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Abstract

Mutations in the tumor suppressor TP53 are rare in renal cell carcinomas. p53 is a key factor for 

inducing anti-angiogenic genes and RCC are highly vascularized, which suggests that p53 is 

inactive in these tumors. One regulator of p53 is the Mdm2 oncogene, which is correlated with 

high-grade, metastatic tumors. However, the sole activity of Mdm2 is not just to regulate p53, but 

it can also function independent of p53 to regulate the early stages of metastasis. Here, we report 

that the oncoprotein Mdm2 can bind directly to the tumor suppressor VHL, and conjugate nedd8 

to VHL within a region that is important for the p53-VHL interaction. Nedd8 conjugated VHL is 

unable to bind to p53 thereby preventing the induction of anti-angiogenic factors. These results 

highlight a previously unknown oncogenic function of Mdm2 during the progression of cancer to 

promote angiogenesis through the regulation of VHL. Thus, the Mdm2-VHL interaction 

represents a pathway that impacts tumor angiogenesis.
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Introduction

The murine double minute 2 (Mdm2) oncoprotein is detectable in 40–90% of human cancers 

and is correlated with high-grade metastatic tumors and poor patient outcomes [1]. The 

proposed canonical function of Mdm2 is its regulation of the tumor suppressor p53 through 

its activity as a ubiquitin E3 ligase [2, 3]. p53 plays a major role in the DNA damage 

response and cell cycle arrest by activating transcription of CDKN1A, BAX, BBC3 and 

others [4–6]. p53 can also regulate transcription of genes involved in metabolism, 
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angiogenesis, stemness, migration, and invasion [reviewed in [7]]. As for angiogenesis, p53 

can induce the transcription of several inhibitors such as THSB1, SERPINE1, and 

COL18A1 and suppress transcription of the pro-angiogenic VEGF [8–12]. In this context, 

p53 would be considered a key repressor of angiogenesis. Blocking the anti-angiogenic 

activity of p53 is assumed to be regulated its antagonist Mdm2, via the ubiquitin ligase 

associated activity. Mdm2 is also associated with angiogenesis. In response to hypoxia, 

Mdm2 binds directly to hypoxia inducible factor 1α (HIF1α) resulting in increased VEGF 
expression [13, 14]. Additionally, Mdm2 can bind to and stabilize the 3’ UTR of VEGF 
mRNA [15]. Along with stabilizing HIF1α, our lab recently showed that Mdm2 can be 

converted to a nedd8 E3 ligase in response to phosphorylation by c-Src. Mdm2 can then 

neddylate p53, rendering it stable but inactive which is a key event in response to growth 

factor stimulation [16].

In response to DNA damage, p53 can be activated by the von Hippel-Lindau tumor 

suppressor protein (VHL), which binds to p53 and blocks its Mdm2-mediated degradation 

[17]. VHL is commonly mutated in sporadic clear cell renal cell carcinomas and it plays an 

important role in hypoxic signaling through its regulation of HIFα subunits [18, 19]. 

Interestingly, p53 is rarely mutated in renal cell carcinomas, but p53 pathway genes are 

commonly downregulated suggesting a different mechanism of p53 pathway inhibition [20]. 

Interestingly, the region of VHL that binds to p53 contains a lysine that has been shown to 

be neddylated [21, 22], but its effect on binding to p53 was not examined [21].

Because VHL is able to stabilize and activate p53, and Mdm2 is able to disrupt p53 activity, 

we examined the impact of Mdm2 on VHL stabilization and activation of p53. Herein we 

show that the VHL-p53 interaction results in an increased production of inhibitors of 

angiogenesis and that Mdm2 is able to disrupt the binding of VHL to p53 through 

conjugation of nedd8 to VHL. To this end, we show that disruption of this pathway directly 

effects the secretion of thrombospondin-1 to promote angiogenesis. This study provides an 

explanation for the changes in p53 pathway genes seen in renal cell carcinomas as p53 

activity is dependent on VHL.

