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SUMMARY

Hypoxic stress and hypoxia-inducible factors (HIFs) play important roles in a wide range of 

tumors. We demonstrate that SPOP, which encodes an E3 ubiquitin ligase component, is a direct 

transcriptional target of HIFs in clear cell renal cell carcinoma (ccRCC). Furthermore, hypoxia 

results in cytoplasmic accumulation of SPOP which is sufficient to induce tumorigenesis. This 

tumorigenic activity occurs through the ubiquitination and degradation of multiple regulators of 

cellular proliferation and apoptosis, including the tumor suppressor PTEN, ERK phosphatases, the 

pro-apoptotic molecule Daxx and the Hedgehog pathway transcription factor Gli2. Knockdown of 

SPOP specifically kills ccRCC cells, indicating that it may be a promising therapeutic target. 

Collectively, our results indicate that SPOP serves as a regulatory hub to promote ccRCC 

tumorigenesis.

Graphical Abstract

INTRODUCTION

Renal cell carcinoma (RCC) is the eighth leading malignancy in the United States, 

accounting for 4% of all cancers. More than 209,000 new cases and 102,000 deaths are 

estimated to occur worldwide each year (Rini et al., 2009). Approximately 30% of RCC 

patients present with metastatic disease at the time of diagnosis, and nearly half of the 

remainder will subsequently develop metastasis (McDermott et al., 2005; Negrier et al., 

1998). As RCC is highly resistant to chemotherapy, first-line treatment of metastatic disease 

in the 1990s and 2000s relied on immunotherapies, such as Interleukin-2 and interferon 

alpha, despite low response rates (5 to 20%) (Fyfe et al., 1996; McDermott et al., 2005; 

Wardle, 1991). Hypoxic response mediated though HIFs is a key feature of most solid 
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tumors, but is particularly important in kidney cancers (Chi et al., 2006). Accordingly, 

recent targeted therapies that inhibit HIF-regulated pathways, including angiogenesis 

inhibitors directed against VEGF and PDGF signaling pathways have been developed. 

Although these therapies represent improvements in patient care, the majority of patients 

with advanced disease remain refractory to treatment, suggesting that certain critical HIF 

targets remain unknown (Escudier et al., 2007; Motzer et al., 2013; Motzer et al., 2007).

It has been shown that under normoxic conditions the oxygen-sensitive HIFα subunit is 

degraded by ubiquitination via the von Hippel-Lindau (VHL) tumor-suppressor gene 

(Kaelin, 2002). However, under hypoxic conditions HIF degradation is suppressed, leading 

to enhanced nuclear localization of HIF and transcription of various target genes, including 

the angiogenic gene VEGF (Kaelin Jr, 2008). Inactivating mutations or silencing of the VHL 

tumor suppressor gene can also suppress the degradation to HIF, and VHL mutation or 

silencing is found in at least 80% of all ccRCCs (Kim and Kaelin, 2004; Motzer and Molina, 

2009; Nickerson et al., 2008). ccRCCs are the most common form of kidney cancer, 

accounting for 75% of all cases (Lopez-Beltran et al., 2006). Results from ccRCC xenograft 

experiments indicate that HIF accumulation is critical for VHL tumor suppressor function 

during ccRCC oncogenesis (Kaelin, 2008). It has also been found that renal carcinoma cells 

have evolved an alternative hypoxia signaling pathways compared with normal renal cells 

(Jiang et al., 2003) and the ccRCCs are in a high hypoxia response state compared to the 

normal kidney samples and other subtypes of kidney cancer (Chi et al., 2006).

Although hypoxia response plays a critical role in kidney cancer, other cell regulatory 

pathways are also important for tumor development and progression (Brugarolas, 2007). For 

example, another promising target for RCC therapies is the mammalian Target of 

Rapamycin (mTOR) pathway, which is abnormally activated during the development of 

kidney cancer (Robb et al., 2007). mTOR is negatively regulated by the tumor suppressor 

PTEN (Hollander et al., 2011), which is mutated or down-regulated in many cancers, 

including ccRCC (Vivanco and Sawyers, 2002). The mTOR pathway positively regulates 

cell growth and proliferation through enhanced mRNA translation by phosphorylated S6 

kinase1 (S6K1) and 4E binding protein-1 (4E-BP1) (Sarbassov et al., 2005). In spite of its 

promise, the mTOR inhibitor temsirolimus produces only low objective responses in 

patients with advanced RCC, although it contributes to a modest improvement in overall 

survival (Hudes et al., 2007; Kapoor and Figlin, 2009). Further investigation of the 

mechanisms of PTEN down-regulation in ccRCC is critical for an understanding of RCC 

pathogenesis.

