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Abstract

Background: Angiogenesis, which plays a critical role in embryonic development and tissue 

repair, is controlled by a set of angiogenic signaling pathways. As a transcription factor 

belonging to the basic helix-loop-helix family, HEY1 has been identified as a key player in 

developmental angiogenesis. However, the precise mechanisms underlying HEY1's actions in 

angiogenesis remain largely unknown. Our previous studies have suggested a potential role 

for post-translational SUMOylation in the dynamic regulation of vascular development and 

organization.

Methods: Immunoprecipitation, mass spectrometry and bioinformatics analysis were employed 

to determine the biochemical characteristics of HEY1 SUMOylation. The promoter-binding 

capability of HEY1 was determined by chromatin immunoprecipitation, dual luciferase and 

electrophoretic mobility shift assays. The dimerization pattern of HEY1 was determined by co-

immunoprecipitation. The angiogenic capabilities of endothelial cells were assessed by CCK-8, 

EdU staining, wound healing, transwell and sprouting assays. Embryonic and postnatal vascular 
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growth in mice tissues, matrigel plug assay, cutaneous wound healing model, oxygen induced 

retinopathy model and tumor angiogenesis model were employed to investigate the angiogenesis 

in vivo.

Results: We identified intrinsic endothelial HEY1 SUMOylation at conserved lysines by 

TRIM28 as the unique E3 ligase. Functionally, SUMOylation facilitated HEY1-mediated 

suppression of angiogenic receptor tyrosine kinase signaling and angiogenesis in primary 

human endothelial cells and mice with endothelial cell-specific expression of wild-type HEY1 

or a SUMOylation-deficient HEY1 mutant. Mechanistically, SUMOylation facilitates HEY1 

homodimer formation, which in turn preserves HEY1's DNA binding capability via recognition 

of E-box promoter elements. Therefore, SUMOylation maintains HEY1's function as a repressive 

transcription factor controlling numerous angiogenic genes, including receptor tyrosine kinases 

and NOTCH pathway components. Pro-angiogenic stimuli induce HEY1 deSUMOylation, leading 

to heterodimerization of HEY1 with HES1, which results in ineffective DNA binding and loss of 

HEY1's angiogenesis-suppressive activity.

Conclusions: Our findings demonstrate that reversible HEY1 SUMOylation is a molecular 

mechanism that coordinates endothelial angiogenic signaling and angiogenesis, both in 

physiological and pathological milieus, by fine-tuning the transcriptional activity of HEY1. 

Specifically, SUMOylation facilitates the formation of the HEY1 transcriptional complex and 

enhances its DNA binding capability in endothelial cells.

Graphical Abstract
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INTRODUCTION

Angiogenesis is a stepwise and fine-tuned process that involves the formation of new blood 

vessels from pre-existing ones1, 2. This process is essential during embryonic development 

and tissue injury repair in adults. However, angiogenesis also occurs in pathological 

processes, such as tumor growth and retinopathy of prematurity3-5. The initiation of 

angiogenesis is characterized by the migration and proliferation of endothelial cells6. 

Specifically, endothelial tip cells migrate to guide the sprout, while endothelial stalk cells 

proliferate to elongate the vessel branch4, 7. The selection and shuffling of tip-stalk cells is 

not genetically predetermined but is dynamically orchestrated by both positive and negative 

pathways. Among these pathways, tyrosine kinase receptor (typically represented by VEGF 

receptors and FGF receptors) signaling and NOTCH signaling play crucial roles1.

The hairy/enhancer-of-split related with YRPW motif (HEY) family, along with the hairy 

and enhancer of split (HES) family, serves as a downstream transducer of NOTCH signaling. 

Members in this family are highly conserved and versatile to play key roles in cell fate 

decisions during development8, 9. The HEY family is classified as a group of repressive 

transcription factors (TF) and belongs to the basic helix-loop-helix (bHLH) class. This 

family is characterized by three conserved domains: the bHLH domain (which contains a 

basic domain for DNA binding and a helix-loop-helix motif for protein dimerization), the 

Orange domain, and the C-terminal YRPW motif10-13. Previous studies have illuminated 

the tissue-specific characteristics of HEY within the cardiovascular system10, 14, specifically 

highlighting the critical role of HEY1 as a repressor of VEGFR2 in angiogenesis9, 15, 

16. Nevertheless, the underlying mechanism governing HEY1's function in angiogenesis 

remains largely elusive.

Small ubiquitin-like modifier (SUMO) is a kind of small peptide that can be covalently 

conjugated to lysine residues located in SUMO modification motifs of substrate proteins 

following their translation17, 18. Analogous to ubiquitination, SUMOylation requires E1-

activating enzymes (SAE1 and SAE2), E2-conjugating enzyme (UBC9) and various SUMO 

protein E3 ligases19. In contrast, SUMO deconjugation, known as deSUMOylation, is 

under the regulation of the SUMO-specific protease (SENP) family, making SUMOylation 

a dynamic and reversible process. The impact of SUMOylation and deSUMOylation is 

extensive, affecting the behavior of target proteins by altering their stability, subcellular 

localization, protein-DNA interactions, and other biological activities. This dynamic 

modification has been linked to a variety of physiological and pathophysiological events, 

with a particular focus on the modulation of nuclear activities such as cell cycle progression, 
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DNA damage repair, nuclear signaling, and gene transcription17, 19, 20. TFs represent a 

significant subset of SUMOylation substrates. Early studies on SUMOylation demonstrated 

the transcriptional regulation of several well-known TFs, such as RanGAP1, SP100, and 

PML, through SUMO modification21. Drawing on our previous discovery of the vital role 

of SUMOylation in the circulatory system, we have identified the regulatory machinery of 

SUMOylation in vascular pathological remodeling. This machinery functions by targeting a 

range of TFs from the GATA, NFkB, and HIF families20, 22-24. Regarding angiogenesis, we 

have discovered that SUMOylation is essential for coordinating the activation of VEGFRs 

and NOTCH receptors in endothelial cells25, 26. However, the specific contribution of 

SUMOylation to the nuclear events of receptor signaling remains unclear.

In our current study, we have identified TRIM28-mediated SUMOylation as a novel 

posttranslational modification of HEY1 that significantly impacts endothelial cell growth 

and angiogenesis. The SUMOylation and deSUMOylation of endothelial HEY1 regulate its 

dimerization and subsequent binding to the promoters of angiogenic genes, including those 

that encode receptor tyrosine kinases (RTKs) and NOTCH components.

METHODS

Data Availability

The data supporting the conclusions of this study are available from the corresponding 

author on reasonable requests.

Please refer to Supplemental Methods and the Major Resources Table in Supplemental 

Material for a detailed description of the Materials and Methods.

The RNA-sequencing data from human umbilical vein endothelial cells (HUVECs) 

and mouse lung endothelial cells (MLECs) are available in the National Center for 

Biotechnology Information (NCBI) Gene Expression Omnibus database (accession numbers 

GSE241150 and GSE241151). The ChIP-sequencing data from HUVECs are available 

in the NCBI Gene Expression Omnibus database (accession numbers GSE241148). And 

the mass spectrometry proteomics data from HUVECs are available in the iProX partner 

repository with the dataset identifier PXD044611.

RESULTS

SUMO modification of HEY1 in endothelial cells.

SUMOylation is a crucial post-translational modification that modulates the function of 

numerous transcription factors (TFs) and influences the expression of their target genes 

in a context-dependent manner27. To investigate whether HEY1 undergoes SUMOylation, 

we employed an exogenous system in 293T cells overexpressing Flag-HEY1 and HA-

SUMO1 and detected an interaction between these proteins (Figure 1A and 1B). Moreover, 

endogenous HEY1 SUMOylation was detected in HUVECs (Figure 1C), HMVECs 

(Figure S1A) and isolated mouse lung endothelial cells (MLECs) (Figure 1D) by 

immunoprecipitation (IP). The HEY1 SUMOylation in HUVECs could be largely blocked 

by ML-792, an inhibitor for SUMO-activating enzyme (SAE) (Figure S1B). To gain 
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insights into the biochemical characteristics of HEY1 SUMOylation, we used bioinformatics 

analysis to identify putative SUMO-binding sites in HEY1 (Figure S1C). The IP assay 

showed that mutations in lysine residues at positions 82 (K82R) or 292 (K292R) slightly 

reduced the level of SUMOylated HEY1, while mutation at position 90 (K90R) markedly 

reduced it (Figure 1E). These lysine residues are highly conserved among vertebrates, 

suggesting that they may be critical for HEY1 SUMOylation (Figure 1F). Consistently, a 

triple mutant of HEY1 at these positions (HEY1-3KR) showed almost no SUMOylation 

when co-expressed with SUMO1 (Figure 1G).