Results

p53 target genes for apoptosis and angiogenesis are altered by VHL status

The tumor suppressor p53 is able to inhibit cancer progression via several different 

mechanisms, including the transcription of pro-apoptotic factors and anti-angiogenic factors 

[8, 10–12, 23]. Activation of p53 is a highly regulated process involving many other tumor 

suppressor proteins [24, 25]. It has been previously reported that in response to DNA 

damage VHL can bind to p53 and induce pro-apoptotic and cell cycle arrest genes BAX and 

CDKN1A [17]. We examined the TCGA using a subset of patient data for renal cell 

carcinomas, to determine the effects of mutations in the domain of VHL that binds to p53 on 

the mRNA levels of these target genes, as well as several other genes that p53 regulates. 

Interestingly, mutations in the α domain of VHL caused an increase in mRNA for BAX, 

CDKN1A, and BBC3 (Figure 1A). Likewise, the mRNA levels of the anti-angiogenic 

factors THBS1, COL18A1, and SERPINE1 were also increased when the α domain of VHL 

was mutated (Figure 1B). Importantly, mRNA levels of both VHL and p53 were not altered 
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between WT VHL and α domain mutants of VHL (Figure 1C). THBS1 codes for the protein 

thrombospondin-1 (TSP-1), a potent inhibitor of angiogenesis that is known to be regulated 

by p53 [8]. To confirm the importance of VHL on the transcription of THBS1, we analyzed 

the luciferase activity of a TSP-1 reporter in the 786-O and RCC4 cell lines with or without 

VHL transduction. In both cell lines, transduction with VHL increased the reporter activity 

by 3–4 fold (Figure 1D). In order to determine if the increase in THBS1 transcription 

resulted in an increase in secreted TSP-1 protein, we analyzed conditioned media from 786-

O and RCC4 cells for TSP-1 levels. Similar to the reporter activity results, VHL 

transduction increased the secreted TSP-1 protein levels by ~2 fold (Figure 1E). We also 

analyzed conditioned media using an angiogenesis microarray and saw consistent results 

(Figure S1A).

Mdm2 binds to VHL and inhibits VHL-p53 complex formation under hypoxia

In order to determine the role for Mdm2 in the regulation of the VHL-p53 complex, we 

expressed exogenous Mdm2, VHL, and p53 in H1299 cells with or without hypoxia and 

analyzed complex formation by immunoprecipitation. The data in Figure 2A shows that 

VHL forms a complex with p53 under both normoxia and hypoxia, but this complex is 

prevented in the presence of Mdm2 under hypoxia. To examine if Mdm2 would from a 

complex with VHL in the absence of p53, we transiently expressed VHL and Mdm2 in p53 

null H1299 cells. Immunoprecipitiation of VHL was able to purify Mdm2 under both 

normoxia and hypoxia (Figure 2B). Endogenous Mdm2 and VHL also co-precipitated in 

extracts from MCF7 cells (Figure S2A). Since Mdm2 bound to VHL under both normoxia 

and hypoxia, but only inhibits VHL-p53 complex formation under hypoxia, we hypothesized 

that Mdm2 might be post-translationally modifying VHL under hypoxia. Of note, there is a 

neddylation site at lysine 159 of VHL that is contained within the region that binds p53 

(Figure 2C) [21, 22]. Mdm2 functions as a nedd8 E3 ligase under growth conditions [16], so 

we rationalized that Mdm2 could be neddylating VHL under certain signaling conditions. To 

further confirm the effect of Mdm2 on VHL-p53 complex formation, we transiently 

expressed VHL or VHL and Mdm2 in 786-O (null for VHL) cells and stained the cells with 

antibodies against VHL and p53 for immunofluorescence. Supporting the 

immunoprecipitation data, VHL colocalized with p53 under normoxia and Mdm2 inhibited 

this colocalization under hypoxia (Figure 2D and 2E).

Neddylation of VHL by Mdm2 interferes with VHL-p53 complex formation

To determine if neddylation at K159 had an effect on VHL-p53 complex formation, we 

utilized a neddylation deficient mutant, K159E, of VHL. This mutant was isolated from a 

patient with Type 2C VHL disease, which only develops pheochromocytoma, as opposed to 

some more severe VHL disease mutants which can also cause kidney carcinomas [22, 26]. 

