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Abstract

Rationale—We previously reported that VEGF-induced binding of VEGFR2 to epsins 1 and 2 

triggers VEGFR2 degradation and attenuates VEGF signaling. The epsin ubiquitin interacting 

motif (UIM) was shown to be required for the interaction with VEGFR2, however the molecular 

determinants that govern how epsin specifically interacts with and regulates VEGFR2 were 

unknown.

Objective—The goals for the present study were (1) to identify critical molecular determinants 

that drive the specificity of the epsin and VEGFR2 interaction and (2) to ascertain if such 

determinants were critical for physiological angiogenesis in vivo.

Methods and Results—Structural modeling uncovered two novel binding surfaces within 

VEGFR2 that mediate specific interactions with epsin UIM. Three glutamic acid residues in epsin 

UIM were found to interact with residues in VEGFR2. Further, we found that the VEGF-induced 

VEGFR2-epsin interaction promoted c-Cbl-mediated ubiquitination of epsin, and uncovered a 

previously unappreciated ubiquitin-binding surface within VEGFR2. Mutational analysis revealed 

that the VEGFR2-epsin interaction is supported by VEGFR2 interacting specifically with the UIM 

and with ubiquitinated epsin. An epsin UIM peptide, but not a mutant UIM peptide, potentiated 

endothelial cell proliferation, migration and angiogenic properties in vitro, increased postnatal 

retinal angiogenesis, and enhanced VEGF-induced physiological angiogenesis and wound healing.
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Conclusions—Distinct residues in the epsin UIM and VEGFR2 mediate specific interactions 

between epsin and VEGFR2, in addition to UIM recognition of ubiquitin moieties on VEGFR2. 

These novel interactions are critical for pathophysiological angiogenesis, suggesting that these 

sites could be selectively targeted by therapeutics to modulate angiogenesis.
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INTRODUCTION

Vascular endothelial growth factor receptor 2 (VEGFR2) is the master regulator controlling 

both physiological and pathological angiogenesis1-6. Vascular endothelial growth factor A 

(VEGF-A), secreted in response to a variety of different pro-angiogenic stimuli, binds to and 

induces the autophosphorylation of dimerized VEGFR21, 5, 7. Downstream VEGFR2 

signaling promotes angiogenic responses including endothelial cell proliferation, migration 

and network formation1, 7. Accordingly, VEGFR2 signaling should be tightly regulated in 

order to promote neovascularization where beneficial vascular regeneration is diminished 

and to attenuate angiogenesis where adverse vascular growth is excessive7. Such tight 

regulation is in part mediated by the control of cell surface abundance of activated 

VEGFR28-11. Activated VEGFR2 is ubiquitinated shortly after phosphorylation, and this 

ubiquitination is critical for its endocytosis and degradation in lysosomes, leading to the 

termination of VEGF siganling3, 12, 13.

Epsins are a family of multivalent adaptor proteins that facilitate clathrin-dependent 

endocytosis of a subset of ubiquitinated cell surface proteins9, 10, 14-24. Selectivity towards 

ubiquitinated proteins is mediated by two evolutionarily conserved ubiquitin interacting 

motifs (UIMs) located between the membrane-localizing epsin NH2-terminal homology 

(ENTH) domain and carboxyl-terminal clathrin- and AP-2 binding 

motifs9, 16, 17, 19, 23, 25, 26. Mammals express three epsins: epsins 1 and 2, which are 

ubiquitously expressed and redundant in function, and epsin 3, which is expressed primarily 

in the stomach and epidermis9, 10, 14, 19, 27-30. Germ line epsins 1 and 2 double knockout 

(DKO) mice exhibit severe vascular defects resulting in embryonic lethality10, 27. In 

contrast, we previously discovered that inducible deletion of epsins 1 and 2 in endothelial 

cells in adult mice (EC-iDKO) has minimal effects on quiescent vascular beds but 

significantly alters tumor angiogenesis resulting in hyperplastic, dilated and dysfunctional 

tumor vascular networks resulting in retarded tumor growth9, 10.

We previously reported that in endothelial cells, epsins 1 and 2 preferentially bind 

ubiquitinated VEGFR2 to mediate its lysosomal degradation and subsequent signaling 

attenuation9, 10. Loss of epsins impairs VEGFR2 downregulation, resulting in elevated 

VEGFR2 level and heightened VEGF signaling9. Interestingly, epsin loss does not affect 

other angiogenic receptors and their downstream signaling, including PDGFR, FGFR, 

EGFR and TGFβR9, suggesting that epsins are unique adaptor proteins for VEGFR2 

endocytosis and degradation in endothelial cells. In further support, our recent study showed 

that genetic reduction of VEGFR2 in endothelial cells decreases elevated VEGF signaling 
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and rescues aberrant angiogenesis caused by epsins 1 and 2 deficiencies10. Intriguingly, 

epsins 1, 2 and 3 have been implicated in the generation of membrane curvature that is 

critical for clathrin-mediated endocytosis31. Deficiency of all three epsins impairs 

endocytosis in general by stalling the actin-dependent invagination of endocytic clathrin-

coated pits31. However, our previous study clearly demonstrated that prototypical clathrin-

mediated endocytosis of transferin receptor and EGFR still occurs in both global knockout 

and endothelial-specific knockout of epsins 1 and 2 mice9, 27, thus deficiency of epsins 1 

and 2 in either primary endothelial cells or mouse embryonic fibroblasts does not impair 

housekeeping clathrin-mediated endocytosis.

