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Abstract

Autophagy is a conserved process involved in lysosomal degradation of protein aggregates and 

damaged organelles. The role of autophagy in cancer is a topic of intense debate, and the 

underlying mechanism is still not clear. The hypoxia inducible factor 2α (HIF2α), an oncogenic 

transcription factor implicated in renal tumorigenesis, is known to be degraded by the ubiquitin-

proteasome system (UPS). Here we report that HIF2α is in part constitutively degraded by 

autophagy. HIF2α interacts with autophagy-lysosome system components. Inhibition of 

autophagy increases HIF2α, while induction of autophagy decreases HIF2α. The E3 ligase von 

Hippel Lindau (VHL) and autophagy receptor protein p62 are required for autophagic degradation 

of HIF2α. There is a compensatory interaction between the UPS and autophagy in HIF2α 

degradation. Autophagy inactivation redirects HIF2α to proteasomal degradation, while 

proteasome inhibition induces autophagy and increases the HIF2α-p62 interaction. Importantly, 

clear cell renal cell carcinoma (ccRCC) is frequently associated with mono-allelic loss and/or 
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mutation of autophagy related gene ATG7, and low expression level of autophagy genes correlates 

with ccRCC progression. The protein levels of ATG7 and beclin 1 are also reduced in ccRCC 

tumors. This study indicates that autophagy plays an anticancer role in ccRCC tumorigenesis, and 

suggests that constitutive autophagic degradation of HIF2α is a novel tumor suppression 

mechanism.
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Introduction

Clear cell renal cell carcinoma (ccRCC) is the most common form of kidney cancer. The 

majority of cases exhibit von Hippel Lindau (VHL) gene deletions or mutations (1, 2). VHL 

protein forms an E3 ubiquitin ligase complex with elongins B and C to mediate the 

ubiquitination of hypoxia inducible factors, HIF1α and HIF2α, and the degradation via the 

ubiquitin-proteasome system (UPS) (1, 3). In ccRCC, HIF1α functions as a tumor 

suppressor and its expression is often silenced (1, 4–6), while HIF2α is an oncogenic 

transcription factor driving the expression of target genes involved in angiogenesis, 

glycolysis and tumor growth (1, 6, 7). Microenvironmental hypoxia and the genetic 

inactivation of VHL and other proteasome degradation pathway components result in HIF2α 

accumulation, strongly contributing towards ccRCC development (8–10).

Macroautophagy (referred as autophagy hereafter) is a major intracellular degradation 

system responsible for the breakdown of long lived proteins, protein aggregates and 

damaged organelles (11, 12). Autophagic degradation can also be a selective process 

mediated by receptor protein p62 and substrate protein ubiquitination (13, 14). Proteasome 

inhibition induces autophagy and polyubiquitinated protein aggregation (15, 16), indicating 

that autophagy may compensate for proteasome inactivation. However, the compensatory 

function of proteasome upregulation during autophagy inactivation is not well studied.

The role of autophagy in cancer is context dependent, and it can be either tumor suppressive 

or tumor promoting (17). The autophagy gene BECN1 is mono-allelically deleted in human 

breast and ovarian tumors and functions as a haploinsufficient tumor suppressor in mice 

(18–20), supporting an anticancer role of autophagy. However, it is necessary to validate the 

genetic alterations of other autophagy genes in copy number, expression level and mutation 

frequency in different cancers (17). In ccRCC, multiple mutations were shown to exist in the 

phosphatidyl inositol 3-kinase pathway, as well as in MTOR itself (21), which may inhibit 

autophagy. Additionally, autophagy inducers reduce growth of ccRCC cells (22). Based on 

these findings, we reasoned that autophagy might serve as a tumor suppressive process in 

ccRCC.

In this study, we show that autophagy collaborates with the UPS to degrade HIF2α. ccRCC 

is frequently associated with mono-allelic loss and/or mutation of the critical autophagy 

related gene ATG7, and low expression level of autophagy genes correlates with ccRCC 

progression.
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Results

Inhibition of autophagy results in HIF2α accumulation

HIF2α is degraded by the proteasome after oxygen-dependent prolyl hydroxylation and 

VHL-dependent ubiquitination (1, 3). Under normoxia, HIF2α protein levels were very low 

in the VHL wildtype Caki-I RCC and in the retinal pigment epithelium (RPE) cell lines 

(Figure 1A, 1B), indicating that HIF2α is constitutively degraded in the presence of intact 

VHL. When these cell lines were treated with the proteasome inhibitor MG132, there was a 

gradual accumulation in HIF2α protein levels (Figure 1A, 1B). After 8 hours of treatment, 

HIF2α levels increased 6–7 fold (Figure 1A, 1B, 1D). These results confirmed that the 

proteasome was involved in constitutive degradation of HIF2α.

Autophagy is another major intracellular degradation system, but its role in HIF2α 

degradation is unknown. To this end, we treated Caki-I cells and RPE cells with bafilomycin 

A1, which blocks autophagic degradation by inhibiting autophagosome-lysosome fusion and 

acidification (23). As a result of the blockage of autophagic flux, bafilomycin A1 treatment 

led to accumulation of the autophagy receptor protein p62 and the autophagosome marker 

protein, lipidated form of LC3 (LC3-II) (23) (Figure 1A, 1B). After 8-hour incubation with 

bafilomycin A1, HIF2α protein levels increased 3-fold (Figure 1A, 1B, 1D). p53 is another 

transcription factor that is subjected to polyubiquitination-mediated proteasomal degradation 

(24). We observed that, in Caki-I and RPE cell lines, p53 was only stabilized by MG132 

treatment but not bafilomycin A1 treatment (Figure 1A, 1B). These results indicated that 

bafilomycin A1 increased HIF2α protein level specifically by inhibiting the autophagy-

lysosome system but not by inhibiting or compromising UPS activity. To exclude the 

possible influence of mRNA transcription and vehicle-treatment on HIF2α protein 

accumulation, we established a HEK293T stable cell line expressing exogenous HIF2α-

GFP and treated cells with DMSO as control. Compared with DMSO, MG132 and 

bafilomycin A1 induced a gradual accumulation of HIF2α (Figure 1C, 1D). Treatment with 

chloroquine, another autophagy-lysosome inhibitor, also led to an accumulation of HIF2α 

(Figure 1E). These results collectively suggest that HIF2α is constitutively degraded not 

only by the proteasome but also by autophagy under normoxic conditions.