We transiently transfected H1299 cells with p53 and either WT VHL or K159E VHL under 

normoxia or hypoxia and analyzed VHL-p53 complex formation by immunoprecipitation 

(Figure 3A). VHL-p53 complex formation increased with the K159E mutant compared to 

WT, which was further increased under hypoxia. This data suggests that hypoxic conditions 

increase VHL neddylation. To determine if this increased complex formation was dependent 

on neddylation, we treated cells with MLN4924, a global neddylation inhibitor, and found 

that the VHL-p53 complex formation in 786-O (Figure 3B) and MCF7 (Figure 3C) cells was 
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increased. Additionally, treatment with PP1 resulted in increased VHL-p53 complex 

formation (Figure S2B). Since Mdm2 was shown to influence the VHL-p53 interaction, we 

tested if Mdm2 was the nedd8 E3 ligase for VHL. We first tested if Mdm2 binds directly to 

VHL using recombinant proteins produced and purified from bacteria. We found that Mdm2 

bound to the α domain of VHL (Figure 3D). Using an in vitro neddylation reaction with 

GST-VHL, His-Mdm2, and His-Src, Mdm2 neddylated VHL, and this activity was enhanced 

with Src (Figure 3E), as previously published [16]. In accordance with previously published 

data, the addition of MdmX to this reaction also increased the neddylation of VHL (Figure 

S2C) [27]. It has been shown that Src is phosphorylated at Y416 in response to hypoxia, and 

we verified this in our cells (Figure 3F) [28]. To determine if Mdm2 neddylated VHL in the 

cell, 786-O cells transduced with VHL or a control vector were transiently transfected with 

Mdm2 and endogenous nedd8 was immunoprecipitated from the cellular extracts. VHL was 

purified from cells with Mdm2 expressed, and this interaction increased under hypoxia 

(Figure 3G). Additionally, we transiently expressed components of our system with His-

nedd8 and performed an Ni-NTA pulldown under denaturing conditions. Neddylation of 

VHL was evident with Mdm2 and constitutively active Src kinase, which was diminished 

with MLN4924 or using the K159E VHL mutant (Figure 3H).

VHL colocalizes with p53 under hypoxia or with treatment of MLN4924

We analyzed colocalization using immunofluorescence confocal microscopy to determine if 

VHL-p53 complex formation was evident in the cell. 786-O cells were transiently 

transfected with WT VHL or K159E VHL and Mdm2 and stained with antibody against 

VHL and p53. We found that WT VHL colocalized with p53 when Mdm2 was not 

transfected or when Mdm2 was transfected with the addition of the neddylation inhibitor 

MLN4924 (Figure 4A). The K159E point mutant of VHL colocalized with p53 under all 

conditions tested in normal oxygen, including when Mdm2 was transfected (Figure 4B). 

Under hypoxic conditions, VHL only colocalized with p53 when cells were treated with 

MLN4924 (Figure 4C). There was an increase in colocalization of K159E VHL and p53 

under hypoxia as compared to normoxia (Figure 4D). Transfection of Mdm2 with K159E 

VHL under hypoxia did not interfere with VHL-p53 colocalization. Interestingly, treatment 

with MLN4924 caused an additional increase in K159E VHL-p53 complex formation under 

hypoxia, suggesting that there may be additional neddylation sites that are important for this 

interaction (Figure 4D). To test this colocalization in an endogenous system, we treated 

Caki-1 cells with MLN4924 or DMSO (Control) under normoxia or hypoxia and stained 

with antibodies against VHL and p53. Similar to the results seen with the 786-O cell line, 

we found that p53 and VHL formed a complex under normoxia and hypoxia which was 

increased with MLN4924 treatment (Figure 4E and F). Of note the transient expression of 

VHL and p53 in cells showed phenotypic characteristics of cells undergoing apoptosis after 

40 hrs. Caki-1 cells did not present this phenotype as they are exposed to MLN for shorter 

duration.

