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Summary Statement: New blood vessel sprouting is dependent on VEGFR2-regulated signal 

transduction. We show that ubiquitin-conjugating enzymes, UBE2D1 and UBE2D2, modulate 

VEGFR2 levels. 

 

Abstract 

Vascular endothelial growth factor receptor 2 (VEGFR2) regulates endothelial function and 

angiogenesis. VEGFR2 undergoes ubiquitination which programs this receptor for 

trafficking and proteolysis but the ubiquitin-modifying enzymes involved are ill-defined. 

Herein, we used a reverse genetics screen of the human E2 family of ubiquitin-conjugating 

enzymes to identify gene products which regulate VEGFR2 ubiquitination and proteolysis. 

We find that depletion of either UBE2D1 or UBE2D2 in endothelial cells cause a rise in 

steady-state VEGFR2 levels. This rise in plasma membrane VEGFR2 levels impact on 

VEGF-A-stimulated signalling, with increased activation of canonical MAPK, 

phospholipase C1, and Akt pathways. Analysis of biosynthetic VEGFR2 is consistent with 

a role for UBE2D enzymes in influencing plasma membrane VEGFR2 levels. Cell surface 

biotinylation and recycling studies show an increase in VEGFR2 recycling to the plasma 

membrane upon reduction in UBE2D levels. Depletion of either UBE2D1 or UBE2D2 

stimulates endothelial tubulogenesis which is consistent with increased VEGFR2 plasma 

membrane levels promoting the cellular response to exogenous VEGF-A. Our studies 

identify a key role for UBE2D1 and UBE2D2 in regulating VEGFR2 function in 

angiogenesis. 
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Introduction  

Angiogenesis describes new blood vessel sprouting from pre-existing ones; this is 

essential for vascular homeostasis, wound healing and revascularisation. Dysregulated 

angiogenesis is a major factor in disease pathologies including diabetic retinopathy (Martin 

et al., 2003), cardiovascular disease (Khurana et al., 2005) and tumour growth (De Palma 

et al., 2017). Soluble pro-angiogenic factors bind to membrane-bound receptors on the 

endothelium and activate multiple signalling pathways resulting in angiogenesis. However, 

we lack mechanism(s) explaining how receptor-ligand dynamics regulate endothelial 

responses in spite of identification of many angiogenic regulators. A major pro-angiogenic 

cytokine, vascular endothelial growth factor A (VEGF-A), secreted by many cell types 

exerts its pro-angiogenic effects by predominantly interacting with VEGFR2, a receptor 

tyrosine kinase (Chung and Ferrara, 2011). VEGF-A stimulates VEGFR2 tyrosine 

autophosphorylation, receptor internalization and activation of multiple signal transduction 

pathways: these events promote endothelial cell migration, proliferation and tubulogenesis 

(Ewan et al., 2006; Fearnley et al., 2016).  

It is well-established that VEGFR2 undergoes proteolysis linked to ubiquitination 

(Bruns et al., 2010; Duval et al., 2003) but the underlying regulatory mechanism is unclear. 

Previous studies show a role for the major E1 ubiquitin activating enzyme, UBA1 in 

regulating VEGFR2 ubiquitination (Smith et al., 2017). Although a variety of E3 ubiquitin 

ligases including c-Cbl, TrcP, RNF121 and Nedd4 (Duval et al., 2003; Maghsoudlou et 

al., 2016; Murdaca et al., 2004; Sakaue et al., 2017; Shaik et al., 2012) are postulated to 

target VEGFR2, we have lacked a logical framework which provides a mechanism for 

VEGFR2 ubiquitination.  

Ubiquitination in eukaryote species usually involves a tripartite system of ubiquitin-

modifying enzymes such as E1 (ubiquitin-activating), E2 (ubiquitin-conjugating) and E3 

(substrate recognition) that work in concert to conjugate ubiquitin onto one or more lysine 

residues within the protein substrate (Critchley et al., 2018; Scheffner et al., 1995). 
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Membrane proteins clearly undergo ubiquitination thus programming trafficking and 

proteolysis but we have lacked information on E2 ubiquitin-conjugating enzymes that 

regulate VEGFR2 dynamics. The complexity of the E2 ubiquitin-conjugating enzymes is 

highlighted by the 38 E2 members that facilitate ubiquitin conjugation to a wide variety of 

protein substrates.  

To address this issue in the context of VEGFR2 ubiquitination and turnover, we 

developed a microscopy–based reverse genetics screen to evaluate E2 ubiquitin-

conjugating enzyme requirement for VEGFR2 turnover in endothelial cells. Our previous 

studies established that the E1 enzyme, UBA1 and not UBA6, controls VEGFR2 

ubiquitination which impacts on membrane protein trafficking and turnover which further 

regulates VEGF-A-stimulated endothelial responses (Smith et al., 2017). Herein, we used 

a reverse genetics approach to identify E2 ubiquitin-conjugating enzymes that control 

VEGFR2 levels, downstream signalling and endothelial responses.  By screening the 

human E2 family, we discovered two closely related E2 ubiquitin-conjugating enzymes 

(UBE2D1, UBE2D2) required for VEGFR2 ubiquitination. Our findings demonstrate that 

UBE2D1 and UBE2D2 is required for VEGFR2 ubiquitination and proteolysis, thus 

modulating downstream VEGF-A-regulated signalling. Such effects impacts on VEGF-A-

regulated tubulogenesis, a key requirement for angiogenesis. 

