently washed with PBST and incubated with the appropriate secondary antibodies (Cell Signaling) for
1 h at room temperature, followed by washes with PBST. Blots were visualized using chemiluminescence
Western blotting detection reagents (Thermo Fisher Scientific) and imaged on the ChemiDoc MP imaging
system (Bio-Rad).

RNA isolation and RT-qPCR. Total RNA was isolated from cells using TRIzol and the PureLink kit
(Ambion). Reverse transcription was carried out with 500 to 2,000 ng of total RNA using SuperScript Il
reverse transcriptase (Thermo Fisher Scientific) by following the manufacturer’s protocol. Quantitative
reverse transcriptase PCR (RT-qPCR) analysis was performed using Power Up SYBR PCR master mix
(Applied Biosystems) with an ABI-7900 cycler (Applied Biosystems) or CFX 96-Touch (Bio-Rad). Gene
expression was normalized using the housekeeping TATA binding protein (TBP) gene and represented
as AC; or AAGC; values (where C; is threshold cycle). The primer sequences are provided in Tables S3
(mouse) and S4 (human) in the supplemental material.

Microarray gene expression. Genome-wide gene expression analysis was performed on RNA
samples from lung ECs (P4) of WT and ERRa KO mice. Total RNA (300 ng/sample) was amplified and
purified using an lllumina TotalPrep RNA amplification kit (Ambion) by following the manufacturer’s
instructions. In vitro transcription was performed and biotinylated cRNA was synthesized by 14 h of
amplification with deoxynucleoside triphosphate (dNTP) mix containing biotin-dUTP and T7 RNA poly-
merase. An aliquot of 1.5 ug of amplified products was loaded onto Illumina Sentrix BeadChip array
mouse WG-6.v2 arrays. Data were analyzed using Genome Studio software (lllumina). Heat maps were
generated in R (v3.4.4) using the average signal from the raw array data for each gene/probe that was
found to be differentially expressed (absolute fold change of =2 and adjusted P value of =0.05).
Differentially expressed genes (DEG) (fold change of =2 and P value of =0.05) were tested for statistically
enriched GO terms using Cluster Profiler (v3.2.4) in R (v3.4.4), which uses the hypergeometric model to
test for overrepresentation of a GO category in the DEG list. Gene identifiers from the array annotation
file were used to map DEGs to GO terms. The results from the GO enrichment analysis were simplified
by removing enriched GO terms whose associated genes were completely represented by another more
significant GO term (81).

In vitro angiogenesis assays. An in vitro sprouting assay was performed as described previously (58),
with slight modifications. Briefly, cells were treated with siRNA for 24 h, followed by spheroid formation.
Spheroids were then collected and plated in a 2-mg/ml collagen matrix at a density of 1 spheroid per
well in a 96-well plate. After 12 h of incubation (with or without VEGFA or ANG1/2 treatment) in the
collagen matrix, spheroids were stained with calcein AM (Life Technologies) and imaged on a Nikon
Eclipse TE2000E widefield fluorescence microscope. When specified, spheroids were treated with
30 ng/ml VEGFA or Ang 1 (200 ng/ml) plus Ang 2 (650 ng/ml) (R&D Biosystems) in EBM2 (Lonza).
Quantification of sprout network length was carried out using the Sprout Morphology plug-in for Image)J
(82). For tube formation assay, a 96-well plate was prepared by coating it with 50 ul of Matrigel (Gibco),
followed by incubating the plate at 37°C for 30 min. Forty-eight hours after transfection, cells were
trypsinized and plated at a density of 2 X 104 cells per well in EBM2 (Lonza). Tube formation was imaged
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4h postplating using phase contrast imaging on a Nikon Eclipse TE2000E widefield fluorescence
microscope. Tube formation was quantified using the angiogenesis analyzer for ImageJ (83). Endothelial
cell proliferation was measured by plating equal numbers of ERRa siRNA or control siRNA-transfected
HUVEC in 96-well format, followed by counting cell numbers (4’,6-diamidino-2-phenylindole [DAPI]
staining of nuclei) at the stated time points. Endothelial cell migration was measured by loading ERRa
siRNA- or control siRNA-transfected HUVEC in minimal medium in the upper chamber of a transwell
(8-um pore size) (Costar) with complete growth medium (EGM2) in the lower chamber. Migrated cells
were fixed with paraformaldehyde and visualized using crystal violet.