Despite a specific role for epsins 1 and 2 in regulating VEGFR2 endocytosis and 

degradation, how the binding specificity between VEGFR2 and epsins is achieved was 

poorly understood. Although we previously determined that the epsin-VEGFR2 interaction 

is dependent on the epsin UIM and that deletion of UIM completely abolishes the binding of 

epsin to VEGFR29, 10, the molecular determinants that govern this specific interaction 

remain unknown. A detailed understanding of the molecular mechanisms driving this unique 

specificity will provide potential new therapeutic strategies to spatially and temporally 

promote favorable physiological angiogenesis, while also restraining undesirable 

pathological angiogenesis. Herein, we uncovered novel binding mechanisms that drive the 

specific interaction between epsin and VEGFR2. Using structural modeling, we have 

identified unique residues in the epsin UIM and VEGFR2 that reciprocally determine the 

specific interaction between epsin and VEGFR2. Guided by these discoveries, we designed 

an epsin inhibitory UIM peptide that effectively blocked the interaction between epsin and 

VEGFR2, thereby promoting VEGFR2 signaling and angiogenesis in vitro. Consistently, 

administration of the inhibitory peptide into wild type mice potentiated postnatal retina 

angiogenesis and VEGF-mediated angiogenesis in subcutaneous Matrigel plugs. Similar 

pro-angiogenic effects were also observed after dermal wound healing, where UIM peptide 

administration enhanced physiological angiogenesis and wound healing relative to control 

peptide. These responses were not observed with a mutant UIM peptide containing 

substitutions at the critical VEGFR2-binding residues. Collectively, our studies have 

revealed previously unappreciated molecular mechanisms underlying the specific epsin-

VEGFR2 interaction, and identified unique molecular determinants of epsin-VEGFR2 

complex assembly that are critical to regulate physiological angiogenic processes.

METHODS

See online data supplement for complete methods.

RESULTS

The Epsin UIM mediates VEGFR2 signaling and interacts with the VEGFR2 kinase domain

We previously showed that epsins facilitate the internalization and degradation of activated 

VEGFR2, but not other angiogenic modulators, via interactions between epsin UIM and 

VEGFR2 kinase domain (KD)9. We created an inducible endothelial cell-specific epsin 

deficient mouse line by crossing Epn1fl/fl; Epn2−/− mice (EC-iDKO, Online Figure IA) with 

iCDH5 Cre deleter mice that express Cre recombinase specifically in endothelial cells after 
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tamoxifen administration (Online Figure IB)9. Using primary mouse endothelial cells 

isolated from wild type or EC-iDKO mice, we demonstrated that loss of epsin promoted 

VEGF-dependent VEGFR2 phosphorylation (Online Figure IIA), consistent with impaired 

internalization and degradation of activated VEGFR2. Moreover, expression of wild type 

epsin 1 (HA-Epsin 1), but not UIM deficient epsin 1 (HA-Epsin 1-ΔUIM) in DKO mouse 

endothelial cells restored VEGFR2 signaling (Online Figure IIA), further indicating the 

importance of the epsin UIM to VEGF-dependent VEGFR2 internalization. The UIM 

interacts with ubiquitin moieties with low affinity and minimal specificity12, 16, 23, 25; 

however, we have revealed that it regulates VEGFR2 specifically. Thus, how the epsin UIM 

achieves this specific interaction VEGFR2 is intriguing. To explore the molecular 

mechanism underlying this binding specificity, we used structural modeling with PEP-

FOLD and ClusPro softwares32. We uncovered a novel putative epsin UIM binding cleft 

within the VEGFR2 KD (Figure 1A,B). Detailed examination identified several binding 

elements predicted to facilitate this interaction, including EpsinE184:VEGFR2H891,R1022, 

EpsinE185:VEGFR2R1022, and EpsinE197,E198:VEGFR2R1080 (Figure 1B; Online Figure IIC; 

Online Table I). Indeed, E184 and E185 within the predicted epsin UIM-VEGFR2 binding 

domain are highly conserved between mouse, zebrafish, Xenopus and human epsins 1 and 2 

(Figure 1C). Our findings suggest that, in addition to the traditional binding between the 

epsin UIM and the ubiquitin moiety on VEGFR2, epsins may also selectivity interact with 

VEGFR2 via specific protein-protein interactions.

To investigate the molecular binding mechanism described above, we substituted specific 

residues within the putative binding clefts in VEGFR2 KD and epsin UIM and evaluated 

their effects on the VEGFR2-epsin interaction. We used site-directed mutagenesis to create 

expression constructs with mutated versions of VEGFR2, and expressed these or wild-

VEGFR2 in HUVEC cells as indicated (Figure 1D). Cells were subsequently stimulated 

with VEGF to induce VEGFR2 activation and ubiquitination, and processed for 

immunoprecipitation using epsin 1-specific antibody as previously described (Figure 

1D)9, 33. We found that WT VEGFR2 co-immunoprecipitated with epsin1; however all of 

the VEGFR2 mutants impeded binding to epsin1 (Figure 1D). Likewise, substitutions at the 

corresponding residues in HA-tagged full-length epsin1, E183A, E184A and E185A, also 

abolished VEGFR2 immunoprecipitation by epsin 1 (Figure 1E). Notably, impaired 

VEGFR2 binding by HA-Epsin 1E183,184,185A was comparable to UIM-deficient Epsin 1. 

However, the mutation of other epsin UIM residues predicted to interact with 

VEGFR2R1080, EpsinE197, 198G (Figure 1B), did not disrupt VEGFR2 immunoprecipitation 

(Online Figure IID). These findings emphasize the critical importance of the epsin UIM for 

binding to this novel VEGFR2 interface, and identify key residues that achieve specificity of 

this interaction, in particular H891 of VEGFR2 and E183, E184 and E185 of the epsin UIM.

c-Cbl-dependent ubiquitination of epsin promotes the interaction with VEGFR2

VEGF-stimulation reportedly induces VEGFR2 ubiquitination via the recruitment of Casitas 

B-lineage Lymphoma E3 ubiquitin-protein ligase (c-Cbl)3. Interestingly, epsins are also 

reportedly ubiquitinated under some conditions22, 34, including VEGF stimulation (Figure 

2A). To determine whether epsin ubiquitination is mediated by c-Cbl, we used RNAi to 

deplete c-Cbl in HUVECs prior to serum starvation and VEGF stimulation. We found that 
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VEGF-dependent epsin 1 ubiquitination was abolished in c-Cbl depleted HUVECs 

compared to control siRNA treated cells (Figure 2A). Further, we observed that epsin-

VEGFR2 interaction is increased by c-Cbl-mediated ubiquitination of epsin (Figure 2A). 