 

 

Results 

A reverse genetics screen of the E2 family identifies UBE2D1 and UBE2D2 as direct 

regulators of VEGFR2 levels  

To screen the human E2 ubiquitin-conjugating family for roles in VEGFR2 ubiquitination, 

we first compiled a comprehensive database of ubiquitin-specific E2 enzymes to include all 

validated, putative and catalytically inactive forms. To identify the E2 enzymes required for 

VEGFR2 turnover, we used employed reverse genetics approach using siRNA-based 

knockdown of each candidate E2 protein. We have previously described a morphological 

assay to analyse effects on VEGFR2 levels and used a reverse genetics siRNA-based 

screen to screen the human E2 family (see Materials and Methods) (Smith et al., 2017).  

Analysis of VEGFR2 levels in primary human endothelial cells depleted for each of 

the 38 E2 ubiquitin conjugating enzymes is depicted in histogram format (Figure 1A). The 

most significant effect was a 2-fold rise in VEGFR2 levels caused by UBE2D1 depletion 

(Figure 1A, 1B). Knockdown of a closely related homologue, UBE2D2 causes ~1.6-fold 
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rise in VEGFR2 levels (Figure 1A, 1B). Interestingly two other closely related homologues 

of the UBE2D subfamily, UBE2D3 and UBE2D4, had much lesser effects on VEGFR2 

levels (Figure 1A). Notably, knockdown of UBE2Z, which can only be ubiquitin-primed by 

UBA6 and not UBA1, had no effect on VEGFR2 levels, consistent with our previous 

findings and validating the importance of E1-E2 specificity (Smith et al., 2017). 

Endothelial cells display variation in steady-state VEGFR2 levels (Figure 1B). 

However, knockdown of either UBE2D1 or UBE2D2 as part of the E2 screen causes 

increased VEGFR2 levels (Figure 1B). We then compared effects of knockdown of the 

UBE2D subfamily i.e. UBE2D1, UBE2D2, UBE2D3 and UBE2D4 on VEGFR2 levels using 

immunoblotting (Figure 2A).  UBE2D1 or UBE2D2 knockdown caused a clear rise in 

VEGFR2 levels, whereas UBE2D3 or UBE2D4 knockdown had no significant effects 

(Figure 2A). Quantification of these data showed that knockdown of either UBE2D1 or 

UBE2D2 produced ~3-fold increase in steady-state VEGFR2 levels; however, UBE2D3 or 

UBE2D4 knockdown had little or no effects compared to control (Figure 2B). Such findings 

support roles for both UBE2D1 and UBE2D2 in regulating VEGFR2 levels in endothelial 

cells. 

As E2 ubiquitin conjugating enzymes interact with a number of client proteins, we 

next considered whether VEGFR2 levels were affected directly or indirectly. To address 

this point, we used antibodies to isolate UBE2D1 and UBE2D2 complexes from endothelial 

cell lysates. We detected co-precipitation of VEGFR2 but not transferrin receptor, another 

plasma membrane receptor, with UBE2D1 and UBE2D2 (Figure 2C). This occurred in the 

absence of exogenous VEGF-A (Figure 2C). VEGFR2-UBE2D2 complex formation is 

particularly evident (Figure 2C). Higher molecular weight ubiquitinated VEGFR2 species 

were also evident in both basal and VEGF-A stimulated conditions followed by UBE2D 

complex isolation (Figure 2C).  

 

UBE2D1 and UBE2D2 regulation of VEGFR2 signal transduction and membrane 

trafficking 

We then asked whether UBE2D1 or UBE2D2-mediated regulation of VEGFR2 levels 

impact on VEGF-A-regulated signal transduction pathways (Figure 3). VEGF-A binding 

stimulates VEGFR2 tyrosine kinase activity; one characteristic feature is the rapid 

appearance of the phosphotyrosine VEGFR2-pY1175 epitope within 5 min of VEGF-A 

addition, followed by a slower decline in VEGFR2-pY1175 levels (Figure 3A). Analysis of 

endothelial cells subjected to UBE2D1 or UBE2D2 knockdown showed an increase in 

VEGFR2-pY1175 levels (Figure 3A); this corresponds to >2-fold increase in VEGFR2-
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pY1175 levels upon either UBE2D1 or UBE2D2 knockdown compared to control (Figure 

3B). Comparison of different signal transduction pathways shows ~2-3-fold increase in 

VEGF-A-stimulated activation of Akt, PLC1 and ERK pathways upon either UBE2D1 or 

UBE2D2 knockdown (Figure 3B). There is little or no effect on VEGF-A-regulated p38 

MAPK activation upon knockdown of either UBE2D1 or UBE2D2 (Figure 3B). These data 

support roles for UBE2D1 and UBE2D2 in controlling plasma membrane VEGFR2 

dynamics that impact on VEGF-A-stimulated downstream signalling.  