Our previous studies demonstrated that the SPOP protein is overexpressed in 85% of kidney 

cancers and that nearly 100% of primary and metastatic ccRCCs exhibit SPOP accumulation 

(Liu et al., 2009). SPOP is a BTB/POZ domain protein, and MEL-26, the C. elegans SPOP 

ortholog, was first identified as an adaptor for the E3 ligase Cullin3 (Cul3). In C. elegans, 

MEL-26 promotes the meiotic/mitotic transition through the degradation of MEI-1/katanin 

(Mains et al., 1990; Pintard et al., 2003; Xu et al., 2003). In Drosophila, D-SPOP (also 

known as Roadkill) can promote the ubiquitination and degradation of the Gli transcription 

factor ortholog Cubitus interruptus (Ci) and the JNK phosphatase Puckered to regulate the 

Hedgehog (Hh) and Tumor Necrosis Factor (TNF) pathways, respectively (Kent et al., 2006; 
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Zhang et al., 2006)(Liu et al., 2009). In humans, the roles for SPOP in regulating the Hh and 

TNF pathways have been conserved (Zhang et al., 2006) (Liu et al., 2009), and several other 

SPOP substrates have been identified as well, including the death domain–associated protein 

(Daxx) (Kwon et al., 2006), the polycomb group protein BMI-1, and the Histone variant 

MacroH2A (Hernandez-Munoz et al., 2005). Together these previous results indicate that 

SPOP plays important roles during cell apoptosis, proliferation and animal development, and 

suggest that overexpression of SPOP in ccRCCs may lead to dysregulation of pathways 

involved in tumorigenesis. However, it is unclear how SPOP becomes overexpressed or 

whether it may function directly in kidney tumorigenesis. Adding to this puzzle, recent deep 

sequencing studies of breast, prostate and endometrial cancers found that SPOP is frequently 

mutated, and the SPOP locus is observed to undergo loss of heterozygosity (LOH), 

indicating that SPOP may act as a tumor suppressor (Berger et al., 2011; Li et al., 2011). 

However, no SPOP mutations have been detected in kidney cancers thus far (Liu et al., 

2009; The Cancer Genome Atlas Research, 2013). In this study, we aim to determine 

whether SPOP promotes tumorigenesis in kidney.

RESULTS

HIF regulates SPOP expression

Immunohistochemistry results have suggested that SPOP is overexpressed in virtually all 

ccRCCs (Liu et al., 2009). We confirmed this finding by immunoblot assays in multiple 

pairs of ccRCC primary tumor tissue and matched normal adjacent tissue (Figure 1A). 

However, the mechanism underlying this SPOP overexpression is unknown. Considering the 

frequent accumulation of HIF in ccRCC patients, we were interested whether HIF can drive 

SPOP overexpression. We identified a HIF-1α binding peak in the first intron of SPOP by 

ChIP-seq (Figure 1B) and further validated it by ChIP-qPCR (Figure S1A). To determine 

whether this intronic DNA sequence region functions as a HIF-responsive regulatory 

element, we performed a luciferase reporter assay by inserting the wild-type HIF binding 

sequence into a pGL3-promoter reporter vector. In human embryonic kidney HEK293 cells, 

the wild-type sequence exhibits increased luciferase activity under hypoxic exposure (1% 

O2/5% CO2/94% N2) compared to normoxia, while HIF-1α knockdown impairs the 

luciferase activity (Figure 1C). Additionally, we constructed several mutations or deletions 

of the predicted hypoxia-response elements (HRE; 5'-RCGTG-3' and 5'-[A/C]ACAG-3') 

(Miyazaki et al., 2002). Although mutants of CACAG showed marginal decrease in 

luciferase activity (Figure S1B), both point mutations and deletion of CGTG site showed 

significant decrease in luciferase activity (Figure 1C), demonstrating that the HIF binding 

site is functional in this hypoxia-responsivecis-regulatory element.

To further elucidate whether HIF can regulate SPOP, the VHL wild-type ccRCC cell line 

Caki-2 was cultured under hypoxic conditions. Hypoxic culture resulted in the accumulation 

of HIF-1α and HIF-2α proteins. Both SPOP mRNA (Figure 1D) and protein (Figure 1E) 

levels increased in ccRCC cells under hypoxic conditions. Additionally, ectopic 

overexpression of either HIF-1α or HIF-2α led to SPOP accumulation in HEK293 cells 

(Figure 1F), indicating that both HIF-1α and HIF-2α can regulate SPOP expression. 

Although knockdown of HIF-1α alone in Caki-2 cells which express both HIF-1α and 
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HIF-2α (Kucejova et al., 2011) can reduce SPOP protein abundance (Figure 1G), double-

knockdown of HIF-1α and HIF-2α is more effective than either alone (Figure S1C). 

Consistent with these results, knocking down HIF-2α by siRNA in the ccRCC cell line 

A498 that predominantly expresses HIF-2α (Shinojima et al., 2007) resulted in a reduction 

in the mRNA (Figure 1H) and protein (Figure 1I) abundance of SPOP, as well as the known 

HIF target VEGF. Because VHL mutation is one of the most common causes of kidney 

cancer and affects abundance of HIFs, we examined SPOP abundance after restoring VHL 

in the VHL-null cell lines 786-O and A498. Accordingly, restoration of VHL led to 

decreased protein abundance of SPOP (Figure 1J), and conversely VHL-knockdown in 

HEK293 cells resulted in an increase in SPOP (Figure S1D). Taken together, these results 

demonstrate that HIF can directly regulate SPOP expression.

SPOP accumulation in the cytoplasm of ccRCC cells

SPOP was first identified as a nuclear protein (Nagai et al., 1997), and several studies have 

confirmed its nuclear location in HEK293 and HeLa cells (Bunce et al., 2008; Hernandez-

Munoz et al., 2005; Kwon et al., 2006). To investigate SPOP localization in kidney cancer, 

we used a monoclonal anti-SPOP antibody (Liu et al., 2009) to stain kidney tissue biopsies. 