VHL activates p53 leading to increased transcription and secretion of TSP-1

There are many signals that can activate p53-dependent transcription, but acetylation is 

necessary in order for p53 to actually bind to DNA [reviewed in [29]]. It has previously been 

shown that VHL activation of p53 results in acetylation at K373/382 of p53 in response to 
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DNA damage [17]. To determine if the activation of p53 under hypoxia would lead to 

increased transcription of THBS1, we examined the luciferase activity of a THBS1 reporter 

gene in response to hypoxia with or without VHL. VHL reconstitution resulted in a 

significant increase in THBS1 transcription, but this increase was negated by hypoxia 

(Figure 5A). Interestingly, treatment with MLN4924 overcame the hypoxia-dependent 

decrease in THBS1 transcription (Figure 5A). To verify that the changes in THBS1 
transcription correlate with a change in protein secretion, we analyzed the protein levels of 

secreted TSP-1 by ELISA. Caki-1 cells were treated with MLN4924 and/or hypoxia and the 

secreted TSP-1 was measured. Hypoxia reduced the amount of TSP-1 secretion, and 

treatment with MLN4924 reversed this decrease (Figure 5B). VHL reconstitution increased 

the secretion of TSP-1 in both 786-O and RCC4 cells in normoxia (Figures 5C and D). 

Knockdown of p53 showed a marked decrease in TSP-1 secretion under hypoxia as 

compared to control cells with knockdown p53 (Figures 5C and 5D, S3A). Additionally, we 

examine if blocking the p53-Mdm2 interaction with Nutlin, a small molecule that binds the 

amino terminus of Mdm2 would change the induction of Thrombospondin. Nutlin treatment 

diminished Thrombspondin reporter activity (Figure S4A) in RCC4 VHL cells. Further 

analysis showed that p53 and Mdm2 proteins levels increased with Nutlin but pVHL 

remained unchanged (Figure S4B), and Nutlin prevented the binding of Mdm2 to p53 but 

did not have an effect on Mdm2-pVHL binding (Figure S4C). These data show that p53 and 

VHL are both required for a robust induction of TSP-1 in response to hypoxia and while 

Nutlin prevented the Mdm2-p53 interaction, the binding to pVHL was maintained.

p53 and TSP-1 inhibit Human Umbilical Vein Endothelial Cell network formation

There are many factors that dictate whether or not angiogenesis will progress in a tumor. 

While it is evident that TSP-1 secretion is increased by VHL activation of p53, we wanted to 

gain a more holistic view of how this pathway affects angiogenesis. To this end, we 

transfected H1299 cells with p53 and either WT or K159R VHL and harvested conditioned 

media. We then cultured Human Umbilical Vein Endothelial Cells (HUVECs) in this 

conditioned media on growth factor reduced matrigel to monitor network formation as a 

readout for angiogenic potential. The addition of K159R VHL resulted in a significant 

decrease in network branch points compared to p53 alone (Figure 6A). The addition of an 

antibody against TSP-1 to the conditioned media, resulted in a significant increase in 

network branch points (angiogenesis) (Figure 6A). IgG isotype control had no effect on 

invitro tube formation (Figure S4D). Knocked down p53 in 786-O and RCC4 cells that had 

been previously transduced with VHL and harvested conditioned media under normoxia and 

hypoxia was used for angiogenesis assay. Conditioned media from 786-O cells with 

knockdown p53 caused a statistically significant increase in network branch points 

compared to both normoxia and a vector control under normoxia or hypoxia (Figure 6B). 

Similar to results seen using conditioned media from H1299 cells, the addition of IgG 

against TSP-1 caused an increase in branch point formation compared to control IgG (Figure 

S4D). Conditioned media from RCC4 cells induced angiogenesis in a similar pattern, with 

the exception that hypoxia alone was sufficient to cause an increase in branch point 

formation in the control cells (Figure 6C). Of note, 786-O cells are naturally null for HIF1α, 

but maintain HIF2α. RCC4 cells maintain both HIF1α and HIF2α expression, which may 

explain the more robust response to hypoxia in that cell line.
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Discussion

The regulation of angiogenesis in the context of neddylation has largely been defined in the 

regulation of migration of HUVECs and cancer associated fibroblast via Rho, and 

preventing apoptosis [30, 31]. This work suggest how the small molecule MLN 4924 may 

work in regulating the cells in the tumor microenvironment. We describe how an 

antiangiogenic pathway involving p53 and VHL can be disrupted by the neddylating activity 

of Mdm2. These data highlight an evolving understanding of both VHL and Mdm2 in the 

control of angiogenesis. The role of VHL in regulating angiogenesis through HIFs has been 

well studied and the mechanisms governing that interaction are well understood [18, 32–35]. 