VEGFR2 undergoes endocytosis, delivery to endosomes followed by degradation or 

recycling back to the plasma membrane (Figure 4A) (Ewan et al., 2006; Gampel et al., 

2006; Jopling et al., 2014; Lampugnani et al., 2006). To test whether either UBE2D1 or 

UBE2D2 knockdown modulates VEGFR2 degradation or recycling, we used an 

endosome-to-plasma membrane recycling assay that only detects VEGFR2 molecules that 

have undergone at least one round of endocytosis and recycling back to the plasma 

membrane (Figure 4B) (Jopling et al., 2011). Depletion of either UBE2D1 or UBE2D2 

caused ~1.5-2-fold increase in the proportion of VEGFR2 recycled back to the plasma 

membrane compared to control untreated cells or in cells treated with VEGF-A (Figure 

4C). Combining cell surface VEGFR2 biotinylation with inhibition of new protein synthesis 

(using cycloheximide) caused ~1.5-fold increase in mature VEGFR2 levels at the plasma 

membrane upon depletion of either UBE2D1 or UBE2D2 (Figure 4D, 4E).   

Knockdown of either UBE2D1 or UBE2D2 elevates steady-state or basal VEGFR2 

levels; one question is the intracellular location of VEGFR2 ubiquitination. To answer this, 

we combined cycloheximide treatment (to block biosynthetic VEGFR2 production) with 

UBE2D1 or UBE2D2 knockdown and assessed VEGFR2 levels. In control cells 

transfected with non-targeting siRNA, we observe a significant decrease in mature 

VEGFR2 levels (Figure 5A). In non-stimulated endothelial cells, mature VEGFR2 does not 

display tyrosine phosphorylation, but undergoes degradation over time (Figure 5A) 

corresponding to ~50% VEGFR2 decrease over 80 min (Figure 5B). Upon knockdown of 

either UBE2D1 or UBE2D2, mature VEGFR2 levels are initially higher but decline in a 

similar pattern to control (Figure 5A). For either UBE2D1 or UBE2D2 knockdown, the 

decrease in mature VEGFR2 levels displays similar kinetics to control (Figure 5B).  

UBE2D1 or UBE2D2 depletion does not affect transferrin receptor levels; this 

membrane protein recycles between the plasma membrane and endosomes (Figure 5A). 

Immunofluorescence microscopy showed that knockdown of UBE2D1 or UBE2D2 followed 

by cycloheximide treatment to block new protein synthesis, causes widespread 

accumulation of VEGFR2 including at the plasma membrane and in endosomes (Figure 
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5C). Quantification of VEGFR2 staining shows ~3-fold rise in VEGFR2 levels caused by 

UBE2D1 or UBE2D2 knockdown; blocking new protein synthesis using cycloheximide 

causes only 10-20% reduction in VEGFR2 levels (Figure 5D). The knockdown of UBE2D1 

and UBE2D2 thus causes mature VEGFR2 accumulation at the plasma membrane and 

endosomes.  

 

UBE2D1 and UBE2D2 promote VEGFR2 down-regulation to regulate endothelial 

tubulogenesis 

One likelihood is that the ubiquitin-conjugating enzymes, UBE2D1 and UBE2D2, mediate 

direct conjugation of ubiquitin onto VEGFR2 as a client protein or substrate. To test this 

idea, we introduced recombinant human UBE2D1 or UBE2D2 proteins directly into 

endothelial cells using a technique called proteofection (Figure 6A). Cytoplasmic delivery 

of recombinant UBE2D1 or UBE2D2 caused ~50% decrease in VEGFR2 levels after 3 h 

(Figure 6B). These data support roles for both UBE2D1 and UBE2D2 in down-regulating 

VEGFR2 levels in endothelial cells. Cell surface protein levels of a transmembrane protein 

(PECAM1) or a GPI-anchored protein (alkaline phosphatase, AP) are not significantly 

altered by introduction of either UBE2D1 or UBE2D2 into endothelial cells, indicating 

VEGFR2 specificity. 

VEGF-A-stimulated and VEGFR2-regulated signalling normally induces endothelial 

tubule formation (tubulogenesis), a physiological response which plays a key role in 

angiogenesis. However, mitogenic signalling is tightly regulated and excessive VEGF-A 

stimulation can have an inhibitory effect upon angiogenesis (Pontes-Quero et al., 2019). 