We found that SPOP was predominately localized in the nucleus of normal kidney tissue. 

However, we observed SPOP accumulation in the cytoplasm of neoplastic ccRCC cells, 

with residual SPOP remaining in the nucleus (Figure 2A). Immunocytochemistry staining 

also revealed that SPOP predominately accumulated in the cytoplasm of Caki-2 cells but 

was primarily localized within the nucleus of HeLa (Figure 2B) and HEK293 cells (Figure 

S2A). Ectopically expressed GFP-tagged SPOP in ccRCC cell lines (Caki-2 and A498) and 

in non-ccRCC cell lines (HEK293 and HeLa cells) yielded similar results as endogenous 

SPOP (Figure S2B). Furthermore, cell fractionation assays confirmed the cytoplasmic 

localization of SPOP in ccRCC cell lines and predominantly nuclear localization in HEK293 

cells (Figure S2C).

Hypoxia drives SPOP accumulation in the cytoplasm

Previous studies have shown that some proteins accumulate in the cytoplasm under stress 

conditions, such as hypoxia, heat shock and arsenite exposure (Arimoto et al., 2008). Given 

that ccRCC tumorigenesis is associated with hypoxia signaling, we tested whether hypoxic 

conditions could stimulate SPOP accumulation in the cytoplasm. Immunofluorescence 

staining showed that endogenous SPOP localizes in the nucleus of HeLa cells under 

normoxia, while hypoxic treatment (1% O2/5% CO2/94% N2) led to SPOP accumulation in 

the cytoplasm (Figure 2B). Additionally, HIF overexpression further enhanced the 

cytoplasmic accumulation of SPOP (Figure 2B). SPOP accumulation in the cytoplasm under 

hypoxic treatment was further confirmed by cell fractionation assays (Figures 2C and 2D). 

Although previous data showed that ectopically expressed GFP-SPOP localized in the 

nucleus of HeLa and HEK293 cells under normoxia (Figure S2B), we found that it also 

accumulated in the cytoplasm under hypoxia in these cells (Figure S2D). Thus, hypoxia 

appears to be a sufficient condition to stimulate the cytoplasmic accumulation of SPOP.
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Cytoplasmic SPOP promotes tumorigenesis

Next, we wished to test whether cytoplasmic SPOP is associated with tumorigenic 

phenotypes. Sequence analysis indicated that SPOP contains a nuclear localization signal 

(NLS) at its C-terminus, amino acids 367–373 (PRKRLKQ). Crystallographic analysis 

indicates that the deletion of the NLS peptide from the SPOP C-terminus is unlikely to affect 

the binding of SPOP with the E3 ligase Cullin3 or SPOP substrates (Zhuang et al., 2009). 

Additionally, the in vitro ubiquitination of SPOP substrates is unaffected by deletion of the 

NLS from SPOP (Zhuang et al., 2009). Therefore, we deleted the NLS peptide from SPOP 

to test whether SPOP lacking the NLS would accumulate in the cytoplasm when ectopically 

expressed in non-ccRCC cells. As expected, ectopic expression of GFP-SPOP lacking the 

NLS accumulates in the cytoplasm of HEK293 cells (Figure S2E). We refer to SPOP 

lacking the NLS as SPOP-cyto.

We overexpressed SPOP-cyto and wild type SPOP in non-ccRCC cell lines to determine 

whether there are differences in phenotypic effects. A BrdU incorporation assay showed that 

wild type SPOP inhibited cell proliferation (Figure 3A), consistent with previous results that 

SPOP can induce apoptosis in HEK293 (Liu et al., 2009) and HeLa cells (Kwon et al., 2006) 

(Figure S3A). Strikingly, SPOP-cyto enhanced proliferation rather than inducing apoptosis 

(Figure 3A). As a marker for apoptotic state of the cells, we used the pro-apoptotic protein 

Bax that has been shown to be inactivated by phosphorylation at Ser184 (Gardai et al., 

2004). Overexpression of SPOP-cyto increased the level of Ser184-phosphorylated Bax (p-

Bax), indicating that SPOP-cyto can inhibit Bax-mediated apoptosis (Figure 3B). 

Overexpression of SPOP-cyto also increased the protein abundance of the cellular 

proliferation markers phospho-histone H3 (p-Histone H3)(Bhatia et al., 2011) and 

Proliferating Cell Nuclear Antigen (PCNA), consistent with the observation that SPOP-cyto 

promotes cell proliferation (Figure 3B). Thus, the accumulation of cytoplasmic SPOP 

appears to alter the function of the protein in comparison to its nuclear form, changing SPOP 

function from pro-apoptotic to anti-apoptotic and pro-proliferative. Furthermore, siRNA-

knockdown of SPOP (Figure S3B) induced apoptosis in ccRCC cells where SPOP is in the 

cytoplasm, but not in HeLa or HEK293 cells (Figure 3C, S3C and S3D). Knockdown of 

SPOP in ccRCC cells also resulted in decreased levels of p-Bax (Ser184), PCNA, and p-

Histone H3 levels (Figure S3E). However, we wondered whether hypoxia-induced 

cytoplasmic localization of SPOP in non-ccRCC cells would also lead to an SPOP 

“addicted” state where knockdown of SPOP would lead to cell death. Indeed, RNAi 

knockdown of SPOP in HeLa cells under hypoxia exposure led to significantly increased 

apoptosis compared to cells treated with only hypoxia stress (Figure S3F), similar to results 

of SPOP knock-down in ccRCC cell lines. Together these results indicate that inhibition of 

SPOP can specifically induce apoptosis and inhibit proliferation in ccRCC cells but not in 

non-ccRCC cells, suggesting that SPOP may serve as a therapeutic target specific to cancer 

cells.