The impact of Mdm2 on angiogenesis has been previously described, but there is a gap in 

our understanding of the mechanisms Mdm2 uses to promote angiogenesis. Mdm2 can 

regulate angiogenesis independent of HIF1α and VEGF stabilization, and these functions of 

Mdm2 are still being explored [36–39].

Recent work in our lab suggests that Mdm2 is a driving force for early stage metastasis, 

which implicates Mdm2 in the vascularization of tumors [40]. We have also recently shown 

that Mdm2 is converted to a neddylating enzyme in response to phosphorylation by the 

kinase c-Src. In response to various growth conditions c-Src phosphorylates Mdm2, which 

in turn neddylates p53 to render it stable but inactive [16]. It is likely that the neddylation of 

p53 functions in tandem with the neddylation of VHL in order to completely shut down the 

transcriptional activity of p53. Likewise, the effect of MLN4924 treatment probably 

alleviates repression of both p53 and VHL and allows them to continue their tumor 

suppressive function. c-Src governs many tumorigenic pathways, including angiogenesis, 

and is activated in response to hypoxic conditions [28, 41]. This led us to examine the effect 

of the c-Src/Mdm2 pathway on angiogenesis inhibition regulated by p53. Mdm2 has been 

shown to block the transcriptional activity of p53 independent of its ubiquitination and 

neddylation functions in an indirect manner, so we investigated activators of p53 as potential 

targets of Mdm2.

In addition to its regulation of p53, Mdm2 has many other interactions that impact various 

activators of p53 in order to indirectly impact p53 function [42–47]. The role of p53 in 

hypoxia has been studied, but there are conflicting reports. There are issues with interpreting 

the data due to variations in what different groups define as hypoxia (i.e., 0.01% O2 vs 10% 

O2), but the consensus is that HIF1α binds to p53 [43, 48–54]. Due to the intricate web of 

feedback loops and interactions surrounding the p53/Mdm2/HIF/VHL signaling axes, it has 

been previously suggested that there is some interaction between VHL and Mdm2 that 

would be important for cancer signaling [17].

In addition to the previously reported genes involved in cell cycle arrest and apoptosis, we 

show in a subset of patients with clear cell renal cell carcinoma that VHL is important for 

the activation of p53 for several genes involved in angiogenesis (Figure 1). It is unclear at 

the moment if different VHL disease types will have different levels of p53 activation. 

However, the K159E VHL mutant used in this study was isolated from a patient with a Type 

2C VHL disease mutation [22]. Importantly, this category of VHL disease does not develop 

kidney neoplasms [26]. The mutations for different VHL disease types are categorized based 

Wolf et al. Page 6

Oncogene. Author manuscript; available in PMC 2020 December 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



on the clinical presentation of the disease as opposed to the location of the mutation on the 

gene [55]. It will be interesting to see in the future how different VHL disease mutants 

respond to this signaling pathway. Interestingly, every VHL disease mutant that has been 

tested has a defect in binding to fibronectin, and neddylation of VHL has been suggested to 

regulate fibronectin matrix assembly [22]. It is possible that some mutations of VHL may 

actually protect against kidney cancer by changing the binding activity of the protein.

p53 is rarely mutated in renal cell carcinoma, but many target genes of p53 are 

downregulated in these tumors [20]. For many years, there were conflicting reports on the 

effect of p53 upregulation and subsequent Mdm2 upregulation in renal cell carcinomas. 

