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Abstract

Rationale—Significant progress has revealed transcriptional inputs that underlie regulation of 

artery and vein endothelial cell fates. However, little is known concerning genome-wide regulation 

of this process. Therefore, such studies are warranted to address this gap.

Objective—To identify and characterize artery- and vein-specific endothelial enhancers in the 

human genome, thereby gaining insights into mechanisms by which blood vessel identity is 

regulated.

Methods and Results—Using ChIP-seq for markers of active chromatin in human arterial and 

venous endothelial cells, we identified several thousand artery- and vein-specific regulatory 

elements. Computational analysis revealed that NR2F2 sites were over-represented in vein-specific 

enhancers, suggesting a direct role in promoting vein identity. Subsequent integration of ChIP-seq 

datasets with RNA-seq revealed that NR2F2 regulated three distinct aspects related to 

arteriovenous identity. First, consistent with previous genetic observations, NR2F2 directly 

activated enhancer elements flanking cell cycle genes to drive their expression. Second, NR2F2 

was essential to directly activate vein-specific enhancers and their associated genes. Our genomic 

approach further revealed that NR2F2 acts with ERG at many of these sites to drive vein-specific 

gene expression. Finally, NR2F2 directly repressed only a small number of artery enhancers in 

venous cells to prevent their activation, including a distal element upstream of the artery-specific 

transcription factor, HEY2. In arterial endothelial cells, this enhancer was normally bound by 
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ERG, which was also required for arterial HEY2 expression. By contrast, in venous endothelial 

cells NR2F2 was bound to this site, together with ERG, and prevented its activation.

Conclusions—By leveraging a genome-wide approach, we revealed mechanistic insights into 

how NR2F2 functions in multiple roles to maintain venous identity. Importantly, characterization 

of its role at a crucial artery enhancer upstream of HEY2 established a novel mechanism by which 

artery-specific expression can be achieved.
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INTRODUCTION

Specification of arterial and venous (arteriovenous) endothelial cell fates is an essential step 

during the development of the circulatory system 1. While differences between these blood 
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vessel types were long thought to be the result of physiological determinants, work over the 

past twenty years has shown that arteriovenous identity is established through genetic 

pathways acting prior to circulation. Additionally, defects in these pathways lead to 

abnormal vascular morphogenesis and patterning2, 3. Developmental studies in multiple 

model organisms demonstrate that arteriovenous identities are specified prior to blood vessel 

formation and are largely fixed by adulthood4–6, suggesting that re-programming these fates 

may be challenging in an established circulatory system. Indeed, limited arteriovenous 

plasticity has been noted in pathological settings in humans7. Notably, coronary artery 

bypass grafts using saphenous veins are more likely to exhibit stenosis and graft failure than 

those using radial arteries 8. Similarly, venous grafts subjected to arterial flow in animal 

models show loss of vein identity, but fail to induce artery gene expression9. Thus, a better 

understanding of the signals that determine artery and vein identity may allow manipulation 

of these fates in the adult circulatory system and lead to improved clinical outcomes.

A feature of cellular differentiation is lineage-specific gene expression governed by cell 

type-specific transcription factors. Accordingly, a number of transcription factors have been 

implicated in arteriovenous specification. Two related Forkhead transcription factors, Foxc1 

and Foxc2, are expressed in endothelial cells and their combined deficiency leads to defects 

in vascular development in mouse10. Foxc proteins can interact directly with cis regulatory 

elements at the artery-specific Dll4 and Hey2 genes and drive their expression10. Similarly, 

the Ets transcription factor ERG binds to an artery-specific intronic enhancer of Dll4 to drive 

its expression11. Accordingly, mice lacking Erg show reduced artery Dll4 expression. 

Interestingly, a broad range of endothelial enhancers bear composite Forkhead:Ets motifs, 

which are capable of driving robust endothelial reporter expression12, although most of these 

are not artery-restricted. Sox family transcription factors have also been implicated in artery 

differentiation. Sox17 is expressed specifically in arterial endothelial cells in mouse13, while 

Sox7 and Sox18 exhibit similar patterns in zebrafish14. Sox17 can bind upstream of multiple 

artery-expressed genes and regulate their expression13. Thus, members of the Ets, Sox, and 

Forkhead transcription factor families have all been implicated in artery differentiation to 

directly promote expression of artery-specific genes. However, a genome-wide view of 

putative artery enhancers and genes acted upon by these upstream transcription factors in 

arterial endothelial cells is lacking.

While many factors have been implicated in artery differentiation, less is known about vein 

specification. The orphan nuclear receptor, Nr2f2 (also known as Coup-TFII), is expressed 

specifically in venous endothelial cells and is required for vascular morphogenesis during 

embryonic development 15. Mice lacking Nr2f2 show ectopic expression of artery markers 

in venous endothelial cells, while exogenous transgene-driven Nr2f2 suppresses artery gene 

expression16. Cell culture studies suggest that Nr2f2 binds to cis elements at the Hey2 and 

Foxc1 loci17, inhibiting their expression to block artery differentiation. More recently, a 

bone morphogenetic protein (BMP) signaling pathway has been implicated in venous 

differentiation. Loss of the BMP receptor Bmpr1a, or the downstream effector Smad4, in 

mice results in loss of vein-specific gene expression18. Moreover, Smad1/5 binding at the 

vein-specific Ephb4 locus was stimulated by Bmp9 leading to upregulation of Ephb4 

expression. A similar binding site at the Nr2f2 locus suggests that a Bmp9/Bmpr1a/Smad 

pathway acts upstream of Nr2f2 during vein specification.
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Despite advances in identifying transcriptional inputs that govern arteriovenous expression, 

past studies have focused on selected candidate target genes and their flanking enhancer 

elements. As such, a genome-wide view of enhancer dynamics in arterial and vein 

endothelial cells is lacking. The advent of deep sequencing technologies has enabled 

straightforward implementation of genome-wide approaches and these have begun to be 

applied to better understand control of endothelial gene expression. Notably, endothelial 

chromatin dynamics in response to Vascular endothelial growth factor A (Vegfa) have been 

extensively characterized and new tools to investigate similar mechanisms in vivo have been 

developed19, 20. Furthermore, the large-scale Encyclopedia of DNA elements (ENCODE) 

project includes datasets from several primary human endothelial lines21, which have been 

used to provide insight into enhancer variants relevant to cardiovascular disease22, 23. 