We further investigated whether cytoplasmic SPOP could promote tumorigenesis in a nude 

mouse xenograft model. HEK293 cells have previously been used to demonstrate the 

tumorigenic potential of oncogenes (Hamid et al., 2005). We generated stable polyclonal 

HEK293 cell lines transfected with SPOP-cyto, SPOP or empty vector (pcDNA3) (Figure 
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S3G), and the levels of exogenous SPOP-cyto and SPOP are comparable to the endogenous 

protein in primary ccRCC samples (Figure 1A). Subcutaneous injection of the stably 

transfected HEK293-SPOP-cyto cells into nude mice induced tumor formation in 

approximately 80% of mice (15/19) within 6 weeks, whereas wild type SPOP and control 

empty vector produced no visible tumor growth (0/19 and 0/19, respectively) (Figure 3D). 

Further, histopathologic analyses of the xenograft tumors reveal typical cancerous lesions 

(Figure S3H). Thus, cytoplasmic SPOP, but not nuclear SPOP, promotes tumorigenesis.

SPOP mediates the ubiquitination and degradation of tumor suppressor PTEN

We next wished to investigate the mechanism by which cytoplasmic SPOP promotes 

tumorigenesis. SPOP was previously identified as a regulatory ‘hub’ molecule in Drosophila 

(Liu et al., 2009) and can degrade substrates in multiple signaling pathways via Cul3-

mediated ubiquitination (Bunce et al., 2008; Hernandez-Munoz et al., 2005; Kwon et al., 

2006; Xu et al., 2003; Zhuang et al., 2009). SPOP crystal structure studies demonstrated that 

all known SPOP substrates share a conserved SPOP-binding consensus (SBC) motif (Φ-π-S-

S/T-S/T; Φ is nonpolar, π is polar) (Zhuang et al., 2009). Thus, we hypothesized that 

cytoplasmic SPOP might promote cancer phenotypes by mediating the degradation of 

cytoplasmic proteins that contain SBC motifs.

Previously, we found that SPOP can mediate the ubiquitination and degradation of Puc, a 

Dual-Specificity Phosphatase (DUSP) class molecule in Drosophila that regulates JNK 

signaling (Liu et al., 2009). DUSPs have been implicated as major modulators of critical 

signaling pathways that are dysregulated in various diseases (Patterson et al., 2009). 

Therefore, we computationally searched the human proteome for DUSP domain proteins 

that contain the SBC motif. We found seven DUSP domain containing proteins with at least 

one SBC motif (Table S1), including the cytoplasmic tumor suppressor protein PTEN with 

substrate specificity to phosphatidylinositol phosphates (Myers et al., 1998) and which 

contains the SBC motif ASSST (residues 359–363).

Genetic alterations targeting the PTEN tumor suppressor are among the most frequently 

noted somatic mutations in human cancers (Sansal and Sellers, 2004). PTEN functions to 

antagonize phosphoinositide 3-kinase (PI3K)/Akt signaling through its lipid phosphatase 

activity, thereby controlling cell growth, survival, and metabolic processes (Wu et al., 1998). 

Based on previous crystal structures, the SBC motif in PTEN is in a flexible region that is 

not folded into any three-dimensional domains and is thus potentially accessible for SPOP 

binding (Lee et al., 1999). To understand the molecular basis for potential SPOP MATH 

domain interactions with the PTEN SBC, we determined the crystal structure of the SPOP 

MATH complex with a peptide corresponding to PTEN residues 354–368, which comprises 

the PTEN SBC motif. The SPOP MATH domain forms an anti-parallel β-sandwich, and the 

PTEN SBC motif adopts an extended conformation to bind within the MATH central 

shallow groove (Figure S4A and S4B). SPOP MATH-SBC interactions are anchored by 

both hydrophobic and polar interactions with the PTEN SBC residues ASSST (Figure 4A).

We further validated whether PTEN acts as a SPOP substrate in cells. Co-

immunoprecipitation (Co-IP) data showed that both SPOP and SPOP-cyto can bind PTEN, 

whereas the deletion of the PTEN SBC motif eliminated binding (Figure 4B). 
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Overexpressed SPOP-cyto also bound endogenous PTEN in HeLa cells (Figure 4C). 

Furthermore, exogenous PTEN abundance was reduced when PTEN was co-expressed with 

SPOP-cyto in HeLa cells, whereas a PTEN SBC mutant was resistant to SPOP-cyto-

mediated degradation (Figure 4D). A cycloheximide (CHX) chase assay also indicated that 

PTEN is rapidly degraded by SPOP-cyto after co-transfection (Figure 4E). Importantly, 

SPOP can mediate the ubiquitination of PTEN but the SBC mutated PTEN was not affected 

by SPOP, as demonstrated by in vivo (Figure 4F) and in vitro ubiquitination assays (Figure 

4G, Figure S4C). Taken together, these results indicate that SPOP promotes the degradation 

of tumor suppressor PTEN.