As UBE2D1 or UBE2D2 levels modulate VEGFR2 levels, leading to increased availability 

and enhanced VEGF-A-regulated signalling, we next asked whether there are effects on 

VEGF-A-regulated endothelial tubulogenesis. Either UBE2D1 or UBE2D2 depletion 

caused a substantial increase in endothelial tubulogenesis in both basal and VEGF-A-

stimulated conditions (Figure 7A). Evaluation of endothelial tubule length, tubule size and 

number of branch points (vs. controls) revealed that all these parameters increased upon 

UBE2D1 or UBE2D2 depletion. There was 4-5-fold increase in basal endothelial 

tubulogenesis (without VEGF-A treatment; Figure 7B-7D). Upon VEGF-A-stimulation, 

there was ~3-fold increase in endothelial tubulogenesis upon UBE2D1 or UBE2D2 

depletion vs. controls (Figure 7B-7D). These data support roles for UBE2D1 and UBE2D2 

in the VEGF-A-regulated endothelial response that contributes to angiogenesis. 
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Discussion  

VEGFR2 represents a class of membrane proteins with embedded enzymatic activity i.e. 

receptor tyrosine kinases (RTKs), which link ligand binding to signal transduction pathways 

which control cell function and physiology. Although it is well-documented that VEGFR2 

undergoes ubiquitination, the nature of the enzymes that regulate VEGFR2 ubiquitination 

is ill-defined. In this study, we found that two closely related ubiquitin-conjugating E2 

enzymes, UBE2D1 and UBE2D2, regulate VEGFR2 ubiquitination and VEGF-A-regulated 

endothelial function. This is supported by five lines of evidence. A reverse genetics screen 

identified UBE2D1 and UBE2D2 as top ranked candidates for effects on VEGFR2 levels. 

Furthermore, depletion of two closely related homologues, UBE2D3 or UBE2D4, have no 

effects on VEGFR2 levels. Next, depletion of either UBE2D1 or UBE2D2 causes a rise in 

plasma membrane VEGFR2 levels that clearly modulates on VEGF-A-regulated signalling 

pathways. There was a clear increase in VEGF-A stimulated activation of MAPK, PLC1 

and Akt signalling pathways. Third, both UBE2D1 and UBE2D2 can form complexes with 

VEGFR2 and promote down-regulation in endothelial cells. Upon depletion of either 

UBE2D1 or UBE2D2, VEGFR2 recycling between the plasma membrane and endosomes 

is increased. This implies that reduced VEGFR2 ubiquitination due to reduced UBE2D1 or 

UBE2D2 facilitates increased trafficking from endosomes back to the plasma membrane. 

Finally, depletion of UBE2D1 or UBE2D2 promotes endothelial tubulogenesis, an essential 

requirement in angiogenesis. Interestingly, a physiological response (angiogenesis) is 

sensitised and elevated under both basal and excess VEGF-A conditions where UBE2D1 

or UBE2D2 is depleted.  

 Previous work shows that VEGF-A stimulates VEGFR2 activation, ubiquitination 

and degradation (Basagiannis et al., 2017; Bruns et al., 2010; Ewan et al., 2006). 

However, endothelial cells also utilise a UBA1-dependent pathway to control basal 

VEGFR2 levels independent of VEGF-A-stimulated VEGFR2 degradation (Smith et al., 

2017). Herein, VEGF-A stimulation caused similar rates of VEGFR2 decrease in control, 

UBE2D1 and UBE2D2-depleted cells, supporting the existence of a separate pathway 

controlling VEGF-A-stimulated VEGFR2 ubiquitination. One interpretation is that UBA1 

working alongside UBE2D1 or UBE2D2 and a hitherto uncharacterised E3 ubiquitin 

ligase, facilitates the transfer of ubiquitin to VEGFR2 which subsequently modulates 

membrane receptor trafficking and proteolysis. Such regulation influences VEGFR2 

bioavailability at the plasma membrane.  Our postulated mechanism could have wider 

implications, as epidermal growth factor receptor (EGFR) is also noted to undergo 
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ubiquitination and degradation (Katz et al., 2002) without tyrosine kinase activation 

(Opresko et al., 1995). 

 The enhanced bioavailability of VEGFR2 at the plasma membrane caused by 

UBE2D1 or UBE2D2 knockdown allows an increase in specific signalling output through 

PLCγ1, Akt and ERK1/2 phosphorylation. However, it is interesting to note that p38 MAPK 

activation, a key target of VEGF-A stimulation is not affected by this rise in VEGFR2 

levels. In this context, our previous work demonstrates that p38 MAPK activation is 

independent of canonical MAPK and PI3K-Akt signalling pathways (Fearnley et al., 2016). 

Knockdown of clathrin heavy chain CHC17 levels which blocks clathrin-dependent 

endocytosis markedly inhibits VEGF-A-dependent Akt and ERK1/2 activation, but p38 

MAPK levels are not affected (Fearnley et al., 2016). Such findings highlight clathrin-

dependence for canonical MAPK and PI3K-Akt signalling, whereas p38 MAPK activation 

occurs via a different route. In the context of this study, elevated VEGFR2 levels is due to 

a lack of basal ubiquitination by UBE2D1 and/or UBE2D2: upon VEGF-A stimulation, an 

increase in clathrin-dependent VEGFR2 endocytosis promotes canonical MAPK and PI3K-

Akt signalling events.   