Unlike the common E1 (SAE1, SAE2) and E2 (Ubc9) enzymes, distinct substrate proteins 

require different E3 ligases for their SUMOylation. In this regard, TRIM28, previously 

identified as a SUMO E3 ligase28, emerged as one of the HEY1-interacting proteins in 

our immunoprecipitation-mass spectrometry (IP-MS) analysis (Figure S1D). The interaction 

between HEY1 and TRIM28 was confirmed by IP in 293T cells co-transfected with Flag-

HEY1 and Myc-TRIM28 constructs (Figure 1H). Additionally, TRIM28 overexpression in 

293T cells significantly enhanced HEY1 SUMOylation in the presence of the E2 enzyme 

UBC9 (Figure 1I), indicating that TRIM28 plays a role in HEY1 SUMOylation. The 

interaction between HEY1 and TRIM28 was confirmed in HUVECs (Figure 1J). Consistent 

with the findings in 293T cells, knockdown of TRIM28 in HUVECs reduced HEY1 

SUMOylation (Figure 1K). Altogether, our findings identify TRIM28 as the primary E3 

ligase responsible for HEY1 SUMOylation.

We investigated the role of SENPs in HEY1 de-SUMOylation to better understand the 

removal of SUMO moieties from HEY1. Our immunoprecipitation assay revealed that 

HEY1 associates with three major functional deSUMOylases in mammalian cells, namely 

SENP1, SENP2, and SENP529 (Figure S1E). Surprisingly, we found that overexpression 

of SENP1 and SENP2 significantly reduced the level of SUMOylated HEY1, whereas 

overexpression of SENP5 only slightly decreased it (Figure S1F through S1H). Furthermore, 

enhanced HEY1 SUMOylation was detected in SENP1-knockdown HUVECs (Figure S1I) 

and 293T cells overexpressing the SENP1-CA mutant (the catalytically inactive form of 

SENP1) (Figure S1F).

Moreover, we found that both hypoxia exposure and VEGF-A treatment, the major 

angiogenic stimuli in sprouting angiogenesis, decreased the level of HEY1 SUMOylation 

(Figure 1L and 1M). These results indicate that HEY1 is dynamically SUMOylated by 

TRIM28 E3 ligase and deSUMOylated by SENPs (Figure 1N), and that it may play a crucial 

role in angiogenic processes.

SUMOylation is vital for HEY1 to repress the angiogenic activity of endothelial cells.

To elucidate the biological function of HEY1 SUMOylation in endothelial cells, we 

investigated the angiogenic capabilities of primary HUVECs and HMVECs transduced 

with adenovirus-delivered HEY1-WT or the SUMOylation-deficient mutant HEY1-3KR. 

During sprouting angiogenesis, endothelial cells migrate and proliferate to form new 

vessels. Therefore, we first assessed the role of HEY1 SUMOylation in regulating the 

proliferation and migration ability of endothelial cells. CCK-8 assay and EdU staining 

assay revealed that overexpression of HEY1-WT disrupted endothelial cell growth, while 
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overexpression of HEY1-3KR partially rescued this proliferation retardation (Figure 2A 

and 2B; Figure S2A and S2B). Similarly, results from wound healing and Transwell 

assay showed that endothelial cells expressing HEY1-WT exhibited significant loss of 

migration ability, whereas the HEY1-3KR group had even more migrated cells than the 

control group (Figure 2C and 2D; Figure S2C and S2D). Next, a sprouting assay was 

employed to assess the effect of HEY1 SUMOylation on the sprouting ability of endothelial 

cells. We found that compared to the control group, the sprouting length was significantly 

reduced in endothelial cells transduced with HEY1-WT, while endothelial cells expressing 

HEY1-3KR exhibited only a slight reduction in the sprouting length (Figure 2E; Figure 

S2E). Moreover, overexpression of HEY1-WT significantly inhibited tube formation in 

endothelial cells, whereas the HEY1-3KR group exhibited similar tube formation ability 

to that observed in the control group (Figure 2F; Figure S2F). Collectively, these findings 

indicate that SUMOylation endows HEY1 with the ability to suppress endothelial cell 

angiogenic function.

Notably, previous studies have shown that HEY1 is a major downstream transducer of 

NOTCH signaling and transcriptionally represses VEGFR230. We aimed to investigate 

whether SUMOylation is critical for HEY1-mediated transcriptional regulation of 

angiogenesis in endothelial cells. To address this question, we performed RNA-seq to 

assess the repressive landscape of HEY1-WT and HEY1-3KR. Interestingly, there were 

1841 differentially expressed genes (DEGs) between the HEY1-WT and HEY1-3KR groups 

(Figure S3A). Gene ontology (GO) analysis of downregulated genes by HEY1-WT and 

HEY1-3KR, respectively, suggested a potential difference between their target genes (Figure 

S3B and S3C). HEY1-WT played the canonical role of HEY1 in repressing genes associated 

with angiogenesis, while SUMOylation-deficient HEY1 (HEY1-3KR) seemed to target 

genes related to the cell cycle and DNA repair. Additionally, gene set enrichment analysis 

(GSEA) results suggested that HEY1-WT inhibited angiogenesis, whereas HEY1-3KR 

facilitated endothelial cell migration (Figure 2G). Specifically, HEY1-WT had a negative 

feedback effect on NOTCH signaling and suppressed not only VEGFR2 signaling but also 

most of the angiogenic receptor tyrosine kinase (RTK) signaling (Figure 2G). Focusing on 

the specific genes that HEY1-WT repressed, as shown in Figure 2H, we found that RTKs 

such as VEGFR2, VEGFR3, FGFR1, and TIE1 were transcriptionally repressed by HEY1-

WT but not by HEY1-3KR. Moreover, HEY1-3KR appeared to lose the feedback effect on 

NOTCH signaling because it had a poor ability to transcriptionally repress DLL4, JAG2, 

NOTCH1, and RBPJ. The qPCR and immunoblotting results confirmed the importance of 

HEY1 SUMOylation in repressing RTKs and NOTCH components in three types of primary 

human endothelial cells (HUVECs, HMVECs and HAECs) (Figure 2I through 2K; Figure 

S4A through S4D).

To further determine the role of HEY1 SUMOylation in regulating transcription of the 

target genes, TRIM28 overexpression was employed to enhance the SUMOylation of HEY1, 

which aggravated the repression activity of HEY1 on endothelial proliferation, migration 

and tube formation (Figure S5A through S5C). Correspondingly, overexpressing TRIM28 

led to further repressed mRNA and protein levels of angiogenic RTKs (VEGFR2, VEGFR3 

and FGFR1) (Figure S5D), while knocking down TRIM28 could partially rescue the 

repression on angiogenic RTKs induced by HEY1 overexpression (Figure S5E). In contrast, 
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ML-792, an inhibitor of SUMO-activating enzyme (SAE), attenuated the repressive activity 

of HEY1 on its target genes including VEGFR2, VEGFR3 and FGFR1 at both mRNA and 

protein levels (Figure S5F). Moreover, hypoxia, the major angiogenic stimulus that has been 

shown to induce HEY1 deSUMOylation (Figure 1L), partially rescued the repression of 

HEY1 on angiogenic RTKs and major members involved in NOTCH pathway including 

RBPJ and NOTCH1 (Figure S5G).