However, a consensus has recently emerged that shows a correlation between p53 

upregulation and disease progression [reviewed in [56]]. This suggests that there are other 

pathways involved in shutting down the p53 signaling axis. Our data support a role for VHL 

as a likely source of this dysregulation as it is highly mutated in renal cell carcinoma and is 

an activator of p53 [17]. But this does not explain the incidence of tumors that maintain both 

wild type p53 and wild type VHL. A possible explanation is the role of Mdm2 in the 

development of renal cell carcinoma as patients with high protein expression of both p53 

and Mdm2 have the poorest overall survival [57]. This data, combined with our study, 

highlights the importance of Mdm2 signaling in renal cell carcinoma. We have presented 

one mechanism that Mdm2 uses to disrupt normal p53 signaling to promote angiogenesis 

and tumor progression. Additionally, Mdm2 neddylation of p53 increases the stability of p53 

but makes it inactive [16]. This could be part of the reason why high levels of wild type p53 

are associated with poor outcomes in ccRCC. It is likely that there are other mechanisms to 

ensure redundancy in the function of Mdm2, and these pathways are currently being 

explored. This study provides the impetus for Mdm2 to be considered as a prognostic 

marker and potential therapeutic target in renal cell carcinomas.

Materials and Methods

Cell culture

All human cell lines (786-O, RCC4, H1299, MCF7, and BJ) were cultured in DMEM with 

8% FBS supplemented with penicillin and streptomycin at 37° C in a humidified incubator 

in 5% CO2. Cell lines were maintained according to ATCC guidelines. For hypoxia 

experiments, cells were cultured in DMEM/F12 1:1 and placed at 37° C in a humidified 

incubator with 1% O2.

Protein purification

Recombinant proteins (GST, GST-alpha VHL, GST-beta VHL, GST-VHL, His-Mdm2, and 

GST-p300 HAT domain) were produced in BL21DE3 cells and purified as previously 

described [58, 59]. His-Src was purchased from Millipore and the neddylation reaction 

components were purchased from Boston Biochem.
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Thrombospondin-1 Reporter Assay

H1299, 786-O, RCC4, or Caki-1 cells were transfected with a reporter construct for 

thrombospondin-1 as previously described [16]. Luciferase activity was measured following 

transfection for 40 hours, with 16 hours of MLN4924 when noted in the figures.

Secreted Thrombospondin-1

786-O and RCC4 cells were cultured in DMEM for 48 hours. Media was harvested and 

passed through a nitrocellulose membrane using a Bio-Dot microfiltration apparatus 

(BioRad). The membrane was then incubated with an antibody for TSP-1 (A6.1, Santa Cruz) 

and analyzed by Western blot. Resulting images were quantified using the Dot Blot 

Analyzer plugin for ImageJ.

Enzyme-linked Immunosorbent Assay

H1299 cells were transfected according to figure labels using polyethylenimine for 24 hours, 

followed by 21% or 1% O2 culturing for 24 hours. 786-O and RCC4 cells were cultured in 

21% or 1% O2 for 24 hours. All media was harvested and analyzed using an ELISA kit for 

TSP-1 (Ray Biotech) with a 10% dilution of conditioned media.

Immunoprecipitation

Following transfection and/or treatment as described, cells were lysed in lysis buffer with 

protease inhibitor and 20 mM N-ethylmaleimide and incubated for 2 hours at 4° C with 

Protein-G agarose beads which had been pre-incubated with antibody. Following incubation, 

beads were washed 3x with lysis buffer for 10 minutes at 4° C. After the final wash, 6X 

Lamelli dye was added to the beads and samples were boiled for 10 minutes at 100° C and 

separated by SDS-PAGE.

Western blot

Whole cell lysates, immunoprecipitated proteins, pulldown assays, and in vitro reactions 

were all subjected to SDS-PAGE and transferred to PVDF membrane. Western blots for HA 

(12CA5, Roche), p53 (DO-1, Santa Cruz), Mdm2 (2A10, 2A9, 4B2), VHL (VHL40, 

FL-181, Santa Cruz), GST (B-14, Santa Cruz), HIF1α (H1α67, Santa Cruz), Ac-p53 

K373/382 (Upstate Signaling), GAPDH (6C5, Santa Cruz), and NEDD8 (A-812, Boston 

Biochem) were performed according to the manufacturers’ protocols.