 The intracellular location of UBE2D-regulated VEGFR2 ubiquitination remains to be 

determined. One likelihood is that plasma membrane VEGFR2 levels are increased upon 

depleted UBE2D1 or UBE2D2 levels associated with endocytic pathway i.e. plasma 

membrane and/or endosomes. Alternatively, biosynthetic VEGFR2 could be targeted for 

ubiquitination and degradation by an E3 ubiquitin ligase, RNF121 (Maghsoudlou et al., 

2016). Thus although the exact location of UBE2D1 and UBE2D2–mediated VEGFR2 

ubiquitination is unclear, this pathway modulates VEGFR2 trafficking in the endosome-

lysosome network which impacts on proteolysis. 

 One likelihood is that UBE2D1 and UBE2D1 interact with UBA1, one of the major 

E1 ubiquitin-activating enzymes. Previous studies have shown that UBA1 depletion 

increases plasma membrane VEGFR2 levels, with similar effects on VEGF-A-stimulated 

signal transduction and tubulogenesis (Smith et al., 2017). UBA1 interactions with 

UBE2D1 or UBE2D2 are well-documented (Jin et al., 2007), and involved in the 

ubiquitination of 100-200 client proteins or substrates (www.thebiogrid.org). Interestingly, 

we can detect a stable UBE2D-VEGFR2 complex in endothelial cells, which likely includes 

E1 and E3 enzymes. The identity of the E3 ubiquitin ligase in this complex remains 

unclear. A number of studies suggest a variety of E3 ubiquitin ligases which regulate 

VEGFR2 including Cbl, TrcP and RNF121 (Duval et al., 2003; Maghsoudlou et al., 2016; 
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Shaik et al., 2012). More work is needed to identify the exact composition and properties 

of the E1-E2-E3 complex that binds VEGFR2 in endothelial cells. 

 Both UBE2D1 and UBE2D2 are widely expressed enzymes with a large number of 

interactions and client substrates linked to different cellular processes. Our work showing 

roles for UBE2D1 and UBE2D2 in controlling VEGFR2 levels highlights roles for specific 

E2 ubiquitin-conjugating enzymes in angiogenesis. Whilst E2 knockdown demonstrates a 

significant VEGFR2 dependent effect on tubulogenesis, there is also the potential for other 

signalling pathways to influence this process. It is significant that endothelial tubule 

formation is also elevated without addition of exogenous VEGF-A in UBE2D1 and 

UBE2D2 knockdown endothelial cells. Endothelial growth medium contains low levels of 

VEGF-A (3-5ng/ml) and other growth factors/hormones of uncertain concentration that are 

needed for endothelial cell homeostasis and survival. This is likely to result in increased 

tubulogenesis via signals through both VEGFR2 and other pathways. In E2 depleted cells, 

these signals are likely to be enhanced at least in part due to elevated VEGFR2 levels.  It 

is interesting to observe however that there must be additional targets for these E2s that 

influence angiogenesis. The identity of these factors and the mechanisms by which they 

exert this effect remain to be investigated. As a case in point, hypoxia-responsive 

angiogenesis in skeletal muscle is impaired when UBE2D1 levels are 

elevated upon TNFα stimulation (Basic et al., 2014). Our findings support a role of 

UBE2D1 and UBE2D2 as regulators of angiogenesis through a direct effect on VEGFR2 

levels and bioavailability at the plasma membrane.  

 

 

Materials and Methods 

Cell culture and materials  

Primary HUVECs were isolated from the umbilical cords of patients undergoing elective 

Caesarean section at Leeds General Infirmary (Leeds, UK) and who provided informed 

consent (Ethical approval reference CA03/020 from Leeds NHS Hospitals Local Ethics 

Committee). HUVECs were cultured as previously described (Howell et al., 2004). 

HUVECs, endothelial cell growth medium (ECGM), primary normal dermal human 

fibroblasts and human recombinant VEGF-A165 were obtained 

from PromoCell (Heidelberg, Germany). MCDB131 medium, OptiMEM, 

DMEM and AlexaFluor-conjugated secondary antibodies were obtained from Thermo 

Fisher Scientific (Waltham, USA). Antibodies were sourced as follows: goat polyclonal 

anti-VEGFR2 (R&D Systems, Minneapolis, USA), mouse HRP-conjugated anti-α-tubulin 
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(Proteintech, Rosemont, USA), rabbit anti-phospho (Y1175) VEGFR2, rabbit antibodies to 

total and phosphorylated forms of p38, Akt, PLCγ1 and ERK (Cell Signalling Technologies, 

Danvers, USA), mouse anti-PECAM1 (BioLegend, San Diego, USA), rabbit anti-UBE2D1 

and rabbit anti-UBE2D2 (Abcam, Cambridge, UK), mouse anti-transferrin receptor (Santa 

Cruz Biotechnology, Dallas, USA) and mouse anti-ubiquitin (2BScientific, Upper Heyford, 