Although HIF2α is known as a transcription factor, we observed that it was mainly localized 

in the cytoplasm in DMSO-treated HEK293T cells, and it was almost undetectable in 

nuclear extracts (Figure 1F). These results indicate that, in addition to its role as 

transcription factor in the nucleus, HIF2α may have an unidentified function in cytoplasm, 

or is sequestered in the cytoplasm as part of the cellular regulation of HIF-mediated 

transcription. Interestingly, MG132 and bafilomycin A1 increased HIF2α levels in both the 

nuclear and the cytoplasmic extracts (Figure 1F). Nuclear membrane protein Lamin A was 

only found in the nuclear fraction, and the cytoplasmic marker protein lactate dehydrogenase 

(LDH) was only found in the cytoplasmic fraction, which confirmed that our fractions were 

pure. These results indicate that, although autophagy degrades proteins in the cytoplasm 

(11), the accumulated HIF2α in the cytoplasm during autophagy inhibition may also 

translocate to the nucleus.
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Consistent with previous reports that proteasome inhibition activated autophagy (15, 16), 

MG132 treatment was also observed to induce autophagy in Caki-I, RPE and HEK293T 

cells, as indicated by the increase in LC3B-II and decrease in p62 (Figure 1A, 1B, 1C). 

These data suggest that autophagy plays a compensatory role during proteasome inhibition.

VHL is required for HIF2α accumulation during autophagy Inhibition

Proteasome-mediated protein degradation is a selective process, regulated through the high 

level of specificity of E3 ligases for substrate proteins. Although autophagic degradation 

was originally described as a non-selective process, it was recently found that protein 

ubiquitination was also required for degradation of some autophagy substrate proteins (13, 

14). Autophagy receptor protein p62 interacts with ubiquitin via its C-terminal UBA 

domain, and interacts with LC3 via its LIR motif. In this way, p62 recruits and delivers 

ubiquitinated proteins to the nucleating autophagosome for degradation (13, 14). VHL is the 

known E3 ligase for HIF2α ubiquitination. Since we observed that HIF2α was subjected to 

both proteasomal and autophagic degradation (Figure 1), we investigated the requirement of 

VHL in both degradation processes. To this end, we compared HIF2α stabilization in a 

VHL-deficient parental 786-O cell line and in a 786-O stable cell line that expresses wild-

type VHL.

The basal level of HIF2α in 786-O parental cells was relatively high (Figure 2A–2C), and 

was dramatically reduced with the stable expression of exogenous VHL (Figure 2A–2C). 

These results indicate that 786-O cells are incapable of degrading HIF2α due to the absence 

of functional VHL. In 786-O parental cells, neither MG132 nor bafilomycin A1 could 

significantly increase the already high HIF2α protein levels (Figure 2A–2C). Both agents 

led to accumulation of HIF2α protein in VHL-expressing 786-O cells (Figure 2A–2C). 

These results indicate that VHL is required not only for proteasome-mediated HIF2α 

degradation, but also for autophagy-mediated degradation. In contrast to HIF2α, VHL 

protein level was only enhanced by MG132 (Figure 2A) but not bafilomycin A1 (Figure 

2B), suggesting that VHL was exclusively degraded by the proteasome, and bafilomycin 

A1-induced HIF2α accumulation was not due to the side effect of proteasomal inhibition.

Consistent with the changes in HIF2α protein level, inhibition of autophagy by bafilomycin 

A1 also increased the expression of HIF2α target genes, including vascular endothelial 

growth factor A (VEGFA), transforming growth factor A (TGFA) and cyclin D1 (CCND1), 

but it did not affect the expression of HIF2α itself (Figure 2D). It should be noted that 

although HIF2α shares some target genes with HIF1α (3), the 786-O cell line is deficient in 

HIF1α (5), so the increased target gene expression exclusively represents HIF2α 

transcriptional activity.

The data above show that VHL was required for autophagic degradation of HIF2α. One 

possibility is that VHL is required for autophagic activity. However, comparable 

accumulation of LC3B-II was induced by MG132 and bafilomycin A1 in 786-O cells with 

or without stably expressed VHL (Figure 1D), which indicated that VHL deficiency did not 

affect autophagosome formation and subsequent fusion with the lysosome. Another 

possibility is that HIF2α ubiquitination is required for autophagic degradation, and is 

dependent on the E3 ligase activity of VHL (1, 3), since p62 is known to interact with and 
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deliver ubiquitinated proteins to the autophagosome (13, 14). To test this possibility, we first 

prevented VHL-mediated HIF2α ubiquitination using hypoxia mimetic CoCl2 (25). As we 

expected, CoCl2 treatment stabilized HIF2α but prevented additional accumulation induced 

by bafilomycin A1 (Figure 2E). Second, we assessed HIF2α levels in 786-O cells expressing 

the HIF-binding incompetent VHL mutant W117R (26). The 786-O cell line stably 

expressing VHL W117R showed much higher HIF2α protein levels than those expressing 

wild type VHL (Figure 2F), indicating its inability to degrade HIF2α. No further increase in 

HIF2α amount was observed in cells expressing VHL W117R mutant after bafilomycin A1 

treatment (Figure 2F). On the other hand, the expression of partially HIF ubiquitination 

competent VHL R167Q or VHL F148A isoforms (27) in 786-O cells reduced the basal level 

of HIF2α, and enabled 786-O cells to accumulate HIF2α in response to bafilomycin A1 

treatment (Figure 2G). These results showed that pharmacologic or genetic inhibition of E3 

ligase activity of VHL blocked bafilomycin A1-induced HIF2α accumulation, and suggested 

that VHL E3 ligase activity was required for autophagy-mediated HIF2α degradation.