Conversely, epsin-VEGFR2 interaction is completely inhibited by c-Cbl knockdown (Figure 

2A). Given that c-Cbl-dependent ubiquitination of epsin is increased in response to VEGF 

stimulation (Figure 2A), we next tested whether ubiquitination of epsin is facilitated by its 

interaction with VEGFR2. We co-transfected VEGFR2 with either full-length HA-Epsin 1, 

HA-Epsin 1-ΔUIM, or HA-Epsin 1E183,184,185A into HUVEC cells and evaluated epsin 

ubiquitination by immunoprecipitation/Western blot. We found that both HA-Epsin 1-ΔUIM 

and HA-Epsin 1E183,184,185A, which do not interact with VEGFR2 (Figure 1E), show 

reduced epsin ubiquitination compared to HA-Epsin 1 (Figure 2B). Collectively, our data 

suggest that VEGF enhances c-Cbl-mediated epsin ubiquitination, which in turn reinforces 

the interaction between epsin and VEGFR2.

Interestingly, our structural modeling also identified a novel interface in the VEGFR2 kinase 

domain that is predicted to interact with an ubiquitin moiety, such as the ubiquitin on epsin 

(Figure 3A). Among the residues within VEGFR2 that could potentially interact with 

ubiquitin, we found that VEGFR2H891 and VEGFR2S1021 form two critical interacting 

surfaces with ubiquitin, VEGFR2H891:UbR72,74 and VEGFR2S1021:UbR42 (Figure 3A). 

More importantly, we found that both VEGFR2H891 and VEGFR2S1021 interfaces are 

critical for its interaction with epsin (Figure ID, 3B). We also found that purified VEGFR2 

specifically immunoprecipitated both mono- and poly-ubiquitin chains, further supporting 

this novel ubiquitin-interacting interface (Figure 3C). In addition, pull-down by di-ubiquitin 

was significantly impaired by disruption of the putative ubiquitin-binding motif in 

VEGFR2H981A or VEGFR2S1021A (Figure 3D). To determine if this interface contributes to 

the interaction with ubiquitinated epsin, we conjugated HA-tagged full-length Epsin 1-

fusion proteins to wild type or mutant ubiquitin moieties (Figure 3C)35, 36. Biochemical and 

structural studies have revealed the importance of isoleucine 44 within Ub for binding to 

ubiquitin interaction domains (Chen and Camilli 2005); thus, the UbI44A mutation serves as 

a positive control that disrupts its interaction with ubiquitin-interacting proteins37-39. We 

evaluated the contribution of the residues R42, R72 and R74 in ubiquitin that are predicted 

to interact with VEGFR2 by co-expressing VEGFR2 with HA-Epsin 1-UbWT, HA-Epsin 1-

UbI44A, HA-Epsin 1-UbR42A or HA-Epsin 1-UbR72A, R74A (Figure 3E), followed by VEGF 

stimulation. We found that VEGFR2 co-immunoprecipitated HA-Epsin 1-UbWT, but not 

HA-Epsin 1-UbI44A (Figure 3F), suggesting that VEGFR2 interacts with the ubiquitin 

moiety conjugated to epsin. Importantly, both HA-Epsin 1-UbR72A, R74A and HA-Epsin 1-

UbR42A also displayed significantly impaired VEGFR2 co-immunoprecipitation (Figure 3F). 

These findings suggest that c-Cbl-dependent ubiquitination of epsin creates a binding site 

for the novel ubiquitin-interaction interface of VEGFR2, and thus may contribute to the 

specificity of epsin for VEGFR2.

We next determined the importance of our newly identified ubiquitin- and epsin UIM-

interacting interfaces in VEGFR2 for epsin-mediated VEGFR2 internalization and 

degradation, and VEGF signaling. MECs isolated from WT or Flk1fl/fl; iCDH5 Cre 

(VEGFR2 fl/fl/iCDH5-ERT2 Cre) mice were treated with tamoxifen to knock out 

endogenous VEGFR2 in MECs, and then expression was restored with either wild type 
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VEGFR2 (VEGFR2WT), or VEGFR2H891A VEGFR2S1021A mutants that disrupt critical 

interactions with residues in epsin and ubiquitin. Expression of either VEGFR2H891A or 

VEGFR2S1021A significantly enhanced VEGF-induced phosphorylation of VEGFR2 (p-

VEGFR2) and downstream signaling components, including phosphorylation of AKT (p-

AKT) and ERK (p-ERK) relative to VEGFR2WT (Figure 4A). Further, compared to 

VEGFR2WT, both VEGFR2H891A and VEGFR2S1021A mutants exhibited impaired VEGF-

induced endocytosis and decreased colocalization with EEA1, an endosomal marker (Figure 

4B). The reduced endocytosis of VEGFR2H891A and VEGFR2S1021A mutants was further 

examined by surface biotinylation. Following VEGF stimulation, we observed more 

VEGFR2H891A and VEGFR2S1021A at the cell surface compared to VEGFR2WT (Figure 

4C). Collectively, these findings suggest that the specificity with which epsins preferentially 

bind and modulate VEGFR2 internalization is guided by multiple mechanisms, including 

epsin UIM binding to ubiquitinated VEGFR29, 10, ubiquitin-independent VEGFR2 binding 

to epsin UIM (Figure 1), and VEGFR2 binding to ubiquitinated epsin (Figure 3), and that 

these interactions are all support VEGF-dependent VEGFR2 internalization and 

downregulation of signaling.