UK). Purified rabbit anti-alkaline phosphatase antibody was obtained from A. Booth 

(University of Leeds, UK). HRP-conjugated secondary antibodies were obtained 

from Stratech Scientific (Newmarket, UK). RIPA buffer with EDTA was obtained from Alfa 

Aesar (Massachusetts, USA). ON-TargetPlus siRNA duplexes were obtained from Horizon 

Discovery (Cambridge, UK). Pro-DeliverIN protein delivery reagent was obtained from OZ 

Biosciences (Marseille, France). Protein G agarose beads were obtained from Merck 

Millipore (Burlington, USA). Cell lysis buffer was obtained from Cell Signalling 

Technologies (Danvers, USA).  Duolink proximity ligation assay kit was purchased from 

Sigma-Aldrich (Dorset, UK).  

  

E2 ubiquitin ligase siRNA library  

An E2 conjugating enzyme database was collated to include all validated, putative and 

catalytically inactive forms. For the screen, E2 library plates were produced by adding 50 

nM SMARTpool siRNA (4 duplexes per target) specific for each E2 to separate wells. A 

separate 96-well library plate was used for each experiment.  

  

Screening of E2 knockdown on VEGFR2 levels 

HUVECs were reverse transfected in 96-well plates grown in serum-

free OptiMEM medium with 0.1 µl per well Lipofectamine RNAiMAX and a 50 

nM SMARTpool siRNA, specific for an E2 enzyme or non-targeting control. Mock-

transfected (treated with Lipofectamine RNAiMAX only) and untreated HUVECs were 

included as controls. HUVECs were incubated with lipid-siRNA complexes for 6 h at 37°C 

before replacement of OptiMEM with fresh ECGM. After 72 h, cells were processed for 

immunofluorescence microscopy.  

  

Immunofluorescence microscopy  

HUVECs were fixed in 3% (w/v) paraformaldehyde followed by brief permeabilisation in 

0.1% (w/v) Triton X-100. Cells were incubated overnight at room temperature with primary 

antibodies in 1 mg/ml BSA in PBS before addition of DAPI and AlexaFluor488- or 

AlexaFluor594-conjugated secondary antibodies for 2 h. Images were acquired using an 
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EVOS FL Auto 2 inverted digital microscope (Thermo Fisher Scientific), with 3 fields of 

view obtained per condition. Fluorescence intensity was calculated using ImageJ version 

1.46r (National Institutes of Health, USA).   

 

Co-immunoprecipitation 

HUVECs were treated as required prior to washing with ice cold PBS, flash crosslinking 

with 0.4% paraformaldehyde for 1 minutes and lysis with RIPA buffer plus EDTA, 

supplemented with 1mM PMSF and protease inhibitor cocktail. Equal amounts of lysate 

were incubated overnight at 4°C with 1ug appropriate rabbit primary antibodies or without 

antibodies (control). Protein G agarose was added and incubated at 4°C for 2 hours. 

Beads were washed 3 times with 0.1X RIPA buffer plus EDTA, pelleted and resuspended 

in 20µl LDS sample buffer for immunoblotting. 

 

Immunoblotting  

HUVECs were treated as required before washing with ice cold PBS and lysis in 2% (w/v) 

SDS in PBS supplemented with protease inhibitor cocktail and 1 mM PMSF. The 

bicinchoninic acid assay was utilised to quantify protein before 25µg per lane was loaded 

onto 10% or 6-20% gradient SDS-PAGE gel. The gel was run at 110 V for approximately 2 

h until sufficiently separated. Proteins were transferred overnight at 4°C onto nitrocellulose 

membrane at 50 mA current. Membranes were blocked in 5 mg/ml BSA in TBS-T 

then incubated with primary antibody in 1 mg/ml BSA in TBS-T overnight at 4°C 

before incubation with donkey HRP-conjugated secondary antibodies for 1 h at room 

temperature. Immunoblots were developed by enhanced chemiluminescence and detected 

on a G:Box imaging system (Syngene, Cambridge, UK). ImageJ was used to quantify pixel 

intensity and normalised against tubulin as loading control.  

 

Proteofection of primary endothelial cells  

Delivery of human recombinant protein was achieved by transfection of 50% confluent 

HUVECs in 24-well plates. Recombinant protein (1 µg/well) was diluted in PBS to 

100µg/ml before combining with Pro-DeliverIN transfection reagent (2 µl/well) and 

incubating for 15 min at room temperature. OptiMEM was then added at 100 µl/well before 

immediately adding dropwise onto growing HUVECs. After 3 h incubation at 37°C, the 

cells were twice washed with ice cold PBS before lysis in 2% (w/v) SDS for 

immunoblotting.  