To further examine the important role of HEY1 SUMOylation in specifying angiogenic 

signaling in response to angiogenic stimuli, we evaluated signal transduction in classical 

angiogenic receptor tyrosine kinase (RTK) pathways in endothelial cells. To this end, 

HMVECs were treated with VEGF-A and bFGF, separately, after overnight serum starvation 

(Figure 3A and 3B); and serum-starved human dermal lymphatic endothelial cells, 

HDLECs, were treated with VEGF-C (Figure 3C). We found that HEY1-WT impaired 

the phosphorylation of VEGFR2, FGFR1, and VEGFR3, as well as the activation of their 

downstream effectors PLCγ, AKT, and ERK, while overexpression of HEY1-3KR only 

had slight effects on these pathways. These data indicate that SUMOylation maintains the 

function of endothelial HEY1 as a transcriptional repressor for angiogenic RTK signaling 

and completes the effective negative feedback loop of NOTCH signaling.

SUMOylation facilitates the promoter-binding capability of HEY1 to preserve its 
transcriptional repressive activity.

Given the downregulation of HEY1 SUMOylation upon exposure to proangiogenic 

stimuli in endothelial cells and the potential repressive activity of HEY1 SUMOylation 

in angiogenesis, we aimed to determine the mechanisms by which SUMOylation and 

deSUMOylation regulate HEY1.

The effects of SUMOylation on target proteins are broad-ranging and include alterations 

in cellular localization, protein stability, protein-protein interactions, and protein-DNA 

interactions. Therefore, we explored whether SUMOylation might regulate the function 

of HEY1 via these mechanisms. Immunofluorescence analysis in HUVECs revealed that 

SUMOylation-deficient HEY1 (HEY1-3KR) exhibited a nuclear distribution pattern similar 

to that of HEY1-WT (Figure S6A). Regarding HEY1’s stability, the half-lives of HEY1-

WT and HEY1-3KR were determined in the presence of the protein synthesis inhibitor 

cycloheximide (CHX). Our immunoblot analysis demonstrated that HEY1-3KR had a 

shorter half-life than HEY1-WT (Figure S6B). We further found that both HEY1-WT and 

HEY1-3KR were degraded via the proteasome, as indicated by their rescuing degradation 

by MG132 treatment (Figure S6C). However, the ineffective repression of target genes by 

HEY1-3KR was not due to its instability, as blocking its degradation process with MG132 

did not restore its repressive effect on target genes (Figure S6D and S6E).

The RNA-seq results suggested that compared to cells expressing HEY1-WT, cells 

expressing HEY1-3KR could decrease the number of repressive targets and the fold changes 

in the repression of target genes (Figure S7A and S7B). Furthermore, only 567 common 

downregulated genes were found between ECs expressing HEY1-WT and ECs expressing 

HEY1-3KR (Figure S7C). A large proportion of genes downregulated by HEY1-WT was 

kept unchanged or only slightly downregulated by HEY1-3KR (Figure S7D). These findings 
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suggest that SUMOylation deficiency might weaken the repressive transcriptional activity 

of HEY1 on these genes. Additionally, the quantitative IP-MS results in HEY1-WT- and 

HEY1-3KR-expressing endothelial cells indicated that 55 proteins had reduced binding with 

HEY1-3KR, with the majority associated with DNA binding (Figure S7E and S7F). These 

results together suggest that SUMOylation may be critical for the DNA-binding capability of 

HEY1 to enhance its transcriptional repressive activity.

To confirm our speculation, we conducted ChIP assays in HUVECs. Genome-wide mapping 

of the HEY1 binding profile by ChIP-seq identified differential binding events between 

HEY1-WT- and HEY1-3KR-expressing cells, with 85% peaks increased in HEY1-WT-

expressing cells but only 15% peaks increased in HEY1-3KR-expressing cells (Figure 4A). 

Specifically, binding events of HEY1-WT prominently occurred in adjacent transcriptional 

start sites (TSSs), while HEY1-3KR showed a wider genomic binding region (Figure 4B). 

In addition, compared to HEY1-WT, binding events of HEY1-3KR showed a decrease in 

adjacent TSSs (Figure 4C). Interestingly, although both HEY1-WT and HEY1-3KR had 

binding events in promoter regions, there was an obvious loss of promoter-binding capability 

in the HEY1-3KR group (Figure 4D). These results revealed that deSUMOylation reduces 

the DNA-binding capability of HEY1, particularly its promoter-binding capability.

Consistent with our previous findings, many binding events were associated with genes 

previously repressed by HEY1, such as VEGFR2, FGFR1, and VEGFR3 (Figure 4E). 

Notably, ChIP-qPCR results revealed that SUMOylation deficiency of HEY1 reduced its 

binding to FGFR1/VEGFR3 promoter, which may result in a reduction of HEY1 repression 

on FGFR1/VEGFR3 transcription (Figure 4F). However, the binding to the VEGFR2 

promoter was increased with the presence of HEY1-3KR. To investigate the specific 

regulatory mechanism of HEY1 SUMOylation in HEY1-mediated repression of VEGFR2, 

we performed a dual luciferase assay by co-expressing HEY1-WT/HEY1-3KR with a firefly 

luciferase reporter plasmid containing the VEGFR2 promoter (−116 to +268) and a Renilla 

luciferase control plasmid in 293T cells. Similar to the previous results, SUMOylation 

significantly enhanced HEY1-mediated transcriptional repression of the VEGFR2 promoter 

(Figure 4G). We then investigated whether the binding motif of HEY1 on the chromosome 

was altered by deSUMOylation.

Previous studies have shown that HEY1 binds to E-box motifs (CANNTG) in the promoters 

of its target genes11, 31. Our motif analysis revealed that deSUMOylation of HEY1 

decreased its recognition of the E-box motif (the number of targeted E-box sequences 

was significantly reduced in the HEY1-3KR ChIP-seq samples compared to the HEY1-WT 

samples) (Figure 4H). However, the promoter motifs bound by HEY1-3KR included the N-

box motif (CACNAG), which was not found among the HEY1-WT binding motifs (Figure 

4H). Interestingly, there were nearly as many N-box motifs as E-box motifs in the VEGFR2 

promoter region, whereas there were fewer N-box motifs in the FGFR1/VEGFR3 promoter 

region (Figure 4I). The binding preference of HEY1 between E-box and N-box motifs was 

validated by EMSA, which showed that HEY1-WT bound to more probes containing the 

E-box sequence than did HEY1-3KR, while HEY1-3KR bound to more probes with the N-

box sequence than did HEY1-WT (Figure 4J; Online Figure VII.G). According to the motif 

identification in the VEGFR2 promoter regions as shown in Figure 4I, we then constructed 
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a firefly luciferase reporter plasmid containing a 12 x E-box or a 9 x N-box motif to 

compare HEY1 activity toward these two motifs. The dual luciferase assay demonstrated 

that compared to HEY1-WT, HEY1-3KR partially lost its transcriptional repression activity 

toward the 12 x E-box motif (Figure 4K). Neither HEY1-WT nor HEY1-3KR repressed 

transcription by binding to the 9 x N-box motif (Figure 4K). Furthermore, mutations in 

the E-box motifs in the VEGFR2 promoter resulted in the loss of transcriptional repression 

activity of HEY1 (Figure 4L), indicating that the E-box motif is crucial for HEY1 to 

transcriptionally repress VEGFR2. Accordingly, we conclude that although SUMOylation 

deficiency increases HEY1 binding to the VEGFR2 promoter via recognition of the N-box 

motif, this binding is not effective for HEY1 to repress target genes.

SUMOylation deficiency disrupts the dimerization pattern of HEY1.

Previous studies have shown that the choice between forming homodimers or heterodimers 

with other proteins in the bHLH family can influence HEY1's recognition of different 

binding motifs9, 15, 32. Accordingly, one of the biological functions of SUMOylation is to 

alter protein-protein interactions. An abnormal dimerization pattern caused by SUMOylation 

deficiency could explain why HEY1-3KR partially lost its promoter-binding capability. 

Therefore, we investigated whether SUMOylation has an impact on HEY1 dimerization.