UIM peptide, but not UIME3,4,5A mutant peptide, promotes VEGF-dependent VEGFR2 
signaling and in vitro angiogenesis

Our discovery that E183A, E184A and E185A substitutions within the epsin UIM 

significantly abolished its VEGF-dependent interaction with VEGFR2 (Figure 1E), suggests 

that these residues contribute to the specificity and affinity of the interaction. To further 

establish the importance of epsin UIM E183, E184 and E185, and to investigate the 

feasibility of targeted epsin inhibition, we created a synthetic UIM-containing peptide 

designed to competitively inhibit UIM-dependent epsin binding to VEGFR2. Importantly, 

we synthesized this UIM peptide with a plasma membrane permeable peptide, Antennapedia 

(AP; also known as penetratin), to ensure intracellular delivery40. We also created a mutant 

UIM peptide (UIME3,4,5A) by incorporating three glutamic acid-to-alanine substitutions 

(E3A, E4A and E5A) within the UIM peptide sequence that correspond to E183, E184 and 

E185 of the epsin UIM. Based on our findings, the mutant UIM peptide should not compete 

with epsin binding to VEGFR2. We treated HEK 293T cells transfected with VEGFR2 and 

HA-Epsin 1 with either UIM or UIME3,4,5A peptide for 16 hrs prior to VEGF stimulation, 

then processed the lysates for immunoprecipitation using HA-specific antibody (Figure 5A). 

The UIM peptide, but not the mutant UIME3,4,5A peptide, competitively inhibited HA-Epsin 

1 binding to VEGFR2 (Figure 5A). Consistent with impaired epsin binding to VEGFR2, the 

UIM peptide enhanced VEGFR2 protein levels and downstream signaling in wild type 

mouse endothelial cells pre-treated for 16 hrs with peptide prior to serum-starvation and 

VEGF stimulation (Figure 5B). Importantly, the results obtained using the novel UIM 

peptide closely mimicked the effects of epsin depletion on VEGFR2 protein levels and 

downstream signaling9, 10. These findings provide further support for the critical importance 

of the molecular determinants we identified herein, and suggest the therapeutic potential of 

this innovative UIM peptide to effectively alter angiogenesis.

Next, we wanted to determine whether the UIM peptide can sufficiently inhibit epsin 

function to alter VEGF-dependent angiogenesis. We examined the effects of UIM peptide 
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treatment on mouse endothelial cell proliferation, migration and network formation using 

EdU incorporation10, 41, scratch “wound”42 and Matrigel network formation assays42, 

respectively. In all of these approaches, wild type mouse endothelial cells were pre-treated 

with UIM wild type or mutant peptides for 16 hrs followed by VEGF stimulation. We found 

that treatment with the UIM peptide significantly enhanced the in vitro angiogenic 

characteristics of mouse endothelial cells relative to the control peptide, including increased 

proliferation (Figure 5C, Online Figure VIII), accelerated migration (Figure 5D,E) and more 

prominent network formation (Figure 5F to H), consistent with prolonged VEGFR2 

signaling (Figure 5B). In stark contrast, treatment with the mutant UIME3,4,5A peptide did 

not alter in vitro angiogenesis and phenotypically mimicked the effects of control peptide 

(Figure 5C to H and Online Figure VIII ). In summary, our in vitro functional angiogenesis 

assays support the critical importance of the three identified glutamic acid residues within 

the epsin UIM for epsin function as an endocytic adaptor protein involved in VEGFR2 

internalization, signaling attenuation and angiogenesis.

Physiological angiogenesis is increased by administration of UIM, but not UIME3,4,5A 

peptides

The development of the innovative UIM peptide provides a unique opportunity to examine 

the therapeutic potential of exogenously inhibiting epsin function in vivo. Given that retinal 

angiogenesis occurs primarily during postnatal development43, 44, we examined the effects 

of control, UIM or UIME3,4,5A peptide administration on early postnatal angiogenesis and 

vascular network maturation in wild type mouse pups. Peptides were administered via 

intraperitoneal injection at postnatal day 2 (P2), P3, P4 and P5, and retinas were harvested at 

P6 for whole-mount immunofluorescence staining using the endothelial cell marker, 

isolectin B4. Consistent with our in vitro angiogenesis experiments, the UIM peptide 

enhanced angiogenesis, characterized by increased vessel diameter in the P6 retina (Figure 

6A,B; Online Figure III), relative to control or UIME3,4,5A peptide. These findings further 

establish epsins, specifically the epsin UIM, as a critical determinant of physiological 

angiogenesis. To confirm that the epsins are the sole target of the UIM, UIM peptides were 

administered to EC-iDKO mouse pups in which epsins are depleted specifically in 

endothelial cells. Abnormal and elevated angiogenesis in retina was observed in control 

peptide treated EC-iDKO pups, providing further support that epsin is required for proper 

angiogenesis (Figure 6C,D). Administration of the UIM peptide did not exacerbate the 

retinal angiogenesis abnormality observed in EC-iDKO pups treated with control peptide 

(Figure 6C,D), suggesting that the UIM peptide is specific for epsin and does not cause off-

target effects on other pro-angiogenic regulators.