Furthermore, endogenous HIF2α was mainly found in the cytoplasmic fraction of 786-O 

stable cell line expressing VHL. Bafilomycin A1 treatment increased HIF2α more obviously 

in the nucleus than in the cytoplasm, while the E3 ligase VHL was only found in the 

cytoplasm, indicating that the cytoplasm is the location of cellular regulation of HIF, and the 

accumulated HIF2α during autophagy inactivation translocates to the nucleus. Compared 

with the results we obtained with HIF2α-GFP (Figure 1F), we suspect that the GFP tag 

might delay cytoplasmic-nuclear translocation.

Induction of autophagy promotes VHL-dependent HIF2α degradation

The results above show that the inhibition of the autophagy system led to the accumulation 

of HIF2α. We further studied the changes of HIF2α during autophagy induction. mTOR is a 

negative regulator of autophagy. mTOR phosphorylates Ulk1 at Ser 757, and prevents Ulk1 

activation and autophagy induction (28). mTOR inhibition by starvation or via rapamycin 

has been reported to induce autophagy (11).

When both 786-O parental cells and 786-O cells stably expressing VHL were exposed to 

starvation or treated with rapamycin, mTOR activity was inhibited as indicated by the 

decrease in ribosomal protein S6 phosphorylation and Ulk1 phosphorylation at Ser 757, and 

autophagy was induced as indicated by the decrease in p62 protein level and the transient 

increase of LC3B-II (Figure 3A, 3B). However, an obvious decrease in HIF2α protein level 

was only observed in 786-O cells expressing VHL (Figure 3B, 3C) but not in 786-O parental 

cells (Figure 3A, 3C), indicating that VHL was required for autophagic degradation of 

HIF2α during autophagy induction. Consistent with the changes in HIF2α protein level, 

rapamycin treatment also decreased the expression of HIF2α target genes, including 

VEGFA, TGFA and CCND1 (Figure 3D). Furthermore, starvation- or rapamycin-induced 

HIF2α decrease was blocked by the presence of bafilomycin A1 (Figure 3E), confirming 

that HIF2α degradation was mediated by the autophagy-lysosome system. Unlike HIF2α, 

the degradation of p62 by autophagy was not significantly influenced by the expression of 

VHL (Figure 3A, 3B). As an autophagy receptor protein, p62 functions to interact with more 

than one autophagy substrates, and VHL inactivation is not expected to attenuate p62 
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degradation significantly. Interestingly, replacement of old DMEM with pre-warmed fresh 

DMEM decreased HIF2α protein (Starvation 0, Figure 3A, 3B), indicating that HIF2α was 

unstable, especially in response to environmental stimuli.

Furthermore, we studied the changes in HIF2α in VHL positive Caki-I cells. The basal level 

of HIF2α in Caki-I cells was too low to detect the further decrease under starvation 

conditions, but the accumulated HIF2α by CoCl2 pretreatment was also depleted quickly 

when the cells were followed by continuous culture in starvation medium EBSS (Figure 3F). 

These results further confirm that HIF2α is in part subjected to autophagic degradation, and 

E3 ligase VHL is required for this process.

HIF2α interacts with the autophagy-lysosome system components

So far, we have shown that HIF2α is in part constitutively degraded by autophagy under 

normoxic conditions. Inhibition of autophagy increased HIF2α levels while induction of 

autophagy decreased HIF2α levels. To further confirm these findings, we examined the 

interaction between HIF2α and autophagy-lysosome system components.

In HEK293T cells, stably expressed HIF2α-GFP was mainly localized to the cytoplasm 

(Figure 4A), which is consistent with previous fractionation results (Figure 1D). 

Importantly, some cells contain HIF2α-GFP aggregates (Figure 4A), which are supposed to 

be degraded by autophagy. We then transiently transfected this cell line with LC3A-RFP, 

and found that HIF2α-GFP aggregates co-localized with autophagosomes, as indicated by 

the LC3A-RFP punctate cytoplasmic structures (Figure 4A).

Next, we transiently expressed GFP or HIF2α-GFP in HEK293T cells, and 

immunoprecipitated GFP proteins using a GFP-binding antibody derived from Vicuna 

pacos. Although the expression and immunoprecipitation of GFP were much higher than 

those of HIF2α-GFP, endogenous autophagy-lysosome components, including p62, LC3 

and lysosome-associated membrane protein 1 (LAMP1), were co-immunoprecipitated with 

HIF2α-GFP but not with GFP (Figure 4B).

Autophagy inhibition by bafilomycin A1 increased the HIF2α protein level in both Triton 

X-100 soluble and insoluble fractions, indicating part of HIF2α formed aggregates (Figure 

4C). Proteasome inhibition by MG132 also induced a dramatic accumulation of HIF2α, with 

most of the protein found in the Triton X-100 insoluble fraction (Figure 4C). Although there 

was no obvious change in p62 in the Triton X-100 soluble fraction, more p62 was co-

immunoprecipitated with HIF2α-GFP in the presence of bafilomycin A1 or MG132 (Figure 

4C), indicating that proteasome inhibition enhanced the interaction between HIF2α and p62 

(Fig. 4C). Next, we transiently expressed GFP or LC3A-GFP with or without HIF2α-HA in 

HEK293T cells, and observed that HIF2α-HA and endogenous p62 were co-

immunoprecipitated with LC3-GFP but not GFP (Figure 4D). These results collectively 

confirm that HIF2α interacts with autophagy-lysosome system components, and the 

interaction is enhanced during proteasome inhibition.
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Autophagy collaborates with the proteasome to degrade HIF2α