However, none of these efforts have yielded appropriate datasets to investigate mechanisms 

that impact arteriovenous identity. To address this knowledge gap, we have applied a 

genome-wide approach using primary human endothelial cells to identify and characterize 

artery and vein enhancers in the human genome. We then leverage the resulting datasets to 

provide new insights into how NR2F2 directly affects multiple aspects of arteriovenous gene 

regulation.

METHODS

Due to space limitations, a detailed description of all methods is provided in the Online Data 

supplement.

Raw and processed datasets are publicly available at the Gene Expression Omnibus (GEO; 

GSE128382) or can be found in the Online Data supplement.

RESULTS

Identification of artery and vein enhancers in the human genome

To gain insights into genome-wide control of arteriovenous gene expression, we identified 

and characterized all active cis regulatory elements in artery and vein endothelial cells. For 

this purpose, we isolated human umbilical artery and vein endothelial cells (HUAEC and 

HUVEC, respectively) and used them prior to their third passage (P3). HUAEC and HUVEC 

expressed canonical endothelial cell markers (e.g. CDH5, ERG, ETS1, and FLI1), compared 

to a non-endothelial cell type (HeLa), but not markers for blood cell lineages (CSF1R, SPI1; 

Online Figure IA). By RNA-seq, HUAEC and HUVEC exhibited expression of conserved 

identity markers, including arterial expression of DLL4, EFNB2, HEY2, and NOTCH4 and 

venous expression of EMCN, EPHB4 and NR2F2 (Figure 1A, Online Figure IB, Online 

Table I). HUAEC also exhibit higher levels of Notch activation than HUVEC, as assessed 

using the Notch-responsive TP1 reporter 24 (Online Figure IC) and expression of a 

previously identified artery-specific transcription factor signature 25 (Online Figure ID). 

Thus, HUAEC and HUVEC maintain their identities under our isolation and culture 

conditions.

To identify active cis regulatory elements, we performed ChIP-seq on HUAEC and HUVEC 

for histone 3, acetylated at lysine 27 (H3K27ac) and the acetylated form of the EP300 
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histone acetyl transferase (acEP300), both of which associate with active promoters and 

enhancers 26, 27. We then used these data to identify regulatory elements that were artery- or 

vein-specific. For this purpose, we compared the level of H3K27ac and acEP300 occupancy 

at all active regulatory elements in HUAEC and HUVEC (see Detailed Methods section in 

the Online Supplement for a description of enhancer identification, differential analysis, and 

statistical thresholds). An element was defined as “artery-” or “vein-enriched” if it displayed 

a log2 fold change in read density of greater than 1 or less then −1 (FDR<0.01), respectively, 

from replicate H3K27ac and acEP300 ChIP-seq samples. This analysis yielded 2609 artery- 

and 1933 vein-enriched regulatory elements (Figure 1B, Online Table II). An additional 

forty thousand elements were occupied to a similar level in both cell types and are referred 

to hereafter as “common” (Online Table III). Most artery- and vein-enriched elements 

localized to inter- or intragenic regions with approximately fifteen percent at transcriptional 

start sites (TSS; +/−2.5 kb), while common elements were more equally distributed (Figure 

1C). A small fraction of elements mapped to ENCODE-annotated heterochromatin or 

centromeric regions (Figure 1C) and were not subsequently considered. The majority of all 

element types (artery, vein, and common) are largely concordant with DNase I 

hypersensitivity sites (DHS) in primary human microvascular endothelial cells (HMVEC), 

which would be expected to include both arterial and venous cell types, but less so in non-

endothelial cells (lymphoid, Th1, Figure 1D). Accordingly, enhancer elements are located 

preferentially near genes associated with angiogenesis or endothelial cell functions (Online 

Table IV). We further find that the number of flanking artery- or vein-enriched, but not 

common, enhancers strongly correlates with the degree of HUAEC- or HUVEC-enriched 

expression, respectively, of adjacent genes (Figure 1E,F, Online Figure IE). Together, these 

findings suggest that most of these artery- and vein-specific regulatory elements are 

endothelial enhancers that regulate arteriovenous gene expression. As an accessible 

resource, we provide annotation files for easy visualization of these elements on the human 

genome (hg19) using the UCSC Genome browser (Online Data Files I and II). We also 

provide a single file that summarizes and integrates the results from all of the ChIP-seq data 

presented in this work (Online Table III).