To test whether the UIM inhibitory potential is VEGF-dependent, we subcutaneously 

implanted Matrigel plugs containing VEGF and either control, UIM or UIME3,4,5A peptide 

into wild type adult mice to directly examine the effects of UIM peptide treatment on 

endothelial cell migration and network formation in vivo. As predicted, the UIM peptide 

caused significant pro-angiogenic effects on the Matrigel, resulting in enhanced 

vascularization (Figure 6E). Mutating the three glutamic acids within the UIM peptide 

significantly impaired Matrigel vascularization, relative to UIM peptide (Figure 6E), further 

establishing that the epsin UIM is the critical domain responsible for epsin-mediated 
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angiogenic regulation. Immunofluorescent staining of cryosections from the Matrigel plugs 

with CD31-specific antibody further confirmed the enhanced vascularization and revealed 

increased vessel dilation in the UIM peptide-containing Matrigel plugs (Figure 6F,G). In 

contrast, this effect was not observed if the Matrigel plugs contained control or UIME3,4,5A 

peptide. Of note, UIM peptide administration to Matrigel plugs implanted in EC-iDKO mice 

did not cause additional vascular abnormalities compared to control peptide treatment 

(Figure 6H,I).

Lastly, to determine if the pro-angiogenic effects of our UIM peptide can provide 

therapeutic benefits, we examined the effects of UIM peptide administration on wound 

healing; a physiologic process dependent in part on enhanced angiogenesis. We used a 

previously established5 dermal biopsy procedure to create four circular wounds on the 

shaved back of wild-type mice and administered control or UIM peptide via peritoneal 

injection daily for seven days while monitoring wound healing (Figure 7A)5. UIM peptide 

administration significantly accelerated wound healing, relative to control peptide (Figure 

7A,B), suggesting that the UIM peptide does effectively enhance wound-healing 

angiogenesis. Consistently, CD31-specific immunofluorescence staining of wounds isolated 

from UIM-peptide-treated wild type mice at day 7 revealed significantly more 

vascularization of the wound area (Figure 7C,D). Thus, three critical glutamic acid residues 

within the epsin UIM mediate the specificity of binding to VEGFR2 in endothelial cells, 

likely through interactions with H891 of VEGFR2. Further, our study demonstrates the 

therapeutic potential of inhibiting this interaction with the innovative use of designer 

peptides to promote physiological angiogenesis.

DISCUSSION

Angiogenesis is essential to achieve and maintain physiological homeostasis. Disruptions in 

the regulatory signaling pathways such as VEGF-VEGFR2 can have devastating 

physiological and pathological consequences and have therefore been a major research 

focus. In fact, the development of anti-VEGF antibody therapy has been extremely 

successful in the clinical treatment of cancers with elevated VEGF secretion and hyper-

angiogenic phenotypes44, 45. Development of angiogenic promoters for clinical use in 

wound healing, ischemia and other conditions in which impaired angiogenesis are common 

have been more restricted due to the complex regulatory events controlling VEGF-VEGFR2 

signaling activation and propagation.

Although receptor internalization is a recognized mechanism of signal modification, and that 

there have been conflicting reports that VEGFR2 internalization is necessary for signal 

propagation, we have demonstrated in several publications that, at least in conditions in 

which epsins are deficient or inhibited, VEGFR2 is capable of signaling downstream to 

ERK and AKT from the cell surface9, 10, 46. We hypothesize that interactions between 

different adaptor proteins may facilitate VEGFR2 internalization and incorporation into 

recycling signaling endosomes thereby amplifying VEGFR2 signaling cascades. In contrast, 

VEGFR2 activation results in VEGFR2 ubiquitination and subsequent epsin-mediated 

VEGFR2 internalization and degradation. Loss of epsins may shift the fate of activated cell 

surface VEGFR2 from degradation to recycling, thus providing a feasible explanation for 
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heightened VEGFR2 signaling and increased angiogenesis. More importantly, consistent 

with what we have reported, using matrix immobilized VEGF, multiple independently 

published papers have provided compelling evidence that immobilized VEGF can activate 

VEGFR2 and stimulate downstream signaling without VEGFR2 internalization47-49. 

Furthermore, increased cell surface VEGFR2 levels, and heightened VEGF signaling as 

demonstrated by enhanced phosphorylation of VEGFR2, PLCγ, ERK and AKT were 

observed when VEGFR2 endocytosis was block by loss of dynamin 250.

We previously reported that genetic ablation of epsins 1 and 2 in vascular endothelial cells 

significantly enhances angiogenesis9, 10. Further examination determined that epsins 

modulate angiogenesis by binding to and facilitating the internalization and downregulation 

of activated VEGFR2. Given that epsins were previously implicated as regulators of Notch-

mediated vasculogenesis during embryonic development27, we previously confirmed that 

epsin depletion specifically modulated VEGFR2 signaling in postnatal angiogenesis by 

overexpressing the active form of Notch, NICD, in epsin-deficient endothelial cells. NICD 

did not rescue angiogenesis suggesting that, at least in postnatal conditions, epsin modulates 

angiogenesis independent of Notch signaling9. In contrast, our study further demonstrated 

that genetic VEGFR2 haploinsufficiency does rescue the hyper-angiogenic phenotype of 

EC-iDKO mice10, thus firmly establishing epsins as a specific regulator of VEGFR2 

signaling.

Interestingly, generation of membrane curvature that is critical for clathrin-mediated 

endocytosis has reportedly to be assisted by epsin 1, 2 and 331. Lack of all three epsins can 

impair endocytosis by stalling the actin-dependent invagination of endocytic clathrin-coated 

pits31. However, our study clearly demonstrated that lack of epsins 1 and 2 specifically 

blocks VEGFR2 endocytosis but not prototypical clathrin-mediated endocytosis, such as 

transferin receptor and EGFR endocytosis in endothelial cells, suggesting that epsin 3 in 

these cells may compensate to support the housekeeping clathrin-mediated endocytosis. In 

support, we have detected expression of epsin 3 in endothelial cells including HUVECs 

(Online Figure VII).