Enhancing HEY1 SUMOylation by co-expressing UBC9 and TRIM28 in 293T cells 

increased HEY1 homodimer formation (Figure S8A). Additionally, co-immunoprecipitation 

results in HUVECs and 293T cells co-expressing Flag-HEY1-WT/3KR and HA-HEY1-

WT/3KR revealed that it became difficult for HEY1-3KR to form homodimers, and even 

the dimer formation of HEY1-WT with HEY1-3KR decreased, compared to the formation 

of HEY1-WT homodimers (Figure 5A; Figure S8B). We then generated a molecular 

docking model of HEY1-HEY1 homodimer (HEY1 protein represented by the bHLH 

domain) (Figure S8C). In HEY1-WT homodimer, four hydrogen bonds were formed, and 

the two HEY1-WT monomers were spatially symmetric. However, in the HEY1-3KR 

homodimer, the number of hydrogen bonds decreased, and the two HEY1-3KR monomers 

were not spatially symmetric. These data suggest that SUMOylation might facilitate HEY1 

homodimer formation. Furthermore, IP-MS data revealed that HEY2, another transcription 

factor of the HEY family, was among the proteins with increased binding to HEY1-WT 

compared to HEY1-3KR (Figure S8D). Consistent with the MS results, immunoblot analysis 

in HUVECs and 293T cells confirmed that HEY1's SUMOylation deficiency reduced the 

formation of HEY1-HEY2 heterodimers (Figure 5B; Figure S8E). As HEY1 homodimers 

primarily recognize E-box promoter elements, the decreased formation of HEY1 homodimer 

or HEY1-HEY2 heterodimer caused by SUMOylation deficiency could lead to decreased 

recognition of E-box promoter elements.

Moreover, IP-MS data revealed an increased formation of HEY1-HES1 heterodimers in 

the HEY1-3KR group (Figure S8D) , which was validated by co-immunoprecipitation in 

HUVECs and 293T cells co-expressing Flag-HEY1-WT/3KR and HA-HES1 (Figure 5C; 

Figure S8F). The SENP inhibitor NEM, which restricted HEY1 deSUMOylation, attenuated 

the interaction between Flag-HEY1 and HA-HES1 (Figure S8G). Interestingly, RNA-seq 

results showed that HES1 itself was a transcriptional repression target of HEY1 in a manner 
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dependent on HEY1 SUMOylation (Figure 2H), which was further validated by qPCR 

and immunoblot analysis in both HUVECs and HMVECs (Figure 5D and 5E; Figure S8H 

and S8I). Accordingly, co-immunoprecipitation in HUVECs revealed only slight association 

between HEY1-WT and endogenous HES1, accompanied by inhibited HES1 expression, 

whereas HEY1-3KR could still form heterodimers with HES1 (Figure 5F). Treatment 

with NEM further blocked the HEY1-HES1 interaction in HUVECs (Figure S8J). Thus, 

HEY1 SUMOylation is required for the formation of HEY1 homodimers and HEY1-HEY2 

heterodimers, as well as for limiting the HEY1-HES1 interaction and inhibiting HES1 

expression.

It has been reported that the association of HEYs with other proteins disrupts their 

recognition of E-box motifs. Additionally, as another important downstream target of the 

NOTCH pathway, HES1 binds to N-box motifs in the promoters of target genes33, 34. 

Our molecular docking model further revealed that the DNA-binding sites of HEY1-HES1 

heterodimers were entirely different from those of HEY1 homodimers (Figure S8K). 

Therefore, we focused our investigation on HEY1-HES1 heterodimers to elucidate the 

mechanism of HEY1's motif recognition using the promoter region of VEGFR2 as an 

example. The chromatin immunoprecipitation (ChIP) assay revealed that overexpression of 

HEY1-WT decreased HES1 occupancy on the VEGFR2 promoter, whereas overexpression 

of HEY1-3KR increased HES1 occupancy (Figure S8L). We then examined whether 

changes in the HEY1-HES1 interaction affected HEY1's motif recognition. Knocking 

down HES1 in HUVECs resulted in a decrease of the protein level of HES1 (Figure 

S8M). And electrophoretic mobility shift assay (EMSA) results revealed that without 

HES1, HEY1-3KR no longer had an advantage in binding to probes containing N-box 

sequences compared to HEY1-WT (Figure 5G; Figure S8N), which subsequently led to a 

decrease in the occupancy of HEY1-3KR on the VEGFR2 promoter (Figure 5H). Since 

the binding of HEY1-3KR to N-box had no effect on its transcriptional repression activity, 

knockdown of HES1 certainly had no effect on the transcriptional repression activity of 

HEY1-3KR towards N-box (Figure S8O).Based on these findings and our earlier discovery 

of SUMOylation-deficient HEY1 having greater binding to the VEGFR2 promoter, we 

concluded that SUMOylation prevents HEY1 from recognizing N-box motifs via inhibiting 

its binding to HES1 (Figure 5I).

SUMOylation facilitates endothelial HEY1 in the repression of developmental 
angiogenesis.

To investigate the role of endothelial HEY1 SUMOylation in vivo, we used the H11 locus 

knock-in strategy to generate mice with endothelial cell-specific HEY1-WT/HEY1-3KR 

knock-in (Figure S9A). These mice were viable and fertile, and Cdh5-CreERT2 mice 

were used as controls. The expression of HEY1-WT/3KR was confirmed by qPCR 

and immunoblot in primary cultured mouse lung endothelial cells (MLECs) and in P7 

neonatal retinas (Figure S9B and S9C) and then validated in P7 neonatal retinas using 

immunostaining (Figure S9D). The specific expression of Flag tagged HEY1-WT and 

HEY-3KR in endothelial cells was firstly examined in the bone marrows form of HEY1-

WTiEC-KI and HEY1-3KRiEC-KI mice, in which Flag tagged HEY1-WT or HEY1-3KR were 

completely co-localized with endothelial cells that marked with CD31, but not expressed in 
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other cells (Figure S9E). In addition, both HEY1-WT and HEY1-3KR expression is limited 

in endothelial cells but not other cells, such as vascular smooth muscle cells, as evidenced 

at mRNA level by real-time qPCR and at protein level by immunoblot assays (Figure S9F 

through S9H).

During embryonic development, HEY1-WT knock-in did not result in developmental arrest 

or embryonic lethality, but it did lead to delayed vascular development compared to the 

control and HEY1-3KRKI groups (Figure S10A and S10B). This highlights the essential 

role of HEY1 SUMOylation in angiogenesis. Next, we investigated the effect of HEY1 

SUMOylation on postnatal angiogenesis. Staining of postnatal day 6 (P6) and day 10 (P10) 

brains showed a reduction of vascular area in HEY1-WTiEC-KI pups compared to the control 

and HEY1-3KRiEC-KI groups (Figure S10C and S10D). Similarly, reduced angiogenesis 

was observed in P6 and P10 lungs and hearts in HEY1-WTiEC-KI pups compared to the 

control and HEY1-3KRiEC-KI groups (Figure S10E through S10H). Whole-mount staining 

of P7 retinas showed that endothelial knock-in of HEY1-WT delayed the expansion of the 

vascular plexus to the periphery in retinas (Figure 6A). In addition, vessel coverage area, 

number of branch points, vessel length and number of tip cells were significantly reduced in 

HEY1-WTiEC-KI retinas, while knock-in of SUMOylation-deficient HEY1 had only a slight 

effect on neonatal retinal development (Figure 6B). The number of proliferative ECs also 

dramatically reduced in HEY1-WTiEC-KI retinas, but partially recovered in HEY1-3KRiEC-

KI retinas (Figure 6C and 6D). The effect of HEY1 SUMOylation on postnatal retinal 

angiogenesis was also examined in P4 and P10 pups (Figure S11A through S11D). Overall, 

the results were similar to those in P7 neonatal retinas, but in P10 retinas, HEY1-3KR 

expression resulted in further suppressed angiogenesis in deep plexus development. Though 

HEY1 knock-in resulted in reduced vessel coverage area, number of branch points, vessel 

length and number of tip cells, which led to delayed vessel development in retinas, HEY1-

WT iEC-KI pups injected with ML-792 showed similar retinal angiogenesis to the control 

pups, which suggested that delayed angiogenesis by HEY1 knock-in could be rescued 

by ML-792 (Figure S11E and S11F). Moreover, we constructed Hey1iEC-KO mice and 

compared retinal angiogenesis in P7 pups between Hey1iEC-KO and HEY1-3KRiEC-KI mice 

(Figure S11G and S11H). The vascular development in HEY1-3KRiEC-KI P7 retinas was 

similar to that in Hey1iEC-KO P7 retinas. There was no obvious difference in the vessel 

coverage area, number of branch points, vessel length and number of tip cells between 

the two groups. Therefore, SUMOylation deficiency might at least result in partial loss-of-

function of HEY1 in angiogenesis.