 

Jo
ur

na
l o

f C
el

l S
ci

en
ce

 •
 A

cc
ep

te
d 

m
an

us
cr

ip
t



 

 

Endothelial tubulogenesis assay  

Fibroblasts were grown to confluency in DMEM supplemented with 10% (v/v) fetal bovine 

serum, 1 mM sodium pyruvate and 1 mM non-essential amino acids. HUVECs were 

reverse transfected in a 96-well plate as described above. 24 h after transfection, the 

HUVECs were trypsinised and 5000 cells per well added onto the fibroblast monolayer in 

duplicate. The cells were incubated for 7 days at 37°C in a 1:1 ratio of ECGM and DMEM 

with or without 25 ng/ml VEGF-A165 supplementation (added every 2 days). After 7 days 

growth, the cells were washed with PBS before fixation in 3% (w/v) paraformaldehyde 

without permeabilisation for immunofluorescence analysis. PECAM-1 staining was used to 

allow visualisation of endothelial tubules. Endothelial tubule length, size (representative of 

tubule area as a function of length and thickness) and number of branch points were 

quantified using AngioQuant software version 1.33(Niemisto et al., 2005).  

 

Plasma membrane VEGFR2 recycling  

E2 depleted and control HUVECs were serum starved for 2 h in MCDB131 + 0.2% 

BSA before incubation in goat anti-VEGFR2 primary antibody for 30 min at 37°C. VEGF-A 

was then added for an additional 30 min. Cell surface primary antibody was stripped by 

acid wash with serum-free MCDB131 at pH 2 at 4°C followed by two washes in normal 

MCDB131. Cells were incubated with donkey anti-sheep AlexaFluor488-conjugated 

secondary antibody for 30 min at 37°C before fixation and DAPI addition. Images were 

acquired using an EVOS-FL inverted digital microscope. Fluorescence intensity was 

calculated using ImageJ version 1.46r (National Institutes of Health, USA).  

 

Cell surface biotinylation  

E2 depleted and control HUVECs were serum starved for 2 h in MCDB131 + 0.2% (w/v) 

BSA prior to stimulation with 25 ng/ml VEGF-A165 at intervals up to 1 h. HUVECs were 

then washed twice in ice cold PBS before cell surface proteins were biotinylated by 45 

min incubation at 4°C with 0.25 mg/ml NHS-biotin in PBS containing 2 mM CaCl2 and 2 

mM MgCl2. The biotinylation reaction was quenched with a TBS wash before lysis in buffer 

containing 1% (v/v) NP-40, 50 mM Tris-HCl pH 7.5, 150 mM NaCl and 1 mM 

PMSF. NeutraAvidin-agarose beads (ThermoFisher Scientific) were utilised to isolate 

biotinylated cell surface proteins overnight at 4°C. The agarose beads were washed 3 

times with NP-40 buffer before proteins were eluted in SDS sample buffer ready for SDS-

PAGE separation and immunoblot analysis.   
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Figures 

 

 

 

Fig. 1. Reverse genetics screen of E2 ubiquitin-conjugating enzyme family on total VEGFR2 

levels in endothelial cells.  (A) E2 ubiquitin-conjugating enzyme screen in primary endothelial 

cells. Histogram quantification of effects of E2 knockdown on total VEGFR2 levels in endothelial 

cells (see Materials and Methods). (B) Analysis of basal total VEGFR2 levels in endothelial cells 

after no transfection, transfection with control non-targeting, UBE2D1 or UBE2D2-specific siRNA 

duplexes followed by immunofluorescence microscopy to detect total VEGFR2 (green) or nuclear 

DNA (blue). Representative images from repeat experiments (n=3). Bar, 200 µm.   
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Fig. 2. UBE2D1 and UBE2D2 knockdown stimulates VEGFR2 protein levels in endothelial 

cells. (A) Immunoblot analysis of basal total VEGFR2 levels in endothelial cells after treatment 

with control non-targeting, UBE2D1, UBE2D2, UBE2D3 or UBE2D4-specific siRNA duplexes. 

Antibodies to VEGFR2 and tubulin (control) were used to analyse protein levels. (B) Quantification 

of immunoblot data of relative VEGFR2 levels in endothelial cells after treatment with control non-

targeting, UBE2D1, UBE2D2 or UBE2D3-specific siRNA duplexes (see Materials and Methods). 

Error bars indicate +SEM. Statistical significance assessed by One-way ANOVA followed by 

Tukey’s post-test for multiple comparisons. Significance indicated by asterisks (*, p<0.05; n=3). (C) 

Immunoblot analysis of co-immunoprecipitation of VEGFR2 with UBE2D1 and UBE2D2 from 

HUVEC lysate. Transferrin receptor was analysed as a control to ensure specificity of interaction.  
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Fig. 3. Elevated VEGFR2 levels caused by UBE2D1 or UBE2D2 knockdown promotes 

downstream activation and signalling in multiple pathways. (A) Immunoblot analysis of VEGF-