In this study, we delved into the molecular details determining the specificity between epsin 

and VEGFR2. In doing so, we identified two novel binding interfaces that function 

independently of the previously established interaction between epsin UIM and the ubiquitin 

moiety conjugated to activated VEGFR29, 10. Our findings suggest that epsin and VEGFR2 

binding is guided by a complex and multifaceted binding mechanism that involves both 

ubiquitin-independent and –dependent interactions. Specifically, our complementary 

structural modeling and site-directed mutagenesis approaches determined that epsin UIM 

interacts with the VEGFR2 kinase domain prior to or independent of VEGFR2 

ubiquitination (Figure 1). VEGF-dependent activation of VEGFR2, and subsequent 

recruitment of c-Cbl, results in the ubiquitination of both VEGFR2 and epsin (Figure 2A). 

Epsin then binds ubiquitinated VEGFR2 via the classical epsin UIM function as an ubiquitin 

interacting motif, while the novel ubiquitin interacting interface of VEGFR2 kinase domain 

binds ubiquitinated epsin. Whether these interactions occur in a specific sequential order 

remains to be determined, but given that disrupting the ubiquitin-independent interface 

between epsin UIM and VEGFR2 impaired epsin ubiquitination (Figure 2B) and abolished 
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VEGFR2 binding (Figure 1E), we speculate that this is the limiting event required for epsin 

and VEGFR2 to interact. Further, disrupting this interface may provide a highly selective 

therapeutic targeting strategy.

Toward this end, we developed an innovative UIM peptide designed to competitively inhibit 

epsin UIM binding to VEGFR2. Foresight to include the cell-penetrating AP motif 

significantly enhanced UIM peptide delivery and efficacy, such that UIM peptide treatment 

significantly promoted angiogenesis in wild type, but not EC-iDKO mice (Figure 6A-D, 

Online Figure IV). Also as further testament to peptide delivery and the importance of the 

critical ubiquitin-independent epsin UIM binding to VEGFR2, replacing the three critical 

glutamic acids with alanine in the UIM peptide abolished its pro-angiogenic effects (Figure 

5, 6 and Online Figure VIII). We believe that this peptide will become an essential and 

much needed tool for future investigations into the multivalent roles of epsin UIM in other 

cellular processes in which epsins have been implicated. Further, we believe that this study 

provides an important proof-of-concept for the use of similar peptide-targeting strategies to 

disrupt epsin function and promote angiogenesis in clinical conditions such as ischemia, 

surgical recovery, and secondary diabetic peripheral ulcerations where VEGF secretion or 

VEGFR2 expression is limited due to alternative mechanisms51-54. For such future clinical 

purposes, the UIM peptide must be further refined to ensure specific endothelial cell 

targeting and additional experimentations need to be completed to ensure limited off target 

effects. Although preliminary studies in which the UIM peptide was conjugated with FITC 

(FITC-UIM) suggests that it selectively targets vascular endothelial cells (Online Figure 

IIIB), an alternative future approach should include the incorporation of an endothelial-

specific targeting sequence to ensure such selectively. Novel studies on effective UIM 

peptide designs and their implications in clinically relevant models of altered angiogenesis 

are a major focus and future direction of our research.

In summary, our study identified critical molecular determinants responsible for epsin-

mediated VEGFR2 downregulation and angiogenic attenuation, including two novel 

VEGFR2 interfaces predicted to engage epsin prior to and/or in addition to epsin UIM 

binding to ubiquitinated VEGFR2. We postulate that multiple layers of presumably weak 

interactions, including those between epsin UIM and the VEGFR2 kinase domain binding 

cleft, between ubiquitinated epsin and the VEGFR2 kinase domain ubiquitin-interacting 

interface, and between epsin UIM and ubiquitinated VEGFR2, ultimately establish a specific 

and stable interaction between epsin and VEGFR2 in response to VEGF stimulation (Online 

Figure IX). Our data further suggest that epsins play a more critical role in VEGFR2 

turnover than previously thought. Rather than simply mediating the internalization of 

ubiquitinated VEGFR2, our unpublished results suggest that epsins are critically involved in 

the ubiquitination of VEGFR2 by recruiting and interacting with c-Cbl in response to VEGF 

stimulation. While the molecular determinants regulating the interaction between epsin and 

c-Cbl, and the c-Cbl-dependent ubiquitination sites within epsin have yet to be identified, 

our data strongly suggest that these events are critical prerequisites for epsin and VEGFR2 

complex assembly and c-Cbl-dependent VEGFR2 and epsin ubiquitination. Collectively, our 

findings highlight the multivalent nature of epsins and the continued potential for new 

functional discoveries regarding how these unique and versatile proteins modulate specific 

cell functions. Importantly, these discoveries resulted in the development of an innovative 
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and highly specific epsin inhibitory peptide can be used in the future to investigate the epsin-

dependent regulation of other cardiovascular disease processes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms

AP Antennapedia

c-Cbl casitas B-lineage lymphoma

DKO epsins 1 and 2 double knockout mouse endothelial cells

EC-iDKO tamoxifen-inducible vascular endothelial epsins deletion mice

EdU 5-ethynyl-2′-deoxyuridine

ENTH epsin NH2-terminal homology

Epn epsin

Fl foxed

HA hemagglutinin

HUVEC human umbilical vein endothelial cells

IB4 isolectin B4

KD kinase domain

MEC Mouse endothelial cells

P postnatal

SEM standard error of the mean

Ub ubiquitin

UIM ubiquitin interacting motif

VEGF vascular endothelial growth factor

VEGFR2 vascular endothelial growth factor receptor 2
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WT wild type mice.
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Novelty and Significance

What Is Known?

• Vascular endothelial growth factor receptor 2 (VEGFR2) is a key regulator of 

physiological angiogenesis.

• Epsin is a family of adaptor proteins that aid in the clathrin-mediated 

endocytosis of VEGFR2, rendering its degradation.

What New Information Does This Article Contribute?

• Identified novel interactions governing epsin-VEGFR2 binding.