Coordinately expressed genes often possess common cis regulatory sequences responsible 

for their shared expression patterns. Interestingly, a consensus site for the vein-enriched 

transcription factor, NR2F2, was over-represented in HUVEC-, but not HUAEC-specific, 

elements (Figure 1H, Online Table V). Vein-enriched elements also showed a prevalence of 

binding sites for ETS factors, such as ERG, and Forkhead proteins (Figure 1H, Online Table 

V), such as Foxc1/2, despite their implicated roles in artery differentiation 28. These sites 

were also over-represented in HUAEC-specific elements (Figure 1I, Online Table VI) 

consistent with comparable levels of transcripts encoding both ETS and Forkhead proteins in 

HUAEC and HUVEC (Online Figure IF, G). Despite robust detection of individual Fox and 

ETS motifs, unbiased analysis failed to identify the previously described composite 

FOX:ETS motif 12 as over-represented. Furthermore, we could not identify enrichment of an 

obvious HUAEC-specific cis regulatory element expected to bind known factors, including 

those that would bind the previously described artery signature transcription factors 25.
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NR2F2 directly activates cell cycle genes and vein-specific enhancers in HUVEC

Previous studies suggest that NR2F2 controls arteriovenous differentiation by directly 

repressing artery gene expression and regulating the cell cycle 16, 17, 29. However, our 

finding of over-represented NR2F2 sites in vein-specific enhancers suggested a more direct 

role in activating a vein gene program. To gain mechanistic insights into these multiple 

possible roles, we first identified all NR2F2-regulated transcripts in HUVEC. RNA-seq 

following NR2F2 knockdown in HUVEC (Online Table I, Online Figure IIA) revealed more 

than 1000 transcripts that were significantly upregulated (log2FC>=1, adjP<=0.01), 

including the artery-specific transcription factor, HEY2, a known repressed target (Figure 

2A, B). Strikingly, many more transcripts were downregulated (1821, log2FC<=1, 

padj<=0.01) consistent with a role for NR2F2 in actively driving gene activation in HUVEC. 

GO term analysis revealed an overwhelming association of all regulated genes with the cell 

cycle and most of these genes were downregulated by NR2F2 knockdown (Figure 2A; 

Online Figure IIB, Online Table VII). Further comparison of NR2F2-regulated genes with 

HUAEC and HUVEC transcriptomes (see above) revealed that a proportion of all artery- or 

vein-restricted genes were significantly regulated by NR2F2 (Figure 2B, C, Online Table I). 

Thus, our results are consistent with NR2F2 controlling multiple aspects of arteriovenous 

differentiation.

Nuclear receptors related to NR2F2 can typically act in a complex that leads to acetylation 

or deacetylation of histones to influence transcriptional changes 30. Using this characteristic 

as a guide, we took a two-pronged approach to identify direct functional NR2F2 target sites 

flanking the regulated genes identified above. First, we identified genomic regulatory 

elements bound by NR2F2 using ChIP-seq in HUVEC. From replicate samples, we 

identified 5108 sites, the majority of which exhibited a GGTCA half-site or direct repeat 

consistent with known NR2F2 or related nuclear receptor binding sites (Online Data File III, 

Online Figure IIIA, B; ref. 31). Next, we profiled genome-wide H3K27ac occupancy 

following knockdown of NR2F2 in HUVEC to identify elements with increased or reduced 

occupancy. Together, these data allowed us to identify all NR2F2 binding sites, along with 

those that were being directly regulated in a positive or negative manner by NR2F2 (see 

Online Tables I and III).

As noted above, cell cycle genes comprise a large proportion of NR2F2-regulated transcripts 

(Figure 2A). Accordingly, NR2F2 binding sites are found flanking these genes at a 

significantly higher rate than all genes (Online Figure IIIC). However, only 16 of 136 

NR2F2-regulated cell cycle genes with flanking NR2F2 binding sites showed concomitant 

decrease in H3K27ac occupancy at these same sites following knockdown (Online Table I; 3 

vein-specific elements and 13 common elements). These downregulated genes included 

RACGAP1, which shows robust NR2F2 binding at the promoter along with NR2F2-

dependent H3K27ac at this same site (Figure 2D, Online Tables I, III) and XRCC3, which 

possesses an intronic enhancer that shows similar behavior (Figure 2E). These results 

indicate that NR2F2 can directly control the expression of cell cycle genes, but may act as a 

canonical activator on only a select group of these targets.

We next investigated whether NR2F2 directly induced vein-specific cis elements and 

similarly regulated flanking genes. NR2F2 ChIP-seq revealed that one-fifth of vein-specific 

Sissaoui et al. Page 6

Circ Res. Author manuscript; available in PMC 2021 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



elements are bound by NR2F2 consistent with our computational analysis (Online Figure 

IIID; Online Table V). Furthermore, 219 of 1933 vein-specific elements exhibited 

significantly reduced H3K27ac occupancy following NR2F2 knockdown (log2 fold change 

<=−1, FDR<=0.05 in triplicate ChIP-seq experiments; Online Table III), while 82 were up-

regulated (Figure 2F). Intersection of these datasets revealed 76 of downregulated sites were 

also bound by NR2F2 suggesting that they were direct targets and only 4 of the 82 

upregulated sites were likewise bound (Figure 2F). Further comparison to RNA-seq datasets 

revealed that only 6 vein-specific genes reduced by NR2F2 knockdown possessed a flanking 

vein-specific enhancer that was both bound by NR2F2 and displayed a similar decrease in 

H3K72ac occupancy (Figure 2F, Online Table I). CLU is a vein-specific gene that possessed 

flanking vein-specific enhancers that were similarly regulated by NR2F2. However, CLU 
was not initially detected since its expression in response to NR2F2 knockdown fell just 

below our threshold (log2 fold change=−0.92, adj.P<0.01; Online Figure IV). In any case, 

NR2F2 is essential to directly activate selected vein-specific cis regulatory elements in 

HUVEC and to drive expression of adjacent vein-specific genes.