A stimulated signalling events after transfection with control non-targeting, UBE2D1 or UBE2D2 

siRNA. (B) Quantification of immunoblot data for VEGF-A-regulated signal transduction by 

monitoring maximal levels of phosphorylated VEGFR2, Akt, PLCγ1, p38 and ERK in primary 

endothelial cells transfected with control non-targeting, UBE2D1 or UBE2D2 siRNA. Error bars 

indicate +SEM (n=3). Significance was determined by two-way ANOVA followed by Dunnett’s post-

test for multiple comparisons and indicated by asterisks (*, p<0.05; **, p<0.01; ***, p<0.001; ****, 

p<0.0001). 
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Fig. 4. VEGFR2 recycling between plasma membrane and endosomes dependence on 

UBE2D1 and UBE2D2. (A) Schematic overview of VEGFR2 internalization and degradation 

mediated by basal ubiquitination without stimulation. (B) Immunofluorescence analysis of VEGFR2 

recycling to the plasma membrane after depletion of UBE2D1 or UBE2D2 with and without VEGF-

A stimulation. Bar, 50 µm. (C) Quantification of relative VEGFR2 recycling from 

immunofluorescence images in endothelial cells after knockdown with control non-targeting, 

UBE2D1 or UBE2D2-specific siRNA. Significance was determined by two-way ANOVA followed by 

Dunnett’s post-test for multiple comparisons and indicated by asterisks (****, p<0.0001; n=3). (D) 

Analysis of change in plasma membrane VEGFR2 levels determined by cell surface biotinylation 

assay after cycloheximide treatment in endothelial cells by immunoblotting after transfection with 

control non-targeting, UBE2D1 or UBE2D2 siRNA. (E) Quantification of relative cell surface 

VEGFR2 levels in E2-depleted endothelial cells treated with cycloheximide. Significance was 

determined by two-way ANOVA followed by Dunnett’s post-test for multiple comparisons and 

indicated by asterisks (*, p<0.05; **, p<0.01; n=4).  
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Fig. 5. VEGFR2 levels remain elevated after E2 knockdown despite inhibition of new protein 

synthesis. (A) Immunoblot analysis of phosphorylated and total VEGFR2 levels after E2 

knockdown and treatment with cycloheximide to prevent new protein synthesis, with transferrin 

receptor levels immunoblotted as control (B) Quantification of immunoblot data of relative VEGFR2 

levels after UBE2D1 and UBE2D2 knockdown and cycloheximide treatment. Significance was 

determined by two-way ANOVA followed by Dunnett’s post-test for multiple comparisons and 

indicated by asterisks (*, p<0.05; **, p<0.01; n=3). (C) Analysis of basal VEGFR2 in primary 

endothelial cells after E2 knockdown and cycloheximide inhibition of new protein synthesis as 

measured by immunofluorescence microscopy to detect VEGFR2 (green) or nuclear DNA 

(blue).  Bar, 50 µm. (D) Quantification of immunofluorescence data of relative VEGFR2 levels in 

primary endothelial cells after control non-targeting, UBE2D1 or UBE2D2 knockdown and 

cycloheximide treatment (see Materials and Methods). Error bars indicate +SEM. Significance was 

determined by two-way ANOVA followed by Dunnett’s post-test for multiple comparisons and 

indicated by asterisks (**, p<0.01; ***, p<0.001; n=3).  
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Fig. 6. UBE2D1 and UBE2D2 bind to VEGFR2 and promote down-regulation in endothelial 

cells. (A) Immunoblot analysis of basal VEGFR2 levels in primary endothelial cells (after 3 h) 

following proteofection of human recombinant UBE2D1 or UBE2D2 protein compared to control 

mock proteofection. Antibodies to VEGFR2, UBE2D1, UBE2D2, PECAM-1 and tubulin (control) 

were used to analyze protein levels. (B) Quantification of immunoblot data of relative VEGFR2 

levels in endothelial cells after proteofection with control, UBE2D1 or UBE2D2 recombinant 

protein. Error bars indicate +SEM. Significance was determined by one-way ANOVA followed by 

Tukey’s post-test for multiple comparisons and indicated by asterisks (*, p<0.05; n=4).  
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Fig. 7. UBE2D1 and UBE2D2 regulate VEGF-A-stimulated endothelial tubulogenesis. (A) 

Analysis of tubule formation using a fibroblast-endothelial co-culture assay after transfection of 

primary endothelial cells with control non-targeting, UBE2D1 or UBE2D2 siRNA in the presence or 

absence of VEGF-A. (B-D) Quantification of tubulogenesis data for (B) total length, (C) total size, 

and (D) total number of branch points. Error bars indicate +SEM. Significance was determined by 

two-way ANOVA followed by Dunnett’s post-test for multiple comparisons and indicated by 

asterisks (*, p<0.05; **, p<0.01; n=3). 
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Fig. 2A

Fig. 2B

J. Cell Sci.: doi:10.1242/jcs.260657: Supplementary information
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Fig. 3A

Fig. 4D

J. Cell Sci.: doi:10.1242/jcs.260657: Supplementary information
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Fig. 5A

Fig. 6A

J. Cell Sci.: doi:10.1242/jcs.260657: Supplementary information
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Fig. S1. Blot transparency.
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