According to our in vitro results in primary endothelial cells (Figure 3), HEY1 

SUMOylation impairs angiogenesis by repressing major RTKs and their downstream 

pathways. Therefore, the phosphorylation of VEGFR2 was examined in P7 retinas. An 

immunofluorescence signal of phosphorylated VEGFR2 was observed in the angiogenic 

front, especially in retinal tip cells, in control and HEY1-3KRiEC-KI mice, but it was obscure 

and limited to only a few endothelial cells in the vasculature of HEY1-WTiEC-KI mouse 

retinas (Figure 6E and 6F). Blocking the phosphorylation of VEGFR2 by SKLB610 (an 

inhibitor of p-VEGFR2) significantly retarded vascular development in HEY1-3KRiEC-KI 

retinas, but had little effect on HEY1-WTiEC-KI retinas (Figure 6G and 6H). These findings 

suggest a HEY1 SUMOylation/VEGFR2 axis in regulating angiogenesis. Overall, these data 
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reveal that SUMOylation facilitates the ability of HEY1 to suppress angiogenesis during 

both embryonic and postnatal development.

To investigate the role of endothelial HEY1 SUMOylation in VEGF/FGF-mediated 

angiogenesis and lymphangiogenesis in vivo, we used a subcutaneous Matrigel plug 

assay. Matrigel plugs containing PBS, VEGF-A, bFGF or VEGF-C were implanted 

by subcutaneous injection into control (Cdh5-CreERT2 mice), HEY1-WTiEC-KI or 

HEY1-3KRiEC-KI mice. The degree of angiogenesis/lymphangiogenesis induced by a single 

growth factor was determined by stereomicroscopy (Online Figure S12A). Vascular or 

lymphatic vessels were also visualized using immunofluorescence staining with anti-CD31 

or anti-LYVE1 antibodies (Figure S12B and S12C), and EC proliferation in Matrigel plugs 

induced by VEGF-A was accessed by Ki-67 staining (Figure S12D and S12E). In these 

assays, VEGF-A and bFGF resulted in profound local angiogenesis, and VEGF-C led 

to an intense local induction of lymphangiogenesis in the implanted Matrigel plugs in 

control mice. However, the responses to these three growth factors and VEGF-A-induced EC 

proliferation were significantly reduced in the plugs in HEY1-WTiEC-KI mice but not in the 

plugs in HEY1-3KRiEC-KI mice. Therefore, these in vivo data indicate that SUMOylation 

maintains the function of endothelial HEY1 as a repressive transcription factor to inhibit 

angiogenesis and lymphangiogenesis.

SUMOylation of HEY1 in endothelial cells compromises pathological angiogenesis.

The effects of HEY1 SUMOylation on physiological angiogenesis prompted us to evaluate 

whether HEY1 SUMOylation might be suppressive in pathological angiogenesis. To this 

end, we firstly employed the mouse model of oxygen-induced retinopathy (OIR) model, 

which mimics retinopathy of prematurity (ROP) in clinic, represented by pathological 

intravitreal neovascularization and consequent visual impairment in childhood5, 35,40. In 

this study, mouse pups were exposed to 75% oxygen from P7 to P12 and returned to 

normoxic conditions until sacrificed for analyses at P17 (Figure 7A), corresponding to 

a phase of vessel obliteration caused by hyperoxia, followed by the exuberant growth 

of abnormal vessels as a result of hypoxia. HEY1-WTiEC-KI retinas showed less surface 

occupied by neovascular tufts and more avascular area than the control and HEY1-3KRiEC-

KI retinas (Figure 7A and 7B). Moreover, phosphorylation of VEGFR2 and EC proliferation 

were reduced in HEY1-WTiEC-KI retinas (Figure 7C and 7D), similar to what was 

observed in developmental angiogenesis (Figure 6C through 6F). Quantification of preretinal 

neovascular tufts indicate that HEY1 SUMOylation, or expression of HEY1-WT, is 

protective against excessive neovascularization in the mouse OIR model (Figure 7E and 

7F).

To further determine the effect of HEY1 SUMOylation on pathological angiogenesis, we 

examined whether HEY1-WT knock-in could affect tumor angiogenesis and consequent 

tumor growth. Compared with the control and HEY1-3KRiEC-KI mice, an inhibition of 

tumor growth was observed in HEY1-WTiEC-KI mice (Figure 7G), accompanied by a 

reduction in tumor angiogenesis as evidenced by CD31-labeled microvessels in tumors 

(Figure 7H). There were no differences between HEY1-WTiEC-KI and the control/ HEY1- 

3KRiEC-KI mice in terms of the amount of NG2 positive pericytes, α-smooth muscle actin 
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(α-SMA) positive pericyte coverage along tumor vessels, and collagen IV positive basement 

membrane (BM) coverage (Figure 7H).

Moreover, to investigate the role of endothelial HEY1 SUMOylation in reparative 

angiogenesis in vivo, cutaneous wound healing model was employed. Compared with 

mice in the control group and HEY1-3KRiEC-KI group, HEY1-WTiEC-KI mice exhibited a 

significant decrease in wound closure rate and CD31+ capillary density in the wounded 

tissues (Figure S12F and S12I). Taken together, these results suggested that HEY1 

SUMOylation may play a potential role in compromising pathological angiogenesis.

SUMOylation facilitates the transcriptional repressive activity of HEY1 in vivo.

The effect of HEY1 SUMOylation on angiogenesis was further examined in MLECs 

isolated from Hey1iEC-KO HEY1-WTiEC-KI, HEY1-3KRiEC-KI mice (with Hey1iEC-KO 

mice used as control). Similar to the results in primary endothelial cells including 

HUVECs and HMVECs (Figure 2; Figure S2), knock-in of HEY1-WT repressed the 

proliferation, migration, sprouting and tube formation capability of MLECs, while knock-

in of HEY1-3KR had much milder repression on MLEC proliferation and sprouting, 

but had no effect on the migration and tube formation capability of MLECs (Figure 

S13A through S13D). RNA-seq suggested that there could be more than 2,000 differently 

expressed genes (DEGs) between HEY1-WTiEC-KI and HEY1-3KRiEC-KI MLECs, with 

13579 genes upregulated and 15565 genes down regulated by HEY1-WTiEC-KI (Figure 

S13E). In addition, GO analysis of genes identified as downregulated by HEY1-WT knock-

in revealed a correlation to angiogenesis and Notch signaling pathway, which was consistent 

with the RNA-seq data in HUVECs (Figure S13F). The DEGs between the two groups 

were further showed by heatmap in Figure S13G. A mass of genes was down-regulated in 

HEY1-WTiEC-KI MLECs compared with HEY1-3KRiEC-KI MLECs. Moreover, consistently, 

angiogenic RTKs and major Notch components were downregulated in HEY1-WTiEC-KI 

MLECs compared to HEY1-3KRiEC-KI MLECs (Figure S13H). The downregulation of 

angiogenic RTKs and major Notch components induced by HEY1-WT knock-in was 

further validated by qPCR and immune blot (Figure 8A). The binding preference of 

HEY1 between E-box and N-box motifs was examined in MLECs isolated from HEY1-

WTiEC-KI and HEY1-3KRiEC-KI mice, and the EMSA results further validated the binding 

preference of HEY1-WT for E-box and the preference of HEY1-3KR for N-box (Figure 

8B). These results together suggested that SUMOylation could facilitate the transcriptional 

repressive activity of HEY1 in MLECs and further validated the action mechanism of HEY1 

SUMOylation in vivo.

DISCUSSION

HEY1, a repressive TF of the bHLH family, is well known for its role in NOTCH signaling. 

However, the action mechanism of HEY1 in angiogenesis is still unclear. In the present 

study, we identified that HEY1 coordinated both positive (VEGF and FGF pathways) 

and negative (NOTCH pathway) signaling pathways involved in endothelial cell growth, 

thus functionally regulating angiogenesis in a SUMOylation/deSUMOylation dependent 

manner. Mechanistically, SUMOylation-maintained HEY1 homodimer changes to a HEY1-
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HES1 heterodimer due to deSUMOylation induced by proangiogenic stimuli. SUMOylation 

deficiency alters the promoter element recognition and DNA binding capability of HEY1, 

weakening HEY1's transcriptional repression activity toward its target genes, including 

RTKs and NOTCH pathway components (Figure 8C).