NR2F2 and ERG induce vein-specific gene expression

In the course of analyzing our NR2F2 ChIP-seq data, we noticed enrichment for consensus 

ETS binding sites that were centered on, or adjacent to, NR2F2 half-sites (Figure 3A). 

Therefore, we performed ChIP-seq for ERG in HUVEC to determine if it was actually 

bound to these sites. We would note that the ERG antibody used in these studies also 

recognizes the highly related ETS factor, FLI1, and transcripts encoding these two factors 

are the most abundantly expressed of the ETS family members in HUVEC (Online Figure 

IF). Thus, they likely represent the bulk of ETS-bound sites in HUVEC. ERG ChIP-seq 

from replicate samples identified approximately 8,000 binding sites (Online Data File IV), 

which were likewise enriched for an ETS motif but much less so for the NR2F2 half-site 

(Figure 3B). ERG ChIP-seq reads, but not those from input, were detectable at most NR2F2 

sites (Figure 3C) and more than half of significantly called NR2F2 sites in replicate samples 

overlapped with similarly called ERG sites (Figure 3D). These observations suggest that 

most NR2F2 binding sites were bound by both transcription factors in HUVEC. By contrast, 

a much smaller proportion of ERG sites are co-bound by NR2F2, making them more 

difficult to detect by only computational means (Figure 3B). This would be consistent with 

recent studies on genome-wide ERG binding in HUVEC that failed to identify a co-bound 

NR2F2 site from computational analysis 32. Consistent with our ChIP-seq analysis, co-

immunoprecipitation of endogenous NR2F2 revealed an interaction with ERG in HUVEC 

(Figure 3E). We further noted NR2F2 and ERG binding together at shared sites in vein-

enriched enhancers flanking FAM174B, ADAMTS18, and LHX6 (Figure 3F, G; data not 

shown). These particular elements also showed significantly reduced H3K27ac occupancy 

following NR2F2 knockdown, along with concomitant reduction of expression of the 

adjacent vein-specific genes (Figure 3F, G, Online Table I). ERG knockdown (Online Figure 

VA) likewise caused a significant downregulation of these genes, similar to NR2F2 loss, 

although knockdown of both ERG and NR2F2 did not further reduce expression (Figure 

3H). Together, these observations suggest that ERG and NR2F2 act together in a complex to 

directly regulate the activation of selected vein enhancers and induce the expression of vein-

specific genes.
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NR2F2 and HDAC1 interact to repress a selected group of artery enhancers in HUVEC

Our findings demonstrate that NR2F2 can regulate cell cycle and vein-specific genes, in part 

by direct activation of flanking enhancers in HUVEC. Since NR2F2 has also been 

implicated in repressing artery gene expression, we further leveraged our genome-wide 

datasets to better characterize the mechanistic basis for its role in this context. Mapping and 

differential analysis of H3K27ac ChIP-seq data from HUVEC lacking NR2F2 revealed that 

only 15 out of 2609 artery-specific elements exhibited a significant decrease in H3K27ac 

occupancy and none of these bound to NR2F2 suggesting an indirect effect (Figure 4A, 

Online Table III). By contrast,139 artery elements exhibited a significant increase in 

H3K27ac occupancy following loss of NR2F2 (Figure 4A; logFC >=1, FDR<=0.05; 

considering both TSS and enhancers together; Online Table III), suggesting they are 

normally repressed by this factor in venous endothelial cells. However, only 15 of these sites 

were directly bound to NR2F2 in HUVEC (Figure 4A, Online Table III). Further integration 

of our RNA-seq and H3K27ac datasets indicated that these sites flanked only 3 artery-

specific genes that were also upregulated by NR2F2 knockdown: ANTXR1, RASGRF2, and 

HEY2 (Figure 4A), the latter of which has previously been identified as a direct target of 

NR2F2 17. Thus, NR2F2 appears to act by directly repressing a highly selective group of 

artery-specific regulatory elements and their associated genes in venous endothelial cells.

In other contexts, NR2F2 interacts with histone deacetylase 1 (HDAC1) to facilitate gene 

repression 33, 34, raising the possibility of a similar role in negative regulation of artery genes 

in HUVEC. To determine if this was the case, we focused on the HEY2 locus. We first 

treated HUVEC with trichostatin A (TSA), a global HDAC inhibitor that causes global 

increase in H3K27ac levels (Online Figure VIA). TSA treatment causes significant 

upregulation of HEY2, but not EFNB2, which was unchanged, or DLL4, which, along with 

FLI1, a general endothelial marker, was downregulated (Figure 4B). Knockdown of HDAC1 

in HUVEC likewise caused HEY2 upregulation, while also leading to the significant 

induction of EFNB2, but not DLL4 or FLI1 (Figure 4C; Online Figure VIB). EFNB2 
upregulation in this case is likely secondary to HEY2 induction and may be due to the longer 

incubation time between knockdown and RNA isolation compared to TSA treatment (see 

Methods). Consistent with a physical interaction between HDAC1 and NR2F2 in HUVEC, 

immunoprecipitation of endogenous NR2F2 in HUVEC was capable of pulling down 

HDAC1 (Figure 4D). We next determined genome-wide occupancy of HDAC1 using the 

Cut&Run method 35, which identified 11528 bound sites in replicate experiments from 

HUVEC (Online Data File V). Similar to previous genome-wide profiling in non-endothelial 

cell types 36, HDAC1 binding was predominantly at promoter and enhancer elements in 

HUVEC (Online Figure VIC). Consistent with our immunoprecipitation results, 

visualization of mapped read density and intersection of significantly enriched NR2F2 and 