SPOP mediates the degradation of ERK phosphatase DUSP7

Our computational scan for SBC motifs also indicated that DUSP6 and DUSP7, ERK-

specific cytoplasmic MAPK phosphatases, are candidate SPOP targets (Table S1). DUSP6 

contains the motif CSSSS (residues 155–159), and DUSP7 contains the motif VDSSS 

(residues 191–195). The classical ERK pathway has long been associated with the ability of 

cancer cells to grow independently, and this pathway is dysregulated in approximately 30% 

of human tumors (Dhillon et al., 2007; Keyse, 2008). Reports from several groups have 

indicated that the level of ERK phosphorylation is significantly elevated in ccRCC 

(Campbell et al., 2009; Lee et al., 2009). We found that the levels of ERK phosphorylation 

increased after dual knockdown of DUSP6 and DUSP7 in Caki-2 cells (Figure S5A), 

indicating that DUSP6 and DUSP7 regulate the ERK pathway in ccRCC cells.

Based on their SBC domains DUSP6 and DUSP7 have similar predicted SPOP interaction 

properties, we focused our biochemical analysis on DUSP7. Co-IP assays showed that both 

SPOP and SPOP-cyto bind DUSP7, whereas a mutant DUSP7 SBC motif eliminated 

binding with SPOP (Figure 5A). Furthermore, overexpressed SPOP-cyto bound to 

endogenous DUSP7 in HeLa cells (Figure 5B). DUSP7 is also down-regulated in SPOP and 

SPOP-cyto overexpressing cells (Figure 5C), while neither SPOP nor SPOP-cyto can 

degrade the DUSP7-SBC mutant (Figure 5D). A cycloheximide (CHX) chase assay 

indicated that DUSP7 is rapidly degraded by SPOP-cyto (Figure S5B). Importantly, SPOP 

mediated the ubiquitination of DUSP7 but not its SBC mutant in both in vivo (Figure 5E) 

and in vitro ubiquitination assays (Figure 5F, Figure S5C).

Cytoplasmic SPOP acts as a regulatory hub by modulating multiple pathways during 
kidney tumorigenesis

PI3K/Akt and ERK pathways are hyper-activated in different types of tumors including 

ccRCC (Campbell et al., 2009; Lee et al., 2009). While it has been shown that these 

pathways are sometimes genetically altered in ccRCC, such mutations contribute to a limited 

percentage of ccRCC patients (Network, 2013; Sato et al., 2013). Considering that SPOP is 

overexpressed in nearly 100% of ccRCCs, we wondered whether cytoplasmic SPOP might 

deregulate these pathways through mediating degradation of PTEN, DUSP6 and DUSP7 in 

ccRCC. Thus, we examined the effects of RNAi knockdown of SPOP on these signaling 

pathways in A498 ccRCC cells. As shown in Figure 6A, SPOP knockdown resulted in 

increased levels of PTEN and DUSP7, and a decrease in phosphorylated Akt levels and 
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ERK, respectively (Figure 6A). These results indicate that SPOP can deregulate these 

pathways by degrading PTEN and DUSP7 in ccRCC.

SPOP has been found to also degrade many other substrates, some of which are candidates 

for promoting tumorigenesis if post-translationally degraded, including Daxx (Kwon et al., 

2006) and Gli2 (Wang et al.). Daxx protein is expressed in both the nucleus and cytoplasm. 

In the cytoplasm, Daxx has been reported to interact with ASK1 and other apical kinases to 

induce cell death (Salomoni and Khelifi, 2006). Degradation of Daxx would impair the 

ability of the cells to respond to apoptotic cues. Gli2 acts as a mediator of Hh signaling, and 

has both transcriptional repression and activation domains (Sasaki et al., 1999). Gli2 is 

primarily localized in cytoplasm and can transfer to nucleus under Hh stimulation (Kim et 

al., 2009). Both Daxx and Gli2 are upregulated when SPOP is knocked down in Caki-2 

ccRCC cells (Figure 6B). Additionally, knockdown of Gli2 in ccRCC cells showed a further 

increase in the proliferation marker p-Histone H3 (Figure S6A). To further explore the 

possibility that cytoplasmic SPOP degrades these key substrates in ccRCC, we examined 

their protein abundance under hypoxic exposure in non-ccRCC cells. As expected, the 

abundance of PTEN, DUSP7 and Daxx proteins were all reduced in HeLa cells when SPOP 

was increased and accumulated in the cytoplasm under hypoxia (Figure 6C).

To further validate the role of SPOP on these targets, we examined the abundance of these 

SPOP targets in primary ccRCC tissue samples. We found an inverse relationship between 

PTEN levels and SPOP levels in 100% (14/14) of examined primary ccRCC tumor samples. 