To further investigate the role of autophagy in HIF2α degradation, we studied the turnover 

of HIF2α in Atg5 knockout mouse embryonic fibroblasts (MEFs). The endogenous murine 

HIF2α level was either too low to detect even in the presence of MG132 or CoCl2 or it was 

not recognized by the antibody (NB100-122, Novus Biologicals) (Data not shown). We then 

established MEF stable cell lines expressing human HIF2α-GFP. In Atg5+/+ MEFs, the 

basal level of the stably expressed exogenous HIF2α was still almost undetectable, but 

treatment with bafilomycin A1 or MG132 induced an accumulation of HIF2α, confirming 

that both autophagy and the proteasome were involved in HIF2α degradation (Figure 5A, 

5B). In Atg5−/− MEFs, LC3B-II was undetectable even in the presence of bafilomycin A1, 

and the baseline of p62 level was much higher than that in Atg5+/+ MEFs (Figure 5A, 5B) 

(29), indicating inactivation of autophagy by Atg5 knockout. Surprisingly, no obvious 

increase was observed in stably expressed HIF2α in Atg5−/− MEFs (Figure 5A, 5B). These 

observations suggest that autophagy inactivation might redirect HIF2α to the proteasome for 

efficient degradation. As we expected, MG132 treatment increased HIF2α to a much greater 

extent in Atg5−/− MEFs than in Atg5+/+ MEFs (Figure 5A, 5B), indicating the proteasome 

was responsible for more HIF2α degradation in Atg5−/− MEFs to compensate for autophagic 

inactivation. When both proteasomal and autophagic degradation were blocked by CoCl2, 

the accumulation of HIF2α was comparable in Atg5+/+ and Atg5−/− MEFs (Figure 5C), 

confirming the expression of HIF2α was not affected by Atg5 knockout. Interestingly, 

bafilomycin A1 treatment still slightly increased HIF2α protein level in Atg5−/− MEFs, 

possibly through inhibition of Atg5-independent alternative autophagy (30). Current data 

indicate that autophagy degrades protein aggregates and the proteasome is responsible for 

degrading soluble proteins (15). Since autophagy inhibition redirected HIF2α to proteasomal 

degradation (Figure 5A, 5B), we hypothesized that shuttling by heat shock proteins (HSPs) 

was probably required for such a redirection process. Treatment with HSP90 inhibitor 17-

AAG induced an increase in HIF2α protein level in Atg5−/− MEFs but not in Atg5+/+ MEFs 

(Figure 5C), implying that HSPs were probably involved in the disaggregation of HIF2α and 

redirection to proteasomal degradation.

The data described above show that an Atg5 deficiency did not increase stably expressed 

HIF2α, and this was probably due to the compensatory function of the proteasome. Since 

protein transient overexpression has been shown to overload the proteasome and thus block 

compensatory regulation (31), we then studied the turnover of transiently overexpressed 

HIF2α in BECN1 or p62 knockdown HEK293T cells. Compared with control shRNA, the 

expression of BECN1 shRNA dramatically reduced beclin1 protein levels and bafilomycin 

A1-induded LC3B-II accumulation, indicating an efficient knockdown and impairment of 

autophagy activity (Figure 5D). Importantly, BECN1 knockdown led to an increase in the 

baseline of transiently overexpressed HIF2α (Figure 5D). The inhibition of autophagic flux 

by bafilomycin A1 significantly increased HIF2α protein level in control knockdown cells 

but not in BECN1 knockdown cells (Figure 5D). These data demonstrate that HIF2α 

turnover is truly autophagy dependent. Similarly, p62 knockdown also increased the basal 

level of overexpressed HIF2α (Figure 5E), which confirmed the importance of p62 as an 

autophagy receptor in HIF2a degradation.
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The autophagy pathway is altered in human ccRCC samples

It has been reported that oncogenic protein HIF2α level is higher in more advanced ccRCC 

(9, 32). Our data show that HIF2α was in part degraded by autophagy, and we reasoned that 

autophagy pathway was probably genetically altered in ccRCC. To explore this possibility, 

we systematically examined gene expression levels, gene copy number alterations, and 

mutation rates of autophagy related genes in ccRCCs from the Cancer Genome Atlas 

(TCGA) database.

First, we found that the expression of autophagy genes functioning in the nucleation step 

was coordinated, and varied in ccRCC samples. The class III phosphoinositide 3 kinase 

(PI3K) complex, which consists of VPS34, VPS15 and beclin 1, is important for 

autophagosome nucleation. Beclin 1 binding proteins, such as ATG14L, UVRAG, 

AMBRA1 and BIF1, also positively regulate autophagosome nucleation and maturation 

(33–35). Using K means grouping of a composite gene expression score for these 7 genes 

encoding these proteins, we divided ccRCC samples into 3 groups, the autophagy low 

expressing (ATG-low, 176 tumors), the autophagy high expressing subgroup 1 (ATG-

high-1, 119 samples) and the autophagy high expressing subgroup 2 (ATG-high-2, 148 

samples) (Figure 6A). The expression level of these genes in normal kidney tissues was 

higher than that in the ATG-low ccRCC group, while relatively close to that in the ATG-

high groups (Figure 6A). These results imply that ccRCCs with low autophagy gene 

expression might be related to more aggressive tumors. Kaplan-Meier analysis showed that 

the ccRCCs with low autophagy gene expression had poorer survival, and ccRCCs with high 

autophagy gene expression had longer survival. There was no obvious difference between 

two high autophagy gene expression subgroups (Figure 6B).

Second, we checked the variation in gene copy number of autophagy genes. ATG7 is one of 

the key proteins involved in the ubiquitin-like conjugation system that regulates 

autophagosome extension. Notably, ATG7 is mapped on the p arm of chromosome 3 (3p), 

where VHL is located. Since most ccRCC tissues are known to harbor loss of 3p, we 

reasoned that ccRCC was associated with allelic loss of ATG7 at the same time. As we 

expected, more than 80% of ccRCC tissues lost one copy of VHL and ATG7 (Fig. 6A).