SUMOylation is regarded as a regulator of gene expression because hundreds of TFs 

are targets of posttranslational SUMO modification. In this study, we identified HEY1 

as a SUMO-modified TF and found the responsiveness of HEY1 SUMOylation to 

angiogenic stimuli, indicating the physiological role of HEY1 SUMOylation in adaptation 

to different angiogenic contexts. Specifically, the dynamic SUMO modification of HEY1 

is accomplished by the SUMO E3 ligase TRIM28 and SENP deSUMOylases. While the 

role of SENPs in deSUMOylation is clear, the E3 ligases participating in SUMOylation 

are diverse. The tripartite motif (TRIM) family is a group of ubiquitin E3 ligases, but 

among these proteins, tripartite motif-containing protein 28 (TRIM28) has also been 

identified as a SUMO E3 ligase for proteins such as CD9 and PCNA 36, 37. We found that 

TRIM28 associates with HEY1 to drive HEY1 SUMOylation. Interestingly, co-expression 

of TRIM28 and UBC9 dramatically promoted HEY1 SUMOylation, while overexpression 

of TRIM28 alone only slightly elevated HEY1 SUMOylation, indicating that TRIM28 

facilitates HEY1 SUMOylation by interacting with UBC9.

HEY1 is a classical transcriptional repressor involved in cell fate decision and 

differentiation. Previous research has shown that HEY1 undergoes ubiquitination and 

phosphorylation to play roles in Kaposi's sarcoma-associated herpesvirus reactivation and 

tumor cell growth, respectively38, 39. In this study, we discovered that SUMOylation is 

a novel posttranslational modification of HEY1. Our investigation revealed that HEY1 is 

regularly modified in a SUMO conjugation-preferred manner during its cellular function. 

Specifically, SUMOylation mainly affects transcriptional complex formation and consequent 

DNA binding capability. We found that SUMOylation ensures the formation of HEY1 

homodimers, which are necessary for HEY1 to recognize the correct sequence of the 

E-box promoter element and act as a repressive TF by mediating dimerization through the 

interaction surface in the helix-loop-helix (HLH) domain. This facilitates the DNA binding 

capability of HEY1 by directing the adjacent basic domain. DeSUMOylation alters the 

binding of HEY1, promoting heterodimerization with HES1 and leading to recognition of 

N-box promoter elements in target DNA, resulting in ineffective DNA binding and loss of 

repression of angiogenic genes. This mechanism may also apply to other TFs in the bHLH 

family and the basic domain superclass due to the common DNA binding pattern shared by 

these family members. It is also important to examine the crosstalk between SUMOylation 

and ubiquitination/phosphorylation of HEY1 in future studies since certain modification 

sites are close to each other.

HEY1 is known to play an important role in developmental angiogenesis by regulating 

VEGFR2 expression in endothelial cells, as previously recognized 32, 40, 41. However, 

our RNA sequencing and protein assays revealed that the target genes of endothelial 

HEY1 are not limited to VEGFR2, but rather include major endothelial receptor 

tyrosine kinases (RTKs) and NOTCH signaling components. Intriguingly, we found that 

HEY1 requires SUMOylation for transcriptional repression of these RTKs and their 
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downstream signal transduction, which is essential for inhibition of angiogenesis and 

lymphangiogenesis. Moreover, our study demonstrated that HEY1 SUMOylation undergoes 

quick downregulation upon proangiogenic stimuli of hypoxia exposure and VEGF-A 

treatment, which are known to activate VEGFR signaling in endothelial cells. Importantly, 

the protein level of HEY1 remained unchanged. We also observed a decrease in mRNA and 

protein levels of members involved in NOTCH signaling upon HEY1-WT overexpression, 

indicating a negative feedback loop in NOTCH signaling based on SUMOylated HEY1. 

Together with the fact that deSUMOylation removes the block on RTK signaling, HEY1 

may act as a key node that regulates the crosstalk between NOTCH and VEGFR signaling 

pathways. Reversible HEY1 SUMOylation may therefore represent an essential regulatory 

mechanism that orchestrates angiogenic signaling for endothelial cell growth during 

angiogenesis.

In our previous study, we revealed that SENP1-regulated SUMOylation played a positive 

role in framing angiogenesis by targeting on NOTCH signaling in endothelial cells, in 

which NOTCH1 was the SUMOylation substrate in the membrane receptor complex. Upon 

hypoxia, SUMOylation facilitates NOTCH1 cleavage, N1ICD stability and subsequent 

transcriptional complex formation, while it suggested that SUMOylation might also be 

involved in regulating other NOTCH pathway components in angiogenesis25. According 

to those clues, the current study further identified HEY1 as the major SUMOylation 

target in nuclei of endothelial cells. Interestingly, SUMOylation of HEY1 modulates a 

mutual interaction between NOTCH receptor complex and transcription complex, and in 

turn coordinates the quiescence of RTK signaling and endothelial angiogenesis, while 

deSUMOylation removes the blockage in the presence of SENP1 as an intrinsic rheostat 

of these processes. Therefore, dynamic SUMOylation/deSUMOylation can systematically 

reconcile NOTCH signaling in different spatio-temporal scenarios in endothelial cells, 

which may broaden our understanding of the fine tuning of molecular networking during 

angiogenesis.

Beside the function in physiological angiogenesis, SUMOylation of HEY1 is also 

indispensable in angiogenesis in pathological states, restricting angiogenesis in tumor 

growth, oxygen-induced retinopathy (OIR) and wound healing. This specifies the role of 

endothelial SUMOylation in pathogenesis of tumor progression and metastasis, and aberrant 

retinal neovascularization-related ocular diseases that account for a major cause of blindness 

worldwide42, 43. Similar to the classic regulatory mechanism in tumor angiogenesis, 

hypoxia-VEGF/VEGFR axis drives the aberrant retinal neovascularization, represented by 

the intravitreal neovascularization in retinopathy of prematurity and OIR. Müller cells and 

astrocytes in the retina were shown to overproduce VEGFA and an increase of VEGFR2 

level was observed in retinal endothelium during these disease progressions in both clinical 

specimens and animal models44-49. Intriguingly, knock-down of VEGFR2 in endothelial 

cells significantly reduced IVNV but partially allowing physiological vascular growth of 

the peripheral retina50. Considering the specific role of HEY1 SUMOylation in limiting 

pathological angiogenesis by targeting VEGFR, it could be a potential therapeutic approach 

for inhibiting excessive angiogenesis in ocular diseases, tumor growth and other related 

diseases.
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In summary, our results establish reversible SUMOylation as a molecular mechanism 

that coordinates endothelial angiogenic signaling and angiogenesis by modulating the 

transcriptional regulatory activity of HEY1. SUMOylation/deSUMOylation fine-tunes the 

formation of the HEY1 transcriptional complex and its DNA binding capability in response 

to angiogenic stimuli in endothelial cells. These findings expand our understanding of 

the orchestration of transcriptional regulation in different physiological or pathological 

states. Moving forward, we plan to investigate the role of SUMOylation and related post-

translational modifications (PTMs) in bHLH TF-regulated nonvascular biological events, 

specifically tumor cell growth, where HEY1 functions as an oncogene rather than a 

repressive transcription factor.
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Nonstandard Abbreviations and Acronyms

bHLH basic helix-loop-helix

ChIP-seq chromatin immunoprecipitation sequencing

EdU 5-ethynyl-2-deoxyuridine

HDLEC human dermal lymphatic endothelial cell

HES1 hairy and enhancer of split 1

HEY1 hairy/enhancer-of-split related with YRPW motif 1

HMVEC human microvascular endothelial cell

HUVEC human umbilical vein endothelial cell

IP-MS immunoprecipitation-mass spectrometry

IVNV intravitreal neovascularization

MLEC mouse lung endothelial cell

OIR oxygen-induced retinopathy
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RNA-seq RNA sequencing

ROP Retinopathy of prematurity

RTK receptor tyrosine kinase

SENP sentrin-specific protease

SUMO small ubiquitin-like modifier

TRIM28 tripartite motif containing 28

VSMC vascular smooth muscle cell
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Novelty and Significance

What Is Known?