These ccRCC tumor tissues exhibited high levels of SPOP and low levels of PTEN, 

consistent with previous reports that PTEN levels are reduced in ccRCCs (Brenner et al., 

2002). By contrast, normal adjacent kidney tissues exhibit the opposite relationship (Figure 

6D). Similarly, we observed inverse relationships for all other examined substrates, DUSP7 

(10/10), Daxx (14/14) and Gli2 (14/14).

Finally, to determine whether the decrease of SPOP targets promotes ccRCC tumor cell 

survival, we restored PTEN and DUSP7 by ectopically expression in A498 ccRCC cells and 

found that cellular apoptosis was strongly induced (Figure 6E). Consistent with this finding, 

knockdown of DUSP6 and DUSP7 together led to an increase of cell proliferation in ccRCC 

cells (Figure S6B and S6C).

DISCUSSION

Our results indicate that HIF can drive SPOP over-expression in ccRCC and over-expressed 

SPOP accumulates in the cytoplasm of ccRCC. In turn, accumulation of cytoplasmic SPOP 

in ccRCC cells appears to directly result in the degradation of PTEN, DUSP6, DUSP7, 

Daxx, and Gli2. We suggest that the concerted loss of function of these proteins in ccRCCs 

leads to tumorigenic phenotypes. Therefore, cytoplasmic SPOP appears to drive 

tumorigenesis by acting as a key regulatory ‘hub’ protein that orchestrates cancer 

phenotypes through the modulation of several critical cellular pathways (Figure 6F).

The HIF signaling pathway and the PTEN/mTOR pathway are currently the major 

therapeutic targets in ccRCC treatment. We suggest here that, as a regulatory hub driving 
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tumorigenesis in ccRCC, SPOP has potential to be an efficient drug target. Knocking down 

SPOP leads to apoptosis in ccRCC cell lines but not in HEK293 and HeLa cells, where 

SPOP is in the nucleus. In addition to considering SPOP itself as a target, we also suggest 

that combinatorial modulation of the signaling pathways regulated by SPOP may have the 

potential to be more effective than the current targeted therapies alone.

Several issues about SPOP function in ccRCC remain to be explored. For example, given 

the promiscuity of SPOP in targeting critical proliferative and apoptotic pathway 

components, it is unlikely that the proteins studied here are the only critical cellular targets. 

While we focused our discovery of new targets on proteins with DUSP domains, genome-

wide there are dozens of potential SPOP substrates. However, the modulation of PTEN, 

ERK, and Hh (through Gli2) signaling clearly has major effects on proliferation, and these 

results clearly demonstrate that SPOP is acting as a critical hub in a network involving 

multiple cancer-related pathways. In doing so, SPOP appears to be both necessary and 

sufficient for tumorigenic phenotypes.

Another open question is what molecular mechanism accounts for SPOP mislocalization to 

the cytoplasm. Although we demonstrate that hypoxia can drive accumulation of SPOP in 

cytoplasm, a number of possibilities exist for how it transfers from the nucleus to the 

cytoplasm or vice versa. Since no SPOP mutation has been detected in kidney cancers thus 

far (Liu et al., 2009; The Cancer Genome Atlas Research, 2013), post-transcriptional 

modifications on SPOP, such as phosphorylation and ubiquitination on its nuclear 

localization signal, may regulate its location. It has been extensively reviewed elsewhere 

that post-transcriptional modifications can regulate nuclear import (Hung and Link, 2011; 

Nardozzi et al., 2010). Alternatively, this translocation may also be regulated by interaction 

with transfer proteins regulated by hypoxia, since protein–protein interactions also serve as 

an important regulatory mechanism of protein translocation (Hung and Link, 2011). 

Localized and targeted degradation of SPOP is also an intriguing mechanism, although 

attempts in our hands to determine whether it could be a target of obvious candidates such as 

VHL have been negative (Karmakar et al., unpublished data). Exploring the molecular 

mechanisms of cytoplasmic SPOP accumulation is an important direction to pursue in the 

future.

Finally, our previous screening also observed that SPOP was overexpressed in several other 

tumors, including some cases of endometrial and germ cell tumors (Liu et al., 2009). The 

role of SPOP in these tumor types is unexplored, as is the role of mutant SPOP or its LOH in 

prostate and breast cancers (Berger et al., 2011; Li et al., 2011). The identification of loss-

of-function SPOP in these other tissues warrants the caution in development of any 

therapeutic interventions that systemically inhibit SPOP function. Indeed, SPOP may be 

acting as a tumor suppressor in breast and/or prostate cancers, but our results clearly indicate 

that it acts as an oncoprotein in ccRCCs. Considering hypoxia stress plays important roles in 

many different tumors, future efforts to develop tools that selectively modulate SPOP may 

be beneficial for treating a wide range of tumors.
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EXPERIMENTAL PROCEDURES

Chromatin immunoprecipitation (ChIP)

ChIP was performed as previously described (Polo et al., 2008). Briefly, ChIPs for HIF-1α 

were performed with 10 to 20 × 106 Caki-2 cells under normoxic and hypoxic conditions 

using 5 ug HIF-1α antibody (Novus, NB100-134). An IgG antibody (Upstate 

Biotechnology) was used as a negative control. Enriched DNA fragments were detected by 

qPCR and are presented as enrichment relative to input.