Mouse retina staining. Retinas were dissected from P5 neonatal mice as described previously (84).
The isolated retinas were fixed with methanol and incubated with biotinylated isolectin B4 (Vector
Laboratories) at a dilution of 1:2,000, followed by incubation with DyLight 488-conjugated streptavidin
(Vector Laboratories). The retinas were mounted with Prolong Gold (Life Technologies) and imaged using
a Leica TCS SP5 confocal microscope. The retinal vasculature was quantitatively analyzed using
AngioTool (85).

Chromatin immunoprecipitation. Chromatin immunoprecipitation was performed using the
ChIP-IT Express enzymatic kit (Active Motif). Two 150-mm plates of HUVEC grown to confluence were
used per immunoprecipitation reaction (~107 cells). Chromatin immunoprecipitation was carried out
using antibodies (ERR« [13826; Cell Signaling] and rabbit IgG [011-000-003; Jackson Immuno Research])
according to the manufacturers’ protocol. Cells were cross-linked with 1% formaldehyde for 10 min.
MNase digestion was performed at 37°C for 20 min. The immunoprecipitated DNA was cleaned up using
the chromatin IP DNA purification kit (Active Motif). The purified DNA was quantified using gPCR. Data
are represented as a percentage of input DNA. The primer sequences are provided in Table S4.

The ChIP-sequencing experiment was performed in duplicate with the above-mentioned immuno-
precipitation conditions and cell numbers. Sequence reads were aligned to the human genome (version
hg19) using bowtie2 (86). Greater than 75% of reads aligned to the genome exactly 1 time. ERRa-
enriched peaks were identified for each ChIP replicate using Macs2 (87) with default parameters. A
consensus set of peaks was created by using the idr procedure in R, with a threshold of 0.05 (88). Peaks
were annotated using Homer’s annotate peaks function (89). To find enriched motifs, we performed a de
novo search using Homer’s findMotifs.pl using the hypergeometric background model and discovered
motifs were matched to known motifs from Encode’s factorbook (90). Signal tracks and heat maps were
generated using deeptools (91) with 25-bp bins across the genome. Pathway analysis was performed on
genes which had a peak upstream of its TSS within 1 kb or in which a peak overlapped its TSS or the
closest gene to every peak using Panther and/or R/Bioconductor (92).

Mitochondrial content measurement. HUVEC were transfected with control or ERRa siRNA. Forty-
eight hours posttransfection, cells were harvested and DNA was isolated using a NucleoSpin DNA
isolation kit (Macherey Nagel). In brief, cells were lysed and incubated with proteinase K overnight at
65°C. DNA was then purified using the supplied silica spin columns. The purified DNA was quantified,
diluted to a concentration of 50 ng/ul, and used as a template for qPCR. C; values for mitochondrial
genes were normalized to C; values of three genomic DNA loci on chromosomes 10, 11, and 14. Data are
represented as AC; values.

Seahorse assay. The Seahorse assay was performed using the Agilent Seahorse XFe24 extracellular
flux assay kit (Agilent Technologies) according to the manufacturer’s protocol. Briefly, ERRa was knocked
down in HUVEC using siRNA. Thirty hours posttransfection, cells were plated in the assay plate at a
density of 40,000 cells/well. The assay was performed 48 to 60 h posttransfection. Cells were incubated
in the assay medium containing 25 mM glucose, 2 mM glutamine, and 2 mM sodium pyruvate at 37°C for
1 h prior to measurement of oxygen consumption rate (OCR) and extracellular acidification rate (ECAR).
After measurement of baseline OCR and ECAR, cells were treated sequentially with oligomycin (1 uM),
FCCP (2 uM), and antimycin A-rotenone (0.5 uM), followed by measurement of OCR and ECAR after every
measurement. Fatty acid oxidation was measured using the XF palmitate-BSA FAO substrate (Agilent
Technologies) by adhering to the manufacturer’s protocol. Cells were incubated with 150 uM palmitate
conjugated to 250 uM BSA. OCR and ECAR were measured at baseline, followed by measurement after
each sequential drug treatment of oligomycin (2 uM), FCCP (3 uM), and antimycin A (2 uM)-rotenone
(4 uM).

Statistical analysis. Statistical analysis was performed using GraphPad Prism. Experiments with two
test groups were analyzed using unpaired Student'’s t test. Experiments with more than two groups were
analyzed using one-way analysis of variance with Tukey’s multiple-comparison post hoc test. Microarray
data were analyzed using Genome Studio using Bonferroni’'s multiple-comparison test. A P value of
=0.05 was considered statistically significant. Bioinformatics analysis of microarray data are described in
Results.
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