Immunofluorescence microscopy

786-O, RCC4, or Caki-1 cells were grown on glass coverslips and transfected with WT or 

K159E VHL and Mdm2. Following transfection for 24 hours, cells were treated with 

MLN4924 or a control for an additional 16 hours. Cells were fixed in 4% paraformaldehyde 

in PBS for 15 minutes, washed with PBS, and permeabolized in 1% Triton X-100 in PBS for 

15 minutes. Coverslips were blocked in 5% bovine serum albumin for 1 hour in PBS/Tween 

before being stained with p53 and VHL antibodies. Coverslips were mounted to slides using 

ProLong Diamond Antifade Mountant with DAPI (Life Technologies). Slides were 

visualized on a Leica SP8 MP microscope.
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Tube forming assay

H1299 cells were transfected according to the figure panels for 48 hours followed by media 

harvest. 786-O and RCC4 cells were cultured in 21% or 1% O2 for 48 hours followed by 

media harvest. Growth factor reduced matrigel (Corning) was plated in a 96-well plate and 

allowed to set according to the manufacturer’s guidelines. GFP+ Human Umbilical Vein 

Endothelial Cells were plated on top of the matrigel in 10% EBM-2/EGM-2 (Lonza) and 

90% conditioned media.

Bioinformatics analysis of clinical data

Data was analyzed from KIRC_TCGA_PUB downloaded from cbioportal.org. Only samples 

with wild type p53 were included. 62 samples with alpha domain mutations in VHL were 

included and 72 samples with wild type VHL were included.

His-nedd8 Pulldown

H1299 cells were transfected with His-nedd8 and other plasmids as shown in the figure 

panels. 24 hours after transfection, cells were treated with MLN4924 or a control for an 

additional 16 hours. Cells were lysed in denaturing conditions (6 M guanidinium-HCl, 0.1 

M Na2HPO4/NaH2PO4, 0.01 M Tris-HCl, pH 8.0, 5 mM imidazole, and 10 mM β-

mercaptoethanol) and sonicated. Lysates were incubated with 30 μL Ni2+-NTA beads 

(Qiagen) for 2 hours at 4° C with rotation. The beads were washed and eluted as previously 

described and subjected to SDS-PAGE [16].

In vitro neddylation assays

GST-VHL (500ng) was incubated with 1 μg of His-Mdm2, 30 μM nedd8 (Boston Biochem), 

200 nM E1 (APPBP1/UBA3, Boston Biochem), 0.5 μM E2 (UbcH12, Boston Biochem), 

and 1.25 mM ATP in nedd8 reaction buffer (50 mM Tris, 150 mM NaCl, 2.5 mM MgCl2, 

pH 7.6) at 37° C for one hour followed by SDS-PAGE.

Quantification and statistical analysis

All data were analyzed and statistics calculated using GraphPad Prism 8. Biological 

replicates were conducted for each experiment and the data was repeated at least three times.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. p53 target genes for apoptosis and angiogenesis are altered by VHL status
(A-B) Log counts per million for BAX, CDKN1A, and BBC3 (A) or THBS1, COL18A1, 
and SERPINE1 (B). Only samples with wild-type p53 were included in the analysis. WT 

refers to wild type VHL status, and α mutant refers to any point mutation within the α 
domain of VHL. Error bars represent SEM. P values were calculated using an unpaired t 

test.

(C) Luciferase assay in 786-O and RCC4 cells with or without VHL for thrombospondin-1 

plotted as relative luciferase units. Means are calculated from three biological replicates. 

Error bars represent SEM. Statistics were calculated using an unpaired t test (***p<0.001).

(D) Dot blot assay to measure protein level of thrombospondin-1 in media secreted from 

786-O or RCC4 cells with or without VHL. Means are calculated from three biological 

replicates. Error bars represent SEM. Statistics were calculated using an unpaired t test 

(***p<0.001).
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Figure 2. Mdm2 binds to VHL and inhibits VHL-p53 complex formation under hypoxia
(A-B) Transient transfection in H1299 cells followed by incubation in either normoxia or 

hypoxia. p53 (A) or VHL (B) was immunoprecipitated from cell lysates and subjected to 

analysis by Western blot.

(C) Schematic of VHL protein showing the primary site of neddylation, as well as the region 

that has been shown to be indispensable for binding to p53.