• As a major member of the basic helix-loop-helix family, HEY1 is a repressive 

transcription factor downstream of Notch signaling.

• HEY1 plays an important role in development and cell fate decision.

• The mechanisms of action of HEY1 in angiogenesis remains largely elusive.

What New Information Does This Article Contribute?

• Reversible HEY1 SUMOylation is an intrinsic molecular mechanism active in 

coordinating endothelial angiogenic signalings, both receptor tyrosine kinases 

pathway and NOTCH pathway.

• SUMOylation/deSUMOylation fine-tunes the formation of the HEY1 

transcriptional complex and its DNA binding capability in response to 

angiogenic stimuli in endothelial cells.

• The SUMOylation-dependent regulatory mechanism may be applicable to 

other transcription factors in the basic helix-loop-helix family and even the 

basic domain transcription factor superfamily because of the common DNA 

binding pattern shared by these family members.

Angiogenesis is critical for embryonic development, tissue homeostasis and also 

pathological tissue growth. The neovascularization is a stepwise process dynamically 

orchestrated by both positive and negative signalings in endothelial cells. HEY1 is 

a classical transcriptional repressor involved in development and cell differentiation. 

However, the underlying mechanisms governing HEY1's function in angiogenesis 

remain unclear. The present study identifies TRIM28-mediated SUMOylation as a 

novel posttranslational modification of HEY1. In a SUMOylation/deSUMOylation 

dependent manner, HEY1 coordinates both positive (VEGF and FGF pathways) and 

negative (NOTCH pathway) signaling pathways involved in endothelial cell growth, thus 

functionally regulating both physiological and pathological angiogenesis. SUMOylation-

maintained HEY1 homodimer formation tends to be altered to HEY1-HES1 heterodimer 

due to HEY1 deSUMOylation upon proangiogenic stimuli. This deSUMOylation 

alters the promoter element recognition and DNA binding capability of HEY1 and 

consequently abolishes HEY1's transcriptional repression activity toward its target genes, 

including those encoding receptor tyrosine kinases (VEGFR2, FGFR1 and VEGFR3) and 

NOTCH pathway components. These findings reveal the precise function of HEY1 in 

controlling neovascularization and indicate the underappreciated role of HEY1 beyond 

the downstream transducer of the NOTCH signaling. This may help to deep understand 

the basic helix-loop-helix family-regulated vascular and developmental events and 

provides a novel therapeutic strategy for angiogenic diseases.
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Figure 1. HEY1 can be SUMOylated in endothelial cells.
A and B, SUMO modification of HEY1 in 293T cells transfected with Flag-HEY1 and HA-

SUMO1 plasmids. C and D Endogenous HEY1 interacts with SUMO1 in HUVECs (C) and 

MLECs (D). E, Identification of HEY1 SUMOylation sites. Relative HEY1 SUMOylation 

was normalized to that of input Flag-HEY1 and the WT group. F, Pattern diagram 

indicating the distribution of the consensus SUMOylation sites in HEY1. G, Detection 

of the interaction between SUMO1 and HEY1-WT/3KR in 293T cells. H, Detection of 

the exogenous HEY1-TRIM28 interaction in 293T cells. I, SUMOylation of HEY1 upon 

overexpression of UBC9 and TRIM28 in 293T cells. Relative HEY1 SUMOylation was 

normalized to that of input Flag-HEY1 and the “vector + Flag-HEY1” group. J, Detection 

of the HEY1-TRIM28 interaction in HUVECs. K, SUMOylation of HEY1 upon TRIM28 

knockdown in HUVECs. Relative HEY1 SUMOylation was normalized to that of input 

HEY1 and the si-Ctrl group. L, SUMOylation of HEY1 under hypoxic conditions. HUVECs 

were treated under normoxic or hypoxic conditions for 48 h. Relative HEY1 SUMOylation 

was normalized to that of input HEY1 and the normoxia group. M, SUMOylation of 

HEY1 upon VEGF-A treatment. HUVECs were starved in basic EBM-2 medium for 12 

h before treatment with VEGF-A (10 ng/mL) for 15 min. Relative HEY1 SUMOylation 
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was normalized to that of input HEY1 and the no-VEGF-A group. N, Schematic model 

for the dynamic SUMOylation and de-SUMOylation of HEY1. **P < 0.01, ***P < 0.001 

and ****P < 0.0001 (means±SDs; n=6) analyzed by one-way ANOVA with Dunnett's 

multiple comparisons test (E), two-way ANOVA with Sidak's multiple comparisons test (I) 

or Student’s t test (K-M). The exact P values are presented in the “Supplemental Statistical 

Table”.
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Figure 2. SUMOylation facilitates HEY1-mediated repression of angiogenic activity in HUVECs.
The angiogenic capability of HUVECs transduced with Ad-LacZ (as control), Ad-HEY1-

WT or Ad-HEY1-3KR vectors was evaluated. A and B, Cell proliferation measured by 

the Cell Counting Kit-8 (A) and the EdU assay (B). Relative cell proliferation of each 

group was normalized to that of Day1. C and D, Cell migration measured by the wound 

healing (C) and the transwell assay (D). E and F, Angiogenic function measured by 

the sprouting (E) and the tube formation assay (F). Scale bar, 200 μm. G, Gene set 

enrichment analysis (GSEA) was performed to identify differentially affected functionally 

related gene sets in HUVECs transduced with Ad-HEY1-WT or Ad-HEY1-3KR vectors. H, 

RNA-seq heat map of representative genes differentially expressed in HUVECs transduced 

with Ad-LacZ (as control), Ad-HEY1-WT or Ad-HEY1-3KR vectors. I-K, Validation of 

downregulation of selected genes upon expression of HEY1-WT in HUVECs by quantitative 

PCR (I) and immunoblotting (J and K). The mRNA/protein level was normalized to that of 

β-ACTIN and the control group. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 

(means±SDs; n=6) analyzed by one-way ANOVA with Tukey's multiple comparisons test 
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(B-F, I and K) or two-way ANOVA with Tukey's multiple comparisons test (A) (ns, not 

significant). Benjamini-Hochberg adjustment was employed for multiple testing correction 

in I and K, in which adjusted P (false discovery rate corrected Q) values are shown in the 

“Supplemental Statistical Table”. The exact P values are presented in the “Supplemental 

Statistical Table”.
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Figure 3. SUMOylation is required for HEY1-mediated inhibition of receptor tyrosine kinase 
signaling cascades in endothelial cells.
A and B, Immunoblots showing VEGFA-VEGFR2 (A) and bFGF-FGFR1 (B) signaling 

in HMVECs with HEY1-WT or HEY1-3KR expression by adenoviral delivery. C 
Immunoblots showing VEGFC-VEGFR3 signaling in HDLECs with HEY1-WT or 

HEY1-3KR expression by adenoviral delivery. The protein level was normalized to that 

of β-ACTIN and the “0 min” control group. ***P < 0.001 and ****P < 0.0001 (means±SDs; 

n=6) analyzed by two-way ANOVA with Tukey's multiple comparisons test (ns, not 

significant). The exact P values are presented in the “Supplemental Statistical Table”.
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Figure 4. SUMOylation of HEY1 promotes its promoter-binding capability.
A, Differently enriched peaks between HEY1-WT and HEY1-3KR from ChIP-seq data 

analysis. B, Location of HEY1-WT and HEY1-3KR binding events in relation to closest 

annotated TSS. C, Enrichment profile of HEY1-WT and HEY1-3KR in relation to closest 

annotated TSS. D, Location of HEY1-WT and HEY1-3KR binding events respective to 

various genomic features. E, IGV snapshots showing HEY1-WT ChIP-seq signals at binding 

sites associated with the VEGFR2, VEGFR3 and FGFR1 promoters in HUVECs. F, ChIP-

qPCR results in HUVECs showing the recruitment of HEY1-WT/3KR to the promoters 

of VEGFR2, VEGFR3 and FGFR1 in HUVECs. The relative promoter enrichment was 

normalized to that of the input and of the control group. G, Dual luciferase assay showing 

HEY1-WT/3KR-mediated repression of the VEGFR2 promoter. The relative luciferase 

activity was normalized to that of Renilla and the control group. H, HEY1-WT/3KR 

binding motifs identified by HOMER is enriched under ChIP-seq peaks. I, Numbers of 

E-box/N-box motifs identified in the VEGFR2, FGFR1 or VEGFR3 promoter regions. J, 

EMSA showing HEY1-WT/3KR binding to E-box and N-box motifs in HUVECs. The 
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relative E/N-box binding was normalized to that of the HEY1-WT group. K, Dual luciferase 

assay indicating the repressive activity of HEY1-WT/3KR toward E-box or N-box motifs. 