Third, we examined the mutation frequency of autophagy related genes. We found that 56% 

ccRCC tissues harbored a VHL mutation (Fig. 6A, C). Importantly, 4 out of 219 tumor 

samples were found to have an ATG7 mutation, and 2 of these were nonsense mutations 

(Fig. 6C). Such nonsense mutations in ATG7 were also found in lung cancer samples from 

the TCGA database (data not shown). Furthermore, a list of other autophagy genes involved 

in different steps also harbored non-silent mutations (Fig. 6C), while such mutations were 

not found in normal kidney tissues. These data collectively indicate that ccRCC is a 

heterogeneous tumor, and that autophagy related genes are selectively inactivated in ccRCC 

at different levels, including copy number loss, decreased mRNA expression and direct 

mutations.

Importantly, VHL mono-allelic loss and mutations are evenly distributed in three subgroups 

(Figure 6A). These findings indicate that VHL copy number loss or mutation is a truncal 

event in the genomic evolution of RCC, and is more important in tumor initiation than in 
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progression. In contrast, it is the variation of autophagy gene expression level that 

determines patient survival (Figure 6A). Low expression of autophagy genes can be an 

alternative explanation for HIF2α deregulation in tumors where VHL is not lost or VHL 

mutants are competent in HIF2α ubiquitination. However, due to the unavailability of 

HIF2α protein level in TCGA database and the complexity of the regulatory mechanisms of 

HIF2α and its target genes, it is challenging to generate straightforward evidence to further 

confirm this correlation.

Autophagy related proteins are reduced in ccRCC samples

The results obtained with the TCGA dataset reveal the mutation and copy number loss of 

ATG7, and the reduced expression of autophagy genes involved in autophagosome 

nucleation. To study the changes at a protein level, tissue microarrays that contains 

triplicated normal kidney samples and ccRCC tumor samples were stained with hematoxylin 

and eosin (H&E) or immunohistochemical stained with an ATG7 antibody or a beclin1 

antibody. Normal kidney tissue showed structures containing proximal tubules and distal 

tubules, while ccRCC tumors did not contain these structures (Figure 7A). ccRCC samples 

also showed clear cytoplasm because the intracytoplasmic glycogen and lipids are dissolved 

during histologic processing (36). Compared with normal kidney tissues, the overall 

percentage of ATG7 or beclin1 positive cells were significantly reduced in ccRCC (Figure 

7A, 7B). These results indicate that the expression of some key autophagy proteins, such as 

ATG7 and beclin 1, are also reduced at a protein level in ccRCC tissues.

Discussion

Although it has been widely accepted that there is a relationship between autophagy and 

cancer, the role of autophagy in tumorigenesis is still a topic of intense debate (17). It is 

possible that the function of autophagy is context-specific, and it varies depending on tumor 

type, grade, stage and depth (17). The mono-allelic loss and low expression of BECN1 in 

breast and ovarian cancers support that autophagy functions as a tumor suppressor in some 

cases (18). Further comprehensive analyses of other autophagy genes and proteins in 

different cancers is required (17). In our current study, we examined the genetic alteration of 

the autophagy pathway in ccRCC, and revealed striking changes in autophagy genes, 

including ATG7 mono-allelic loss, reduced gene expression and somatic mutations. 

Importantly, the reduction of autophagy gene expression is associated with shorter patient 

survival. Taken together with the mono-allelic loss of BECN1, such a broad down-regulation 

of autophagy related genes provides further support for the tumor suppressive role of 

autophagy.

Several anti-tumor mechanisms of autophagy have been reported, such as damaged 

organelle elimination, p62 degradation, genome stabilization, NRF2 and NFkB inactivation, 

and T lymphocyte attraction (17, 37–39). As a cellular degradation process, it is also likely 

that autophagy directly degrades oncogenic proteins to suppress tumorigenesis. Here we 

found that HIF2α, an oncogenic transcription factor that drives RCC tumor initiation and 

metastasis, was constitutively subjected to autophagic degradation. In support of this 

conclusion, we found that HIF2α colocalized and interacted with autophagy-lysosome 
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system components. Autophagy inhibition by bafilomycin A1 increased HIF2α, while 

autophagy induction by starvation or rapamycin decreased HIF2α. These data support the 

presence of an autophagy-dependent mechanism for suppressing proteins implicated in 

oncogenesis. It has been widely accepted that HIF2α plays an oncogenic role as a 

transcription factor. Consistent with this concept, here we also observed that the modulation 

of autophagy activity by bafilomycin A1 or rapamycin not only affected HIF2α protein 

level, but also influenced HIF2α target gene expression. Moreover, HIF2α is mainly 

localized in the cytoplasm under steady state conditions, indicating that HIF2α might also 

play an oncogenic role in the cytoplasm, and the possible underlying mechanism is currently 

under investigation. Furthermore, it should be noted that HIF2α is only one of a number 

potentially oncogenic proteins that is subjected to autophagic degradation, and large-scale 

screening is necessary to identify additional autophagy substrates that are implicated in renal 

tumorigenesis. Additionally, it has been recently reported that HIF1α is degraded by 

chaperone-mediated autophagy (CMA) by not macroautophagy (40). Further investigation 

will be required to explore the function of CMA in HIF2α degradation and renal cell 

carcinoma development.