HDAC1 binding sites suggested that nearly one-third of all NR2F2 sites were co-bound by 

HDAC1 (Figure 4E, Online Figure VID). Importantly, 12 out of the 15 NR2F2-bound and -

repressed artery elements identified above were bound by HDAC1 in HUVEC (Figure 4F), 

including the site at the HEY2 locus (see below). These results suggest that NR2F2 works 

together with HDAC1 at a select few loci to mediate repression of artery-specific enhancers 

in the HUVEC genome.
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NR2F2 prevents ERG-mediated HEY2 expression in HUVEC

Previous studies using ChIP-qPCR suggested that NR2F2 bound near the HEY2 promoter to 

inhibit its expression 17. However, we failed to identify an NR2F2-bound site that was 

enriched over background at this location in our ChIP-seq data (Online Figure VII). Instead, 

we observed robust NR2F2 binding at a site 161 kb upstream of the HEY2 promoter (Online 

Figure VII). This site is located in an artery-specific element identified above (see Figure 

4A) that shows significantly increased H3K37ac occupancy following NR2F2 knockdown in 

HUVEC (Figure 5A, Online Table III). We further noted HDAC1 binding together with 

NR2F2 at this site (Figure 5A). This enhancer, referred to hereafter as −161K, is in the 

vicinity of several elements that are specifically occupied by H3K27ac and acEP300 in 

HUAEC, but not at all in HUVEC (Figure 5B, data not shown) indicative of their artery-

specific activity. Most of these also exhibit increased H3K27ac following NR2F2 

knockdown in HUVEC (Figure 5B, Online Table III). Thus, NR2F2 appears to regulate 

HEY2 expression through binding of the −161K enhancer leading to repression of this and 

flanking elements in HUVEC.

The −161K enhancer bears a highly conserved core element that includes two NR2F2 

binding sites, as expected from ChIP-seq (see Figure 5A, B). Interestingly, this element also 

contained several ETS binding sites and ChIP-seq revealed robust ERG binding in HUVEC 

(Figure 5B, C, Online Table III, Online Data File IV). ChIP-seq from HUAEC similarly 

shows ERG binding at this element in HUAEC along with high levels of H3K27ac, while 

NR2F2 is absent, consistent with its low level of expression in arterial endothelial cells 

(Figure 5C; see Online Figure IB). To interrogate the functional importance of these binding 

sites, we performed reporter assays using the −161K conserved core element in both 

HUAEC and HUVEC. In HUAEC, but not HUVEC, we observed a significant increase in 

−161K reporter activity over that associated with a basal promoter alone (Figure 5D). 

Consistent with the artery-specific H3K27ac signature for this enhancer (see Figure 5B), we 

observed significantly higher reporter levels in HUAEC compared to HUVEC (Figure 5D). 

Mutation of the NR2F2 binding sites, or knockdown of NR2F2 itself, caused a significant 

increase in reporter activity in HUVEC, to levels near that seen in HUAEC, while levels in 

HUAEC were largely unaffected (Figure 5D, E). By contrast, HUAEC −161K reporter 

activity was extinguished by mutating two out of the three ETS binding sites (Figure 5D).

Our ChIP-seq analysis and reporter assays suggested a model where ERG can drive HEY2 
expression in part through activation of the −161K enhancer in HUAEC, while this effect is 

counteracted through NR2F2 binding and repression in HUVEC. Accordingly, knockdown 

of ERG, or over-expression of NR2F2, in HUAEC reduced HEY2 expression (Figure 5F, G, 

Online Figure VA, B). Finally, combined knockdown of ERG and NR2F2 in HUVEC 

eliminated HEY2 induction seen with loss of NR2F2 alone (Figure 5H). Together, these 

results suggest a model in which the −161K enhancer acts as a bimodal regulatory element 

depending on its cellular context: in venous endothelial cells, NR2F2 binds to prevent ERG-

mediated activation of the enhancer and associated upregulation of HEY2. In arterial 

endothelial cells, where NR2F2 is absent, ERG is able to activate the −161K enhancer and 

drive HEY2 expression.
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DISCUSSION

In this study, we provide a genome-level view of endothelial identity, with an emphasis on 

artery and vein differentiation. While an increasing number of studies have identified 

transcription factors and selected target enhancers relevant to arteriovenous differentiation, 

our study is among the first to begin to investigate artery and vein identity at a genomic 

scale. As such, the accompanying datasets will provide a valuable resource for ongoing 

genetic studies and serve as the starting point for new studies. Importantly, our work 

underscores the utility of this approach by providing unique mechanistic insights into how a 

known lineage-specific transcription factor, NR2F2, functions to maintain cell fate in mature 

endothelial cells.

Our initial impetus for these studies was to identify signature motifs responsible for driving 

artery expression. However, we were unable to identify such a pattern in HUAEC-specific 

regulatory elements. There are several possible reasons for this result. First, a basic signature 

motif may have avoided detection using the standard computational approach applied in our 

analysis. However, we readily detected an NR2F2 half-site in HUVEC-specific elements, 

supporting our ability to identify over-represented sites for a known lineage-specifying 

transcription factor. A second possibility is that an artery-specific motif is more complex 

than just a single cis regulatory sequence. A significant number of transcription factors have 

now been implicated in artery differentiation1, 25. It is possible that many of these act in a 

combinatorial manner through the action of separate binding sites in distinct enhancers 

flanking a particular artery gene. In this case, a more complex computational approach may 

be required to deconvolute such combinations of cis sequences in artery enhancers. 