The relative luciferase activity was normalized to that of Renilla and the control group. L, 

Dual luciferase assay indicating the repressive activity of HEY1-WT toward wild type E-box 

or E-box mutant. The relative luciferase activity was normalized to that of Renilla and the 

WT E-box group. (For ChIP-seq, ChIP-qPCR and EMSA assay, HUVECs were employed; 

and for Dual luciferase assay, 293T cells was employed.) *P < 0.05, ***P < 0.001 and 

****P < 0.0001 (means±SDs; n=6) analyzed by one-way ANOVA with Tukey's multiple 

comparisons test (F, G, K and L) or Student’s t test (J) (ns, not significant). The exact P 

values are presented in the “Supplemental Statistical Table”.
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Figure 5. SUMOylation affects the formation of HEY1 dimer, thus altering its preference for the 
promoter-binding motif.
A, Detection of HEY1-WT/3KR homodimer formation in HUVECs. The relative dimer 

formation was normalized to that of the HEY1-WT dimer group. B, Detection of HEY1-

WT/3KR-HEY2 heterodimer formation in HUVECs. The relative dimer formation was 

normalized to that of the HEY1-WT group. C, Detection of HEY1-WT/3KR-HES1 

heterodimer formation in HUVECs. The relative dimer formation was normalized to that of 

the HEY1-WT group. D and E, mRNA and protein levels of HES1 in Ad-HEY1-WT/3KR-

transduced HUVECs. The mRNA/protein level was normalized to that of β-ACTIN and 

the control group. F, Detection of the interaction between HEY1-WT/3KR and endogenous 

HES1 in HUVECs. The relative dimer formation was normalized to that of the HEY1-WT 

group. G, Interaction between HEY1-WT/3KR and N-box motifs decreased upon HES1 

knockdown in HUVECs. The relative N-box binding was normalized to that of the si-Ctrl-

HEY1-WT group. H, Interaction between HEY1 and N-box motifs decreased upon HES1 

knockdown in HUVECs. The relative promoter enrichment was normalized to that of the 

input and of the control group. I, Schematic showing the preference of HEY1 for E-box 

or N-box motif. ****P < 0.0001 (means±SDs; n=6) analyzed by one-way ANOVA with 

Tukey's multiple comparisons test (A, D, E and H), two-way ANOVA with Sidak's multiple 

comparisons (G) or Student’s t test (B, C and F) (ns, not significant). The exact P values are 

presented in the “Supplemental Statistical Table”.
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Figure 6. SUMOylation facilitates HEY1 in the repression on of retinal angiogenesis.
A and B, Retinal angiogenesis in HEY1-WT/3KRiEC-KI neonatal mice. Representative 

images and statistical analysis of vascular outgrowth on P7 in control, HEY1-WTiEC-KI 

and HEY1-3KRiEC-KI retinas stained with IB4 are shown. Scale bar: the upper panel, 1000 

μm; the middle panel, 200 μm; and the lower panel, 100 μm. C and D, Proliferation of 

endothelial cells in P7 HEY1-WT/3KR EC-KI retinas. Representative images and statistical 

analysis of EdU+ IB4+ cells on P7 in control, HEY1-WTiEC-KI and HEY1-3KRiEC-KI 

retinas are shown. Scale bar, 50 μm. E and F, Phosphorylated VEGFR2 in P7 HEY1-

WT/3KR EC-KI retinas. Representative images and statistical analysis of p-VEGFR2 area 

on P7 in control, HEY1-WTiEC-KI and HEY1-3KRiEC-KI retinas are shown. Scale bar, 

50 μm. G and H, Retinal angiogenesis was repressed by SKLB610 (an inhibitor of p-

VEGFR2) in HEY1-3KR but not HEY1-WT EC-KI neonatal mice. Representative images 

and statistical analysis of vascular outgrowth on P7 in HEY1-WTiEC-KI and HEY1-3KRiEC-

KI retinas stained with IB4 are shown. Scale bar: the upper panel, 200 μm; and the lower 
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panel, 50 μm. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 (means±SDs; 

n=6) analyzed by one-way ANOVA with Tukey's multiple comparisons test (B, D and F) 

or two-way ANOVA with Sidak's multiple comparisons (H) (ns, not significant). P <0.0125 

was considered statistically significant for multiple testing correction in B and P <0.025 was 

considered statistically significant for multiple testing correction in D and H based on the 

Bonferroni adjustment. The exact P values are presented in the “Supplemental Statistical 

Table”.
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Figure 7. SUMOylation of HEY1 in endothelial cells effectively compromises pathological 
angiogenesis.
A and B, Endothelial expression of HEY1-WT but not the HEY1-3KR mutant protects 

against aberrant neovascularization in the oxygen-induced retinopathy (OIR) model. 

Representative images and statistical analysis of vascular area on P17 in control, HEY1-

WTiEC-KI and HEY1-3KRiEC-KI retinas stained with IB4 are shown. Scale bar: the upper 

and the middle panels, 1000 μm; the lower panel, 200 μm. C and D, Proliferation of 

endothelial cells and phosphorylation of VEGFR2 in P17 HEY1-WT/3KR retinas in the OIR 

model. Representative images and statistical analysis of p-VEGFR2+ CD31+ and EdU+ 

CD31+ cells area respectively, on P17 in control, HEY1-WTiEC-KI and HEY1-3KRiEC-KI 

retinas are shown. Scale bar: the upper panel, 200 μm; the lower panel, 50 μm. E and 

F, Endothelial expression of HEY1-WT but not the HEY1-3KR mutant is able to protect 

against preretinal neovascular tufts development in the OIR model. Representative images 

of H&E-stained sagittal sections of eyes from P17 mice and statistical analysis of preretinal 

neovascular tufts are shown. Scale bar, 500 μm. G, Representative images and statistical 

analysis of explant LLC tumors from control and HEY1-WT/3KRiEC-KI mice. Scale bar, 5 

mm. H, Representative images and statistical analysis of immunofluorescence staining with 

CD31, NG2, α-SMA, Collagen IV (Col4) antibody in explant LLC tumors from control 

and HEY1-WT/3KRiEC-KI mice. Scale bar: 100 μm. *P < 0.05, ***P < 0.001 and ****P 
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< 0.0001 (means±SDs; n=6 for B, D, F and H; n=8 for G) analyzed by one-way ANOVA 

with Tukey's multiple comparisons test (B, D, F and H) or two-way ANOVA with Tukey's 

multiple comparisons test (G) (ns, not significant). P <0.025 was considered statistically 

significant for multiple testing correction in B based on the Bonferroni adjustment. The 

exact P values are presented in “Supplemental Statistical Table”.
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Figure 8. The critical role of HEY1 SUMOylation in the regulation of angiogenesis.
A, Validation of downregulation of selected genes upon expression of HEY1-WT but not 

HEY1-3KR in Hey1iEC-KO MLECs by quantitative PCR and immunoblotting. The mRNA/

protein level was normalized to that of β-ACTIN and the control group. B, EMSA showing 

HEY1-WT/3KR binding to E-box and N-box motifs in MLECs. The relative E/N-box 

binding was normalized to that of the HEY1-WTiEC-KI group. C, Schematic diagram 

illustrating the critical role of HEY1 SUMOylation in the regulation of angiogenesis. *P 

< 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 (means±SDs; n=6) analyzed by 

one-way ANOVA with Tukey's multiple comparisons test (A) Student’s t test (B) (ns, not 

significant). The exact P values are presented in “Supplemental Statistical Table”.
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