The proteasome and autophagy system were initially thought to work in parallel, and recent 

investigations suggested that both degradation systems are functionally linked (15, 16, 41, 

42), but the collaboration in degrading an individual substrate that is subjected to both 

proteasomal and autophagic degradation is not well studied. HIF2α is known to be degraded 

by the proteasome in a VHL dependent fashion. Here we demonstrate that autophagy also 

mediated HIF2α degradation in a VHL dependent fashion. Since p62 is a self-oligomeric 

and stress response protein which binds ubiquitinated proteins via its UBA domain (13, 14, 

43), we assumed that once HIF2α is ubiquitinated by VHL, the soluble VHL-elongin C-

elongin B-HIF2α fraction would be degraded by the proteasome, while other complexes 

would be recognized by p62 to form aggregates and be degraded by autophagy. It is possible 

that the HIF2α overexpression, accumulation or aggregation under stress conditions might 

redirect cells to initiate or favor autophagic degradation mediated by p62, which is 

supported by the enhanced interaction between HIF2α and p62 during proteasome 

inhibition. Importantly, autophagic inactivation by knockout of Atg5 did not led to the 

accumulation of stably expressed HIF2α at a basal level, which was due to the 

compensatory function of the proteasome. This study revealed a new collaborative 

interaction between both degradation systems in handling a co-substrate. With the presence 

of such a compensatory interaction, chronic autophagy suppression may not lead to 

accumulation of some autophagy substrates, and an acute genetic inhibition was probably 

required to transiently increase basal level of these substrates before cells initiate a 

proteasome-mediated compensatory mechanism.

In ccRCC, frequent mutations of genes encoding VHL, TCEB1 and proteasome pathway 

components had been reported (8–10), and here we report genetic alterations in the 

autophagy pathway, including allelic loss, somatic mutations and reduced gene expression. 

Since our results show that HIF2α can be degraded cooperatively by the proteasome and 

autophagy in a VHL dependent fashion, it appears that ccRCC cells have evolved to keep 
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HIF2α from being degraded by genetically disrupting the ubiquitination effector proteins 

and degradation pathways at the same time.

In summary, our data reveal that the oncogenic transcription factor HIF2α is a novel target 

of autophagy, and there is a compensatory relationship between the proteasome and 

autophagy in HIF2α degradation. Autophagy plays a tumor suppressive role in ccRCC 

tumorigenesis probably via constitutive degradation of HIF2α. This study might open a new 

therapeutic window for ccRCC management by down-regulating HIF2α levels through the 

simultaneous modulation of autophagy and the proteasome.

Materials and Methods

Antibodies and Reagents

LC3B antibody was prepared by the Eissa laboratory as previously described (43). p62 

antibody was from American Research Products, Inc (03-GP62-C) or Santa Cruz 

Biotechnology, Inc (sc-28359). HIF2α antibody (NB100-122) was from Novus Biologicals. 

VHL antibody (2738), S6 antibody (2117), P-S6 antibody (2211), beclin 1 antibody (3495), 

LDHA antibody (3558), Lamin A antibody (2032), ATG5 antibody (8540) and ATG7 

antibody (8558) were from Cell Signaling Technology. ATG7 antibody (LS-B330) for 

immunohistochemistry was from LifeSpan Bioscences. Beclin 1 antibody (B6186) for 

immunohistochemistry, β-actin antibody (A1978) and rapamycin (R0395) were from Sigma. 

HA antibody (PRB-101P) was from Covance. LAMP1 antibody was form BD Biosciences 

Pharmingen (555798). GFP antibody (sc-8334) and p53 antibody (sc-126) were from Santa 

Cruz Biotechnology. Chromotek-GFP-Trap Resin Agarose (ACT-CM-GFA0050) was from 

Allele Biotechnology. Bafilomycin A1 (B-1080) was from LC Laboratories. MG132 

(474790) was from Calbiochem.

Cell Culture, Transfection and Establishment of Stable Cell Lines

786-O cells, HEK293T cells, RPE cells and Caki-1 Cells were grown in DMEM containing 

10% fetal bovine serum. 786-O stable cell lines expressing Venus, VHL-wt-Venus, VHL-

R167Q-Venus and VHL-F148A-Venus were infected with retroviral and selected in medium 

containing 1 mg/ml G418, and 786-O stable cell lines expressing HA-wt-VHL or HA-

W117A-VHL were infected with retroviral and selected in medium containing 2 µg/ml 

puromycin (44). Stable cell lines expressing control shRNA (Sigma, SHC002V Mission 

Non-Traget ShRNA), p62 shRNA (Sigma, TRCN0000007235), BECN1 shRNA (Thermo 

Scientific, V3LHS_349509), or HIF2α-GFP were infected with lentiviral particles and 

selected in medium containing 2 µg/ml puromycin. Lentiviral vectors expressing HIF2α-

GFP were produced by Viral Vector Production Core Laboratory at the Baylor College of 

Medicine.

Cell Fractionation, Cell Lysis, Immunoprecipitation and Immunoblot Analysis

Cell fractionation was carried out using NE-PER nuclear and cytoplasmic extraction reagent 

(Thermo Scientific, 78835). Cells were lysed in RIPA butter (50 mM Tric-Cl, pH 7.4, 150 

mM NaCl, 2 mM EDTA, 1% Nonidet P-40, 0.1% SDS) for immunoblot analysis, and lysed 
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in GFB buffer (50 mM Bis-tris-propane, pH 7.7, 150 mM NaCl, 10% glycerol, 1% Triton 

X-100) for GFP-trap using Chromotek-GFP-Trap beads.

RNA Isolation and Real-Time PCR

Total RNA isolation and Real-Time PCR were carried out as previously described (43), 

GAPDH was used as a control. Primer sequences for RT-PCR: HIF2α, 5´-TTGATGTGGA 

AACGGATGAA-3´ and 5´-GGAACCTGCTCTTGCTGTTC-3´; VEGFA, 5´-

CCCACTGAGGAGTCCAACAT-3´ and 5´-TTTCTTGCGCTTTCGTTTTT-3´; TGFA, 5´-

TGTGTCTGCCATTCTGGGTA-3´ and 5´-GACCTGGCAGCAGTGTATCA-3´; CCND1, 

5´-CCCTCGGTGTCCTACTTCAA-3´ and 5´-AGGAAGCGGTCCAGGTAGTT-3´; 

GAPDH, 5´-CAATGACCCCTTCATTGACC-3´ and 5´-TTGATTTTGGAGGGATCTCG-3

´.