Alternatively, with the large number of artery-enriched transcription factors, along with the 

potential combinatorial inputs and context dependence, it is possible that no single unifying 

cis regulatory signature exists to broadly drive artery gene expression. Finally, our studies 

focused on mature human endothelial cells where arteriovenous regulatory pathways may be 

predominantly involved in maintaining, rather than establishing, identity. As such, obvious 

regulatory motifs may be associated with developmentally active enhancers that are not 

similarly accessible in mature endothelial cells. Why this would be the case for arterial, but 

not venous motifs, at least one of which was readily detected in our analysis, is not clear. In 

any case, it will be worthwhile to apply similar genomic approaches in multiple contexts 

where arteriovenous identity is being actively programmed.

Instead of an obvious pro-artery signature, we identified a unique mechanism by which 

artery-restricted expression is achieved through active repression in venous endothelial cells 

(see Figure 6). In this case, ERG, which is robustly expressed in arterial and venous 

endothelial cells, provides a constitutive “on” signal in both cell types, but is limited for 

activation in HUVEC by NR2F2 (Figure 6). Interestingly, the −161K core element can still 

drive appreciable reporter expression in HUVEC, although it is clearly regulated by both 

ERG and NR2F2. This suggests that the surrounding chromatin landscape at the HEY2 
locus likely plays a role in directing the activity of this regulatory element. Given the broad 

endothelial expression of numerous ETS transcription factors, along with a prevalence of 

ETS binding sites in artery enhancers, our observations suggest that this could be a general 

mechanism to prevent inappropriate activation of these elements in venous endothelial cells. 
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However, only a small number of elements exhibited similar characteristics. Given the large 

number of ETS factors in endothelial cells, it is possible that related family members also 

play a role in regulating artery genes. Similarly, a number of other nuclear receptors, as well 

as other transcriptional repressors, may contribute to limiting inappropriate activation of 

artery enhancers bearing ETS-binding sites in venous endothelial cells.

From genetic studies, NR2F2 is required for vein identity, where it has been largely thought 

to be a repressor of arterial endothelial cell fate 16. Our findings regarding the −161K HEY2 
enhancer are consistent with that model. However, we find that the number of artery-specific 

targets regulated directly by NR2F2 is limited, suggesting a less broad repressor effect than 

predicted from genetic studies. Rather, NR2F2 likely mediates artery repression through 

targeting HEY2, which itself can partially induce artery marker gene expression when over-

expressed in HUVEC37. More recent work in mouse suggests that Nr2f2 affects artery 

identity through cell cycle regulation29. Consistent with this work and earlier cell culture 

studies17, we find that several genes encoding positive regulators of the cell cycle are direct 

targets of NR2F2 in HUVEC (Figure 6). Interestingly, these genes and their associated target 

enhancers are not themselves vein-specific, suggesting that NR2F2 can modulate identity 

through more general regulators. In addition, we also find that NR2F2 directly induces 

expression of several vein-specific genes and does so with ERG to activate vein-specific 

enhancers adjacent to these genes (Figure 6). Thus, NR2F2 plays a multi-modal role in 

promoting vein identity. Our studies suggest that direct targets in these contexts appear 

surprisingly limited. However, we restricted our analysis to elements with direct binding, 

significant H3K27ac changes in response to NR2F2 loss, and were relatively near to 

NR2F2-regulated genes. Additional targets may be affected at longer distances, or through 

changes to enhancer elements that are not vein-specific. Our caveat noted above concerning 

cellular context is likewise applicable in this case.

Our results reveal an interesting paradox for NR2F2 function in venous endothelial cells. 

Namely, an NR2F2/ERG complex can yield a different transcriptional output depending on 

the target locus in the same cell type. It is not clear what governs this distinction, but there is 

precedent for related retinoid receptors acting in this manner. Classically, the function of a 

nuclear receptor as an activator or repressor depends on ligand binding 38. However, there 

are cases of liganded nuclear receptors acting as a repressor at particular loci 39. Distinct 

outputs can also be governed by target site orientation. While NR2F2 is an orphan nuclear 

receptor and may not require ligand binding, similar mechanisms may govern its differential 

transcriptional output. In addition, there are likely to be distinct complexes comprising 

NR2F2 and other co-regulators that govern activation or repression. Which complexes are 

formed may be determined by local chromatin architecture. The increasing availability of 

genome-scale endothelial datasets will be helpful in further elucidating these mechanisms.

The regulation of arterial and venous identity is clearly important for normal vascular 

morphogenesis and patterning during development1. However, maintenance and control of 

arteriovenous identity has also been implicated in a number of clinical settings7. As noted 

above, vascular grafts often apply a vein, which will carry arterial flow. In these cases, 

partial loss of vein identity is observed, but without proper induction of artery gene 

expression. Notably, venous grafts perform more poorly in coronary artery bypass grafts 
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than arterial ones, suggesting that modulation of identity in these cases may be beneficial. 