(D-E) Transfection of 786-O cells with VHL or VHL and Mdm2 under normoxia (D) or 

hypoxia (E). Cells were fixed and stained with antibody against p53 and VHL and subjected 

to immunofluorescence confocal microscopy. Scale bar represents 25 μm.
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Figure 3. Neddylation of VHL by Mdm2 interferes with VHL-p53 complex formation
(A) Transient transfection in H1299 cells under normoxia or hypoxia. Cell lysates were 

immunoprecipitated for HA and subjected to analysis by Western blot.

(B) Immunoprecipitation of VHL from 786-O cells treated with the neddylation inhibitor 

MLN4924 and Western blotted for p53 and VHL.

(C) Immunoprecipitation of p53 or IgG control from MCF7 cells treated with MLN4924 for 

various indicated times and Western blotted for VHL and p53.

(D) GST pulldown of GST, GST-alpha VHL, GST-beta VHL, or GST-VHL with His-Mdm2 

and Western blotted for GST and Mdm2.

(E) Cell free neddylation assay using recombinant proteins. Reactions were separated by 

SDS-PAGE and analyzed by Western blot.
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(F) Immunoprecipitation of endogenous nedd8 from 786-O cells transfected with Mdm2 and 

subjected to hypoxia and Western blotted for VHL and Mdm2.

(G) Ni-NTA pulldown for His-nedd8 in H1299 cells in a transient transfection and subjected 

to treatment with MLN4924. Samples were separated with SDS-PAGE and analyzed by 

Western blot for VHL and Mdm2.

(H) Schematic of the p53-pVHL-Thrombospondin pathway disrupted by c-Src-Mdm2.
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Figure 4. VHL forms a complex with p53 under hypoxia or with treatment of MLN4924
(A-B) Transfection of 786-O cells with WT VHL (A) or K159E VHL (B) and Mdm2 under 

normoxia. Cells were treated with MLN4924 or a control, fixed, and stained with antibodies 

against p53 and VHL and subjected to immunofluorescence confocal microscopy. Scale bar 

represents 25 μm.

(C-D) Transfection of 786-O cells with WT VHL (C) or K159E (D) VHL and Mdm2 under 

hypoxia. Cells were treated with MLN4924 or a control, fixed, and stained with antibodies 

against p53 and VHL and subjected to immunofluorescence confocal microscopy. Scale bar 

represents 25 μm.

(E-F) Immunoflourescence microscopy of Caki-1 cells treated with MLN4924 or a control 

under normoxia (E) or hypoxia (F). Cells were fixed and stained with antibodies against 

VHL and p53. Scale bar represents 50 μm.
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Figure 5. VHL increases the activation of p53 under hypoxia leading to increased transcription 
and secretion of TSP-1
(A) Luciferase assay for thrombospondin-1 in 786-O cells treated with MLN4924 and 

subjected to hypoxia. Means are plotted as relative luciferase units and calculated from three 

biological replicates. Error bars represent SEM. Statistics were calculated using an unpaired 

t test.

(B) Enzyme-linked immunosorbent assay for TSP-1 using a 10% dilution of conditioned 

media from Caki-1 cells treated with MLN4924 under hypoxia. Means from three biological 

replicates are plotted. Error bars represent SEM. Statistics were calculated using an unpaired 

t test.

(C-D) Enzyme-linked immunosorbent assay for TSP-1 using a 10% dilution of conditioned 

media from 786-O (C) or RCC4 (D) cells with knockdown p53 under hypoxia. Means from 

three biological replicates are plotted. Error bars represent SEM. Statistics were calculated 

using an unpaired t test (*p<0.05, **p<0.01, ***p<0.001).
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Figure 6. p53 and TSP-1 inhibit Human Umbilical Vein Endothelial Cell network formation
(A) Network formation assay using conditioned media from transiently transfected H1299 

cells. Network branch points were quantified and plotted as the mean of three biological 

replicates. Error bars represent SEM. Statistics were calculated with an unpaired t test.

(B-C) Network formation assay using conditioned media from 786-O (B) or RCC4 (C) cells 

with VHL, VHL with knockdown p53, or VHL and an antibody against TSP-1 under 

normoxia or hypoxia. Network branch points were quantified and plotted as the mean of 

three biological replicates. Error bars represent SEM. Statistics were calculated with an 

unpaired t test (*p<0.05, **p<0.01, ***p<0.001).
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