Tissue Microarray, Image Acquiring and Image Analysis

Human subject protocol (2007-0511) was approved by Institutional Research Board at M.D. 

Anderson Cancer Center. Tissue microarrays (TMA) were generated and 

immunohistochemically stained as previously described (45). The slides were scanned with 

the Vectra image scanning system (Caliper Life Sciences). The percentage of ATG7 or 

beclin 1 cytoplasmic positive cells in whole tissue sections were analyzed using the Vectra 

Inform software (Caliper Life Sciences). Mann-Whitney test was used for statistical 

analysis.

Genetic alteration analysis using TCGA dataset

Level 3 RNA-Seq data, level 3 SNP array data, level 2 somatic mutation data, and clinical 

data for renal clear cell carcinomas were downloaded from the Cancer Genome Atlas 

(TCGA) data portal (https://tcga-data.nci.nih.gov/tcga/dataAccessMatrix.htm). Clustering 

analyses were done using the Cluster and TreeView software (available at http://

rana.lbl.gov/EisenSoftware.htm). K-means grouping, Cox proportional hazard regression, 

and Kaplan-Meier log rank test were done using the R software (http://www.r-project.org).
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Figure 1. 
Both proteasome inhibition and autophagy inhibition induced HIF2α accumulation. (A) 

Caki-1 cells, (B) RPE cells were treated with 10 µM MG132 or 200 nM bafilomycin A1 for 

indicated time. (C) HEK293T stable cell line expressing HIF2α-GFP were treated with 

DMSO, 10 µM MG132 or 200 nM bafilomycin A1 for indicated time. Whole cell lysates 

were analyzed by immunoblot using antibodies against HIF2α, p62, LC3B, VHL, GFP p53 

or β-actin. (D) Quantitation of HIF2α relative amount. HIF2α band intensity was analyzed 

using ImageJ software. HIF2α levels in non-treated cells or DMSO treated cells were 
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normalized to 1. Data represent mean±S.D., n=3. *, p<0.05, **, p<0.001, compared with 

control cells. Con, control. MG, MG132. BM, bafilomycin A1. (E) HEK293T stable cell 

line expressing HIF2α-GFP were treated with 50 µM chloroquine for 8 hrs. CQ, 

chloroquine. (F) HEK293T stable cell line expressing HIF2α were treated with DMSO, 10 

µM MG132 or 200 nM bafilomycin A1 for 8 hrs. Cytoplasmic and nuclear extracts were 

separated and analyzed by immunoblot using antibodies against GFP, cytoplasm protein 

LDHA and nuclear membrane protein Lamin A.
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Figure 2. 
VHL-dependent HIF2α accumulation during autophagy inhibition. (A) 786-O parental cells 

or 786-O stable cell line expressing VHL-wt-Venus were treated with 10 µM MG132 for 

indicated time. (B) 786-O parental cells or 786-O stable cell line expressing VHL-wt-Venus 

were treated with 200 nM bafilomycin A1 for indicated time. (C) Quantitation of HIF2α 

relative amount. HIF2α band intensity was analyzed using ImageJ software. HIF2α levels in 

control 786-O stable cell line expressing VHL-wt-Venus cells were normalized to 1. Data 

represent mean±S.D., n=3. **, p<0.001, compared with control cells. (D) HIF2α target gene 
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expression. 786-O stable cell line expressing VHL-wt-Venus were treated with 200 nM 

bafilomycin A1 for 16 hrs. Total RNA were analyzed by Real-Time PCR using primers 

specific for HIF2α, VEGFA, TGFA and CCND1. mRNA level in control cells are 

normalized to 1. Data represent mean±S.D., n=3. **, p<0.001, compared with control cells. 

(E) 786-O cells were treated with 200 nM bafilomycin A1 for indicated time with or without 

8-hr co-treatment with 100 µM CoCl2. (F) 786-O stable cell lines expressing HA-wt-VHL or 

HA-W117R-VHL were treated with 200 nM bafilomycin A1 for indicated time. (G) 786-O 

stable cell lines expressing GFP, VHL-wt-Venus, VHL-R167Q-Venus or VHL-F148A-Venus 

were treated with 200 nM bafilomycin A1 for indicated time. (H) 786-O stable cell lines 

expressing VHL-wt-Venus were treated with 200 nM bafilomycin A1 for 8 hrs. Cytoplasmic 

and nuclear extracts were separated. Cell lysates were analyzed by immunoblot using 

antibodies against HIF2α, p62, LC3B, VHL, GFP, LDHA, LaminA or β-actin. Con, control. 

MG, MG132. BM, bafilomycin A1.
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Figure 3. 
VHL-dependent HIF2α decrease during autophagy induction. (A) 786-O parental cells and 

(B) 786-O stable cell lines expressing VHL-wt-Venus were cultured in DMEM (0) or EBSS 

(starvation) for 2 or 3 hrs, or treated with 100 nM rapamycin for 3 or 6 hrs. (C) Quantitation 

of HIF2α relative amount. HIF2α band intensity was analyzed using ImageJ software. 