Although numerous studies have successfully re-programmed non-endothelial cell types into 

functional endothelial cells, few studies to date have focused on generating only arterial 

endothelial cells. Furthermore, previous efforts to re-program HUVEC into arterial 

endothelial cells required a combination of eight transcription factors25. Our observations 

suggest that a combined approach that targets regulators such as NR2F2, which is important 

for directly repressing crucial artery enhancers, together with selected artery transcription 

factors may prove a more straightforward approach to program artery identity.
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Nonstandard Abbreviations And Acronyms

acEP300 acetylated E1A binding protein p300

ANTXR1 Anthrax toxin receptor 1

BMP bone morphogenetic protein

Bmpr1a bone morphogenetic protein receptor, type 1A

Bmp9 bone morphogenetic protein 9

CDH5 adherin 5

ChIP-seq chromatin immunoprecipitation and deep sequencing

CLDN5 claudin 5

CLU Clusterin

DHS DNAse I hypersensitive site

DLL4 Delta-like 4

EFNB2 ephrin-B2

ENCODE Encyclopedia of DNA elements
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EphB4 Ephrin Type-B receptor 4

ERG ETS-related gene

ETS E26 transformation specific

FAM174B family with sequence similarity 174 member B

FDR false discovery rate

FLI1 Fli-1 proto-oncogene, ETS transcription factor

Foxc1/c2 Forkhead box C1/C2

H3K27ac histone 3, acetylated at lysine 27

HDAC histone deacetylase

HEY2 hes related family bHLH transcription factor with YRPW 

motif 2

HMVEC human microvascular endothelial cells

HUAEC human umbilical arterial endothelial cells

HUVEC human umbilical venous endothelial cells

LIM homeobox 6

LHX6 nuclear receptor subfamily 2, group F, member 2

NR2F2 Notch-regulated ankyrin repeat protein

NRARP Rac GTPase Activating Protein 1

RACGAP1Ras Protein Specific Guanine Nucleotide Releasing Factor 2

RASGRF2 recombination signal binding protein for immunoglobulin 

kappa J region

RBPJ RNA sequencing

SMAD1/4/5 RNA-seq Smad family members 1/4/5

Sox7/17/18 sex determining region Y-box 7/17/18

TSA Trichostatin A

TSS transcriptional start site

Vegfa vascular endothelial growth factor A

XRCC3 X-Ray Repair Cross Complementing 3
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NOVELTY AND SIGNIFICANCE

What Is Known?

• Artery and vein endothelial cells are molecularly distinct.

• A number of transcription factors have been identified that are required for 

guiding artery and vein identity.

What New Information Does This Article Contribute?

• Identifies and characterizes artery- and vein-specific endothelial enhancers in 

the human genome.

• Reveals how NR2F2 contributes to venous endothelial identity through direct 

activation of both cell cycle and vein-specific genes, while directly repressing 

selected artery genes.

• Demonstrates new mechanism by which artery-specific gene expression can 

be maintained.

Artery and vein endothelial cells are molecularly distinct and their identities are fixed 

during embryogenesis. This process contributes to subsequent functional and structural 

differences between these blood vessels. However, veins are often used in place of 

arteries in surgical procedures, such as coronary artery bypass grafts (CABG), where they 

perform more poorly in follow up studies. Therefore, a better understanding of how 

arteriovenous identities are controlled would be beneficial. In this work, we identified 

regulatory elements in the human genome responsible for controlling artery and vein 

gene expression. We then leveraged these data to gain insights into how arteriovenous 

identities are maintained in human endothelial cells. In particular, we find that the vein-

specific transcription factor, NR2F2, directly controls multiple facets of vein identity. 

Together with the ERG transcription factor, NR2F2 directly activates vein-specific 

enhancers to turn on nearby vein-specific genes. At the same time, NR2F2 directly 

represses the expression of a crucial artery-specific transcription factor, HEY2, to 

maintain vein identity. Together, our studies provide new mechanistic insights into how 

endothelial identities are maintained in human endothelial cells. These studies provide 

the genomic framework to understand how artery and vein identity may be manipulated 

in a therapeutic setting.
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Figure 1. Genome-wide identification of artery and vein enhancers.
A, Volcano plot of HUAEC/HUVEC RNAseq. Red and blue indicates significantly-enriched 

HUAEC- and HUVEC-specific genes, respectively (log2 fold change >= 1, or <=−1, padj 

<=0.01). Grey indicates genes that are not significantly changed. Selected artery- and vein-

specific genes are noted. B, Binding affinity heat map showing normalized read density 

(score) of replicate acEP300 and H3K27ac ChIP-seq samples from HUAEC and HUVEC. 

Only features with FDR<0.01 are shown. C, Pie charts showing distribution of HUAEC, 

HUVEC and common elements at inter/intragenic regions, transcriptional start sites (TSS) 

or heterochromatin/centromeric regions. D, Proportion of indicated elements concordant to 

DNAseI hypersensitivity I sites (DHS) from human microvascular endothelial cells 

(HMVEC) or T helper cells (Th1). E,F, Plots showing relationship between fold-enrichment 

in HUAEC or HUVEC and number of flanking E, artery-specific, or F, vein-specific 

enhancers. r and P values from Pearson Correlation are shown. H, I, Selected over-

represented sites in H, vein-specific or I, artery-specific enhancers. Also see Online Tables 

V and VI.
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Figure 2. NR2F2 directly induces cell cycle and vein-specific genes.
A-C, Scatterplots of regulated genes following NR2F2 knockdown in HUVEC. Red and 

blue dots indicate genes significantly up and down regulated (log2 fold change >= 1, or <=

−1, padj <=0.01), respectively. X- and Y-axes are log10 of mapped read counts of triplicate 

samples normalized by Median Ratio Normalization. The same scatter plot is shown at 

different magnification in each panel. Grey dots indicate genes that are not significantly 

changed. A, Green dots indicate cell-cycle genes that are significantly regulated. B, Green 

dots indicate all artery-specific genes. C, Green dots indicate all vein-specific genes. D, E, 
NR2F2 and H3K27ac ChIP-seq tracks at the D, RACGAP1, and E, XRCC3 loci. Boxes 

indicate regions bound by NR2F2 and showing significantly decreased H3K27ac (log2FC<=