• Designed peptide inhibitor that specifically disrupts these interactions.

• Targeting these interactions may provide an effective means to enhance 

angiogenesis in cases where it is inadequate.

A thorough understanding of VEGF-dependent vascular remodeling is critical for the 

effective design of therapies that can promote angiogenesis in cases where it is 

inadequate or diminish it where it is excessive. While many advances have been made 

regarding intracellular trafficking that regulates VEGF signaling, several aspects are still 

poorly understood. In particular, the thorough analysis of the contribution of endocytosis 

to the regulation of the duration and magnitude of VEGF signaling pathways has not 

been fully explored and is the focus of this study. Epsin mediates VEGFR2 

internalization and degradation to tightly regulate angiogenesis. However, the specific 

determinants of epsin-VEGFR2 interaction were unknown. Here, we have identified two 

novel binding surfaces on the VEGFR2. When mutated, these sites disrupt the binding of 

the epsin UIM with ubiquitinated VEGFR2, a key step in the classical epsin-dependent 

internalization and degradation of VEGFR2, and subsequent attenuation of angiogenesis. 

Further, we have designed a novel UIM peptide, which competitively inhibits the epsin 

UIM binding to VEGFR2, consequently enhancing angiogenesis. We believe that our 

studies on the therapeutic potential of the epsin UIM peptide in angiogenesis will pave 

the way for further application of this unique peptide to treat a range of cardiovascular 

diseases.

Rahman et al. Page 16

Circ Res. Author manuscript; available in PMC 2017 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. The Epsin UIM mediates VEGFR2 signaling and interacts with the VEGFR2 kinase 
domain
(A) Ribbon representation and (B) stick representation of epsin UIM (green) docked into the 

putative hairpin-shaped binding pocket of VEGFR2 KD (blue). VEGFR2 KD crystal 

structure (3U6J) was obtained from the Protein Data Bank. Ribbon diagram for epsin UIM 

was predicted using PEP-FOLD. ClusPro and PyMol software were used for the docking; 

highest scoring model with good topologies is shown. (C) Alignment of epsin UIM 

sequences from mouse, rat and human epsins 1 and epsin 2. Note: E183 (corresponding to 
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E3 in UIM peptide), E184 (corresponding to E4 in UIM peptide) and E185 (corresponding 

to E5 in UIM peptide) are highly conserved. (D) Western blot analysis of VEGFR2 co-

immunoprecipitation by epsin 1 in HUVEC cells overexpressing wild type VEGFR2, or 

VEGFR2 with the indicated substitutions, and stimulated with VEGF (50 ng/mL) for 2 min. 

(E) Western blot analysis of VEGFR2 co-immunoprecipitation by epsin 1 in HUVEC cells 

overexpressing wild type VEGFR2 and either HA-tagged full-length epsin 1 (HA-Epsin 1), 

HA-Epsin 1E183A, E184A, E185A or HA-Epsin 1-ΔUIM, and stimulated with 50 ng/mL VEGF 

for 2 min. All representative Western blots were selected from n=3. Error bars indicate the 

mean ± s.e.m. *P<0.05.
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Figure 2. c-Cbl-dependent ubiquitination of epsin promotes the interaction with VEGFR2
(A) Western blot analysis of epsin 1 ubiquitination and VEGFR2 co-immunoprecipitation 

with epsin 1 in HUVECs transfected with either control or c-Cbl-targeted siRNA. Cells were 

serum starved overnight and stimulated with or without 50 ng/mL VEGF for 2 min prior to 

lysis. (B) Western blot analysis of epsin 1 ubiquitination in HUVECs overexpressing wild 

type VEGFR2 and either HA-Epsin 1, HA-Epsin 1E183A, E184A, E185A or HA-Epsin 1-ΔUIM 

and stimulated with 50 ng/mL VEGF for 2 min. All representative Western blots were 

selected from n=3. Error bars indicate the mean ± s.e.m. *P<0.05.
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Figure 3. Identification of a novel ubiquitin-binding interface within VEGFR2 that promotes an 
interaction with ubiquitinated epsin
(A) Ribbon representation of the predicted supercomplex between epsin ENTH (red), 

VEGFR2 KD (blue) and ubiquitin (pink). Ubiquitin was docked into the epsin 

ENTH:VEGFR2 KD structure using ClusPro and PyMol software; highest scoring model 

with good topologies is shown. Enlarged stick representation to the right highlights the 

interacting residues between ubiquitin and VEGFR2 KD. (B) Western blot analysis of 

VEGFR2 co-immunoprecipitation with epsin 1 in HEK 293T cells overexpressing wild type 
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VEGFR2, VEGFR2S1021A, VEGFR2S1021AK1014R, K1023R or 

VEGFR2K1014R, K1023R, G1158A. Cells were serum starved overnight and stimulated with 50 

ng/mL VEGF for 2 min. (C) Western blot analysis of mono- or poly-ubiquitin pulldown by 

wild type VEGFR2 overexpressed in HEK 293T cells. (D) Western blot analysis of 

VEGFR2 pulldown by di-ubiquitin in HEK 293T cells overexpressing wild type VEGFR2, 

VEGFR2H891A or VEGFR2S1021A. (E) Putative interacting residues of VEGFR2 and 

ubiquitin with their respective hydrogen bond distances, and schematic representation of 

epsin 1 conjugated to wild type ubiquitin or ubiquitin with I44A, R42A or R72A and R74A 

substitutions. (F) Western blot analysis of epsin 1 co-immunoprecipitation with VEGFR2 in 

HEK 293T cells overexpressing wild type VEGFR2 and either HA-Epsin1 conjugated to 

wild type ubiquitin (HA-Epsin 1-Ub) or ubiquitin with I44A, R42A, R72A or R74A point 

substitutions. Cells were serum starved overnight and stimulated with 50 ng/mL VEGF for 2 

min. All representative Western blots were selected from n=3. Error bars indicate the mean 