HIF2α levels in control cells were normalized to 1. Data represent mean±S.D., n=3. **, 

p<0.001, compared with control cells. Con, control. St3, starvation 3hr. Rap6, rapamycin 6 

hr. (D) HIF2α target gene expression. 786-O stable cell line expressing VHL-wt-Venus 
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were treated with 100 nM rapamycin for 8 hrs. Total RNA were analyzed by Real-Time 

PCR using primers specific for VEGFA, TGFA and CCND1. mRNA level in control cells 

are normalized to 1. Data represent mean±S.D., n=3. **, p<0.001, compared with control 

cells. Con, control. Rap, rapamycin. (E) 786-O stable cell lines expressing VHL-wt-Venus 

were treated with 100 nM rapamycin or cultured in EBSS (starvation) in the presence or 

absence of 200 nM bafilomycin A1. Con, control. St, starvation. Rap, rapamycin. BM, 

bafilomycin A1. (F) Caki-I cells with or without 6-hr pretreatment with 100 µM CoCl2 were 

washed with PBS 3 times, and followed by continuous culture in DMEM or EBSS 

(starvation) for 1 or 2 hrs. Cell lysates were analyzed by immunoblot using antibodies 

against HIF2α, p62, S6, phosphor-S6, LC3B or β-actin.
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Figure 4. 
HIF2α interacted with autophagy and lysosome components. (A) Colocalization between 

HIF2α-GFP and LC3A-RFP. HEK293T stable cell line expressing HIF2α-GFP were 

transiently transfected with LC3A-RFP. Representative images with HIF2α-GFP aggregates 

and autophagosomes were shown. Scale bar, 10um. (B) HEK293T cells were transiently 

transfected with GFP or HIF2α-GFP. (C) HEK293T cells were transiently transfected with 

GFP or HIF2α-GFP. After 48 hr, cells were further treated with 200 nM bafilomycin A1 

(BM) or 10 µM MG132 (MG) for 6 hr. (D) HEK293T cells were transiently transfected with 

GFP or LC3A-GFP with or without HIF2α-HA. Cells were lysed in GFB buffer containing 

1% Triton X-100. The soluble portion was subjected to immunoprecipation (GFP-Trap) 

using Chromotek-GFP-Trap beads. The insoluble pellets were dissolved in 1% SDS 

(Insoluble). The soluble portion (Input) or immunoprecipitated proteins (GFP-Trap) were 

subjected to immunoblot assay using antibodies against HA, GFP, HIF2α, p62 or LAMP1. 

Con, control. St3, starvation 3hr. Rap6, rapamycin 6 hr.
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Figure 5. 
Atg5 knockout favors proteasomal degradation of HIF2α. (A) Atg5+/+ and Atg5−/− MEFs 

stably expressing HIF2α-GFP were treated with 10 µM MG132 or 200 nM bafilomycin A1 

for 8 hr. (B) Quantitation of HIF2α relative amount. HIF2α band intensity was analyzed 

using ImageJ software. HIF2α levels in MG132-treated Atg5−/− MEFs were normalized to 

10. Con, control. Data represent mean±S.D., n=3. **, p<0.001, compared with same 

treatment in Atg5+/+ MEFs. Con, control. BM, bafilomycin A1. MG, MG132. (C) Atg5+/+ 

and Atg5−/− MEFs stably expressing HIF2α-GFP were treated with 2 µM 17-AAG or 100 

µM CoCl2 for 8 hr. (D) HEK293T cells stably expressing control shRNA or BECN1 shRNA 

were transiently transfected with HIF2α-GFP. After 48 hr, cells were further treated with 

200 nM bafilomycin A1 (BM) for 6 hr. Con, control. BM, bafilomycin A1. (E) HEK293T 

cells stably expressing control shRNA or p62 shRNA were transiently transfected with 

HIF2α-GFP. After 48 hr, cells were further treated with 200 nM bafilomycin A1 (BM) for 6 

hr. Con, control. BM, bafilomycin A1. Con, control. BM, bafilomycin A1. MG, MG132. 

Whole cell lysates were analyzed by immunoblot using antibodies against GFP, p62, ATG5, 

LC3B, β-actin or GAPDH.
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Figure 6. 
Genetic alteration of autophagy genes in ccRCC. (A) Defining ccRCCs into autophagy gene 

expression subgroups (ATG-low, ATG-high-1 and ATG-high-2) using seven genes involved 

in autophagy nucleation. Top, gene expression heatmap of 7-gene signature. Samples were 

ordered by the 7-gene composite score and separated into low and high expression groups 

by Kmeans. Bottom, corresponding gene copy number changes and mutation of ATG7 and 

VHL were plotted based on SNP6 data. Copy number levels of 1N and 3N were marked. (B) 

Kaplan Meier analysis of ccRCC patient survival stratified by autophagy gene expression 

levels as defined in Fig. 6A. (C) Mutations of autophagy related genes. Data were organized 

from TCGA level 2 mutation data.
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Figure 7. 
Decreased protein expression of ATG7 and Beclin 1 in ccRCC. Tissue microarrays 

containing normal kidney and ccRCC sections were subjected to H&E staining or 

Immunohistochemistry staining using ATG7 antibody or beclin 1 antibody. (A) 

Representative images were shown. (B) Percentage of ATG7 or beclin 1 positive cells in 

ccRCC tumors or normal kidneys. Mann-Whitney test was used for statistical analysis. (C) 

Working model. HIF2α is ubiquitinated by its E3 ligase VHL. Around 2/3 of ubiquitinated 

HIF2α are soluble and can be degraded by proteasome system. Around 1/3 of ubiquitinated 

HIF2α interacts with UBA domain of p62 and forms aggregates. HIF2α aggregates are 

recruited to autophagosome via p62-LC3 interaction and are degraded after fusion with the 

lysosome. There is a compensatory interaction between the proteasome and autophagy in 

HIF2α degradation. On the one hand, autophagy inactivation redirects HIF2α to 

proteasomal degradation, and heat shock proteins are probably involved in refolding of 

HIF2α aggregates. On the other hand, proteasome inhibition induces autophagy and 

promotes the HIF2α-p62 interaction and aggregation. When the components involved in 

VHL-elonginB-C (VBC) complex, proteasome degradation pathway and autophagy 

degradation pathway are genetically deleted, mutated, or their expression is decreased at the 

same time, HIF2α cannot be degraded by the proteasome or autophagy. Part of the 

accumulated HIF2α will translocate to nucleus, drive the expression of its target genes and 

initiate RCC development.
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