Luciferase reporter assay

DNA fragments spanning the potential HIF binding peak in SPOP 

(chr17:45,109,830-45,109,897 and a serial mutants to the potential hypoxia-response 

elements (HRE) were cloned into PGL4.23 [luc2/minP] vector (Promega, E841A). Plasmids 

were then co-transfected in K293 cells with a transfection controlling plasmid pGL4.23 

[hRluc/TK] (Promega, E692A). After 24 hr, cells were transfected with two independent 

siRNA oligos to HIF-1α (Dharmacon, J-004018-07 and J-004018-10) and further cultured 

under normoxic and hypoxic (1% O2/5% CO2/94% N2) condition for another 20 hours. 

Luciferase activity was measured using the Dual-glo luciferase kit (Promega, E2920).

Immunohistochemistry

Primary human kidney cancer samples were obtained from the Department of Urology, First 

Hospital of Peking University with patients’ consent and approval of the institutional review 

board of Peking University. Immunohistochemistry was performed according to the method 

previously used (Cen et al., 2007) with appropriate antibodies (Supplemental Experimental 

Procedures).

Immunofluorescence microscopy

Immunofluorescence was carried out as described (Gottfried et al., 2004). Mouse anti-SPOP 

mAb (clone 5G) was used as the primary antibody. The slides were examined using a Leica 

Tcs Sp5 confocal laser scanning microscope (Supplemental Experimental Procedures).

Proliferation assay

HEK293 cells were transfected with SPOP, SPOP-cyto or control empty vector. Cell 

proliferation was measured by BrdU incorporation (Roche, Cell proliferation ELISA kit) 

according to the manufacturer’s instructions.

Apoptosis assay

Caspase 3/7 activities were measured using the Apo-ONE® Homogenous Caspase Assay kit 

(Promega) according to the manufacturer’s instructions. After incubated for 2 hr at room 

temperature, fluorescence was detected by a Fluoroskan Ascent FL microplate reader 

(Thermo Scientific).
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Tumor xenograft experiments

Stable HEK293 cell lines expressing SPOP, SPOP-cyto or the control empty vector were 

established as previously described (Kass et al., 2007). Briefly, a total of 5 × 106 tumor cells 

were injected subcutaneously into BALB/c nude mice. Animals were sacrificed at 6 weeks 

after cell injection to investigate the tumor formation. A total of 19 mice were used for each 

construct with experiments replicated under similar conditions at the Chinese Academy of 

Science and The University of Chicago. All of the animal experiments were approved by the 

Committee on the Use of Live Animals in Teaching and Research at the Institute of 

Biophysics, CAS as well as the Institutional Care and Use Committee at the University of 

Chicago in accordance with the NIH Guide for the Care and Use of Laboratory Animals.

Immunoprecipitation

Cells were transiently transfected with the indicated plasmids. Twenty-four hours after 

transfection, cells were harvested with RIPA buffer and briefly sonicated at 4°C. Lysates 

were immunoprecipitated with anti-myc or anti-flag conjugated agarose beads (Sigma). 

Precipitates were analyzed on SDS–polyacrylamide gels.

In vivo ubiquitination assay

In vivo ubiquitination assays were based on the protocol previously described (Liu et al., 

2009). Briefly, HeLa cells were transfected with the indicated plasmids. Twenty-four hours 

after transfection, cells were treated with 10 µM MG132 (Calbiochem) for 4 hr before 

harvesting. Cells were then lysed in denaturing buffer (1% SDS/50mM Tris [pH 7.5], 

0.5mM EDTA/1mM DTT). After incubation for 5 min at 100°C, the lysate was sonicated 

and diluted 10 times with RIPA lysis buffer and subjected to co-immunoprecipitation with 

anti-c-myc-conjugated agarose beads (Sigma, rabbit antibody) followed by immunoblotting 

analysis with anti-HA antibody (Sigma, H9658).

In vitro ubiquitination assay

In vitro ubiquitination was performed as reported previously (Zhuang et al., 2009) 

(Supplemental Experimental Procedures).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Transcriptional factor HIF can regulate the expression of SPOP in ccRCC

Hypoxia drives SPOP accumulation in ccRCC cell cytoplasm which promotes 

tumorigenesis

SPOP mediates the ubiquitination and degradation of PTEN and DUSP7

SPOP targets, PTEN, DUSP7, DAXX and Gli2, are downregulated in all primary ccRCC
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Significance

Tumor cells can adapt to hypoxic microenvironments in several different ways to 

promote tumor growth including stimulating angiogenesis. Herein, we demonstrate that 

hypoxia can drive the cytoplasmic accumulation of SPOP, and that cytoplasmic 

accumulation of SPOP is sufficient to convey tumorigenic properties onto otherwise non-

tumorigenic cells by targeting PTEN and several other tumor suppressor molecules for 

E3 ligase mediated degradation. This tumor-promoting function of SPOP stands in 

contrast to its pro-apoptotic role in the cell nucleus. These results have elucidated a major 

mechanism that contributes to tumorigenesis in ccRCC, connecting hypoxia response and 

ubiquitin-mediated degradation of tumor suppressors. The oncogenic role of cytoplasmic 

SPOP makes it a promising candidate for therapeutic intervention.
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Figure 1. HIF activates SPOP expression
(A) Immunoblots of endogenous SPOP in four paired ccRCC tumor and adjacent non-tumor 

tissue samples. Numbers indicate the relative density of the tumor tissue verse normal tissue 

as evaluated using Image J software. SPOP was detected by immunoblotting with an anti-

SPOP antibody (clone 6C). Tubulin was used as a loading control.