± s.e.m. *P<0.05.
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Figure 4. Internalization of VEGFR2 upon VEGF stimulation is critical for productive 
downstream signaling
(A) Western blot analysis of VEGF-induced phosphorylation of VEGFR2 and downstream 

AKT and ERK in mouse primary endothelial cells. Tamoxifen-induced the knockout of 

endogenous VEGFR2, expression was restored with wild type VEGFR2, VEGFR2H891A or 

VEGFR2S1021A. Cells were serum starved overnight and stimulated with 50 ng/mL VEGF 

for 5 min. (B) Representative immunofluorescence images of VEGF-dependent changes in 

the subcellular localization of VEGFR2 in HUVECs overexpressing wild type VEGFR2, 

VEGFR2H891A or VEGFR2S1021A. Cells were serum starved overnight and stimulated with 
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50 ng/mL VEGF for 10 min. Arrows indicate the colocaliztion of wild type VEGFR2 with 

EEA1. (C) Western blot analysis of VEGF-induced VEGFR2 internalization, relative to 

Transferrin Receptor, in mouse primary endothelial cells overexpressing wild type 

VEGFR2, VEGFR2H891A or VEGFR2S1021A using a cleavable surface biotinylation and 

internalization assay. Cells were serum starved overnight and stimulated with 50 ng/mL 

VEGF for 10 min. All representative Western blots and immunofluorescence images were 

selected from n=3. Error bars indicate the mean ± s.e.m. *P<0.05. Scale bar in B: 10 μm.
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Figure 5. UIM peptide, but not UIME3,4,5A mutant peptide promotes VEGF-dependent 
VEGFR2 signaling and in vitro angiogenesis
(A) Western blot analysis of VEGFR2 co-immunoprecipitation with epsin 1 in HEK 293T 

cells overexpressing wild type VEGFR2 and HA-Epsin 1 and treated with 12.5 μM control, 

full length UIM or E3A, E4A and E5A UIM mutant (UIME3,4,5A) peptide for 16 hrs. Cells 

were stimulated with 50 ng/mL VEGF for 2 min prior to lysis. (B) Western blot analysis of 

VEGF-VEGFR2 signaling in WT primary MEC treated with 12.5 μM control, UIM or 

UIME3,4,5A peptide for 16 hrs. Cells were stimulated with 50 ng/mL VEGF for 5 min prior 
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to lysis. (C) Quantification of EdU labeling for MEC cell proliferation, (D,E) scratch 

“wound” analysis of cell migration in MEC and (G-I) Matrigel culture analysis of tube 

formation in HUVECs treated with 12 μM control, UIM or UIME3,4,5A peptide for 16 hrs in 

the presence of 50 ng/mL VEGF. Representative images selected from n=5 in Online Figure 

VIII, D, F. Quantification of scratch wound and tube formation are shown in E,G and H, 

respectively. All representative Western blots were selected from n=3. Scale bar in D and F: 

50 μm. Error bars indicate the mean ± s.e.m. *P<0.05.
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Figure 6. Physiological angiogenesis is increased by administration of UIM, but not UIME3,4,5A 

peptides
(A, B) Representative montage images with entire retina review of whole-mount retinas 

isolated from P6 pups after intraperitoneal injection with control, UIM or UIME3,4,5A mutant 

peptide and immunofluorescently labeled with biotinylated isolectin B4. Respective 

quantifications for A are shown in B, including vascular progression length and vasculature 

density. (C, D) Representative images of whole-mount retinas isolated from P6 pups after 

intraperitoneal injection with control, UIM or UIME3,4,5A mutant peptide and 
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immunofluorescently labeled with biotinylated isolectin B4. Respective quantification for C 
is shown in D. (E) Representative images of subcutaneous Matrigel plugs supplemented 

with 200 ng/mL VEGF and either control, UIM or UIME3,4,5A peptide isolated 7 days post-

implantation from WT mice. (F,G) Representative image (F) and quantification (G) of 

CD31-positive vessels in cryopreserved, sectioned and immunofluorescently stained 

Matrigel plugs from (E). (H) Representative images of subcutaneous Matrigel plugs 

supplemented with 200 ng/mL VEGF and either control or UIM peptide isolated 7 days 

post-implantation from EC-iDKO mice. (I, J) Representative image (I) and quantification 

(J) of CD31-positive vessels in cryopreserved, sectioned and immunofluorescently stained 

Matrigel plugs supplemented with either control or UIM peptide and isolated from (H). 

Representative images selected from n=6. Scale bar in A:1000 μm; C, F and I: 50 μm. ON, 

a and b in A represented optic nerve center, distance from ON to retina vasculature edge and 

distance from ON to retina edge. Error bars indicate the mean ± s.e.m. *P<0.05.
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Figure 7. UIM peptide administration increases physiological angiogenesis in wild type mice
(A) Representative images of dermal wound healing 0, 1, 3 and 7 days after dermal biopsy 

of wild type mice receiving control or UIM peptide by intraperitoneal injection. (B) 

Quantification of wound area shown in (A) and reported as a wound-healing curve. (C) 

Representative images of CD31-positive blood vessels in cryopreserved, sectioned and 

immunfluorescently stained dermal wounds from control or UIM peptide treated wild type 

mice isolated 7 days after dermal biopsy. (D) Quantification of CD31-positive vessel area 

relative to total vessel area of immunofluorescently stained dermal wounds from (C) using 
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SlideBook software. All representative dermal wound and immunofluorescence images were 

selected from n=3 mice. Scale bars: A, 2 mm; C, 50 μm. Error bars indicate the mean ± 

s.e.m. *P<0.05; **P<0.01.

Rahman et al. Page 29

Circ Res. Author manuscript; available in PMC 2017 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