−1, FDR<0.05) following NR2F2 knockdown in triplicate samples. F, Heatmap of H3K27ac 

reads mapped to vein-specific elements significantly regulated (log2 fold change >= 1, or <=

−1, FDR<=0.05; zscore = average of normalized read depth, n=3) by NR2F2 knockdown in 

HUVEC. NR2F2 bound elements are indicated, as are closest down-regulated genes 

following NR2F2 knockdown. Asterisk for CLU indicates that it falls just under the fold-

change threshold for being an NR2F2-regulated gene (log2FC=−0.92, padj<0.01).
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Figure 3. NR2F2 and ERG are required for activation of vein enhancers and flanking vein genes.
A, B, Motif probability graphs using sequences from ChIP-seq output for A, NR2F2 and B, 

ERG. Consensus binding sequences identified in ChIP-seq-enriched fragments are shown; in 

both graphs red indicates ERG site, blue is NR2F2 half-site. C, Heatmap showing reads 

from ERG ChIP-seq mapped onto all NR2F2 sites in HUVEC. Zscore = average of 

normalized read depth, n=2. D, Venn diagram showing overlap of ERG and NR2F2 binding 

sites in HUVEC. Each set of sites was determined from duplicate ChIP-seq experiments. 

Note that total number of intersected elements is not equal to each individual dataset since 

single features from one set can intersect with multiple features from the other, in which 

case they are collapsed. E, immunoblot to detect ERG in lysates from HUVEC 

immunoprecipitated with IgG or NR2F2 antibody; HC is antibody heavy chain. F, G, 

Genomic regions flanking F, FAM174B and G, ADAMTS18. Tracks show read depth for 

H3K27ac from HUAEC and HUVEC, control and NR2F2 shRNA-expressing HUVEC, 

along with ChIP-seq of NR2F2 and ERG from HUVEC. Cyan boxes denote significant 

H3K27ac enrichment in HUVEC (HUAEC/HUVEC log2 FC<−1, FDR<0.05). Purple boxes 

are elements with significant reduction in H3K27ac occupancy following NR2F2 

knockdown in triplicate samples (log2 fold change<−1, FDR<0.05). Dark blue boxes denote 

significant binding of ERG and NR2F2 from replicate samples. H, qRT-PCR for indicated 

transcripts in HUVEC expressing indicated shRNAs, n=3. Mean plus or minus S.E.M., 1-

way Anova (ADAMTS18, P<1×10−4; FAM174B, P= 6×10−4; LHX6, P=4×10−4), Tukey’s 

post-hoc test.
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Figure 4. NR2F2 represses artery-specific elements.
A, Heatmap of K27ac ChIPseq reads mapped onto artery-specific elements. Only elements 

with significant differences are shown (log2 fold change >= 1, or <=−1, FDR<=0.05; zscore 

= average of normalized read depth, n=3). NR2F2 bound elements are indicated, as are 

closest genes up-regulated by NR2F2 knockdown. B, C, qRT-PCR to detect indicated 

transcripts, Student’s t-test or Wilcoxon signed rank-sum test (B, EFNB2). B, HUVEC 

treated with DMSO or indicated concentration of TSA, n=3. C, HUVEC expressing control 

or HDAC1 shRNA, n=4. D, Immunoblot to detect HDAC1 in lysates from HUVEC 

immunoprecipitated with IgG or NR2F2 antibody. HC – denotes heavy chain of NR2F2 

antibody. E, Heat map of read depth from single replicates of HDAC1 Cut&Run or NR2F2 

ChIP-seq mapped onto NR2F2 and HDAC1 binding sites. F, Venn diagram indicating 

intersection of artery-specific elements, NR2F2 sites and HDAC1 sites.
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Figure 5. NR2F2 prevents ERG-mediated expression of HEY2 in HUVEC.
A, Genomic tracks at the HEY2 −161K enhancer showing read depth for H3K27ac, HDAC1 

and NR2F2 ChIP-seq in HUVEC. B, Genomic region flanking HEY2. Red boxes denote 

enhancers with significant H3K27ac enrichment in HUAEC (HUAEC/HUVEC log2 FC>1, 

FDR<0.01). Purple boxes are elements with increased H3K27ac occupancy following 

NR2F2 knockdown (log2 fold change>1, FDR<0.05). Sequence of conserved element in the 

−161K enhancer shows putative ETS and NR2F2 sites. C, Genomic tracks at the −161K 

enhancer (same coordinates as in A) showing read depth for ERG ChIP-seq from HUVEC 

and ERG, NR2F2 and H3K27ac from HUAEC. D, Relative luminescence in reporter assays 

in indicated cell type with indicated reporters, n= 3. Mean plus or minus S.E.M., 1-way 

Anova (P<1×10−4), Tukey’s post-hoc test. E, Relative luminescence of −161K reporter in 

HUVECs expressing control or NR2F2 shRNA, n=3, Student’s t-test. F, G, HEY2 
expression determined by qRT-PCR in HUAEC expressing F, control or ERG shRNA, or G, 
an EGFP or NR2F2 transgene driven by a constitutive promoter, n=3, Student’s t-test. H, 

HEY2 expression by qRT-PCR in HUVEC expressing indicated shRNAs, n=4, Mean plus or 

minus S.E.M., 1-way Anova (P=0.0237), Tukey’s post-hoc test.
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Figure 6. Schematic showing mechanisms of gene regulation mediated by NR2F2.
Model of the multifunctional roles of NR2F2 in regulating artery and vein gene expression 

in endothelial cells. See Discussion text for details.
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