(B) HIF-1α ChIP-seq peak within the first intron of the SPOP gene (arrow). ChIP signal 

intensity represents differential binding between input/mock IP control and HIF-1α antibody 

ChIP. The ChIP signal intensity represents the differential binding.

Li et al. Page 19

Cancer Cell. Author manuscript; available in PMC 2015 May 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(C) Luciferase reporter assays indicate that the HIF binding peak in the first intron of SPOP 

(chr17: 45,032,738–890) is functional. The wild-type and HRE (CGTG) mutated or deleted 

HIF binding sequence were cloned into a pGL3-promoter vector. Luciferase activities were 

normalized to Renella luciferase, and the results are represented as values relative to the 

empty vector. Hypoxia was induced using a hypoxia chamber (1% O2/5% CO2/94% N2). 

RNAi knockdown was performed with two independent siRNAs to HIF-1α.

(D) SPOP mRNA expression is activated under hypoxic conditions in the Caki-2 ccRCC cell 

line. VEGF was used as a positive control.

(E) SPOP protein abundance increases after hypoxia treatment in Caki-2 cells. Tubulin was 

used as a loading control.

(F) In either HIF-1α- or HIF-2α-transfected HEK293 cells, SPOP protein expression was 

induced. GAPDH was used as a loading control.

(G) Knockdown HIF-1α down-regulated the expression of SPOP in Caki-2 cells. RNAi 

knockdown was performed as Figure 1C.

(H) SPOP mRNA expression is suppressed after two independent siRNAs knockdown of 

HIF-2α in 786-O ccRCC cells. mRNA expression was normalized to control cells exposed 

to negative control siRNAs. VEGF was used as a positive control.

(I) SPOP protein abundance decreases after knockdown of HIF-2α in A498 cells. Tubulin 

was used as a loading control.

(J) SPOP protein abundance decreases when restoring of VHL in 786-O and A498 cells. 

Cells were harvested 72 hr after transfection. GAPDH was used as a loading control.

Data in (C), (D), and (H) are presented as mean ± SD of at least three independent 

experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 based on Student’s t test. See also 

Figure S1.
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Figure 2. Hypoxia drives SPOP accumulation in the cytoplasm of ccRCC cells
(A) Immunohistochemistry reveals that SPOP accumulates in the cytoplasm of ccRCC 

tumor cells but in the nuclei of adjacent non-tumor cells. An SPOP-specific monoclonal 

antibody (SPOP-5G) was used for staining (diaminobenzidine, brown staining). Scale bar, 

20µm.

(B) SPOP localizes in the nucleus in HeLa cells under normoxic conditions but accumulates 

in the cytoplasm under hypoxic conditions (1% O2), comparable to that in Caki-2 cells; 

additional HIF expression enhances SPOP accumulation in the cytoplasm. Cells were 

stained with SPOP-5G antibody (green), and the nuclei were counterstained with DAPI (4', 

6-diamidino-2-phenylindole, blue). Scale bar, 10µm.

(C) Separation of the nuclear (N) and cytoplasmic (C) fractions confirms SPOP 

accumulation in the cytoplasm of HeLa cells under mormoxic conditions. Histone H3 and 

tubulin served as nuclear and cytoplasmic markers, respectively.

(D) Separation of the nuclear (N) and cytoplasmic (C) fractions confirms SPOP 

accumulation in the cytoplasm of HeLa cells under hypoxic conditions (1% O2). Histone H3 

and tubulin served as nuclear and cytoplasmic markers, respectively.

See also Figure S2.
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Figure 3. Cytoplasmic SPOP promotes tumorigenesis
(A) SPOP-cyto promotes cell proliferation. HEK293 cells were transfected with the 

indicated vectors for 48 hr, and cell proliferation was measured by BrdU incorporation. 

Values are normalized to empty vector-transfected control cells.

(B)SPOP-cyto overexpression upregulates the indicated anti-apoptotic marker ser184-

phosphorylated Bax (p-Bax) and proliferation markers, ser10-phosphorylated histone H3 (p-

Histone H3) and Proliferating Cell Nuclear Antigen (PCNA). SPOP-5G antibody was used 

to blot SPOP. HPRT served as a loading control.
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(C) RNAi knockdown of SPOP induces apoptosis in A498 but not HeLa cells. Apoptosis 

was evaluated by caspase 3/7 activity 48 h after siRNA transfection.

(D) SPOP-cyto promotes tumorigenesis in a xenograft model. HEK293-pcDNA3, HEK293-

SPOP or HEK293-SPOP-cyto polyclonal stable cell lines were injected subcutaneously into 

the nude mice. Six weeks later, the number of mice that formed tumors in each group was 

counted.

Data in (A) and (C) are presented as the mean ± SD of three independent experiments. *p < 

0.05 and **p < 0.01 based on Student’s t test. See also Figure S3.
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Figure 4. SPOP mediates the ubiquitination and degradation of PTEN
(A) Crystal structure of the SPOP MATH domain complex with a peptide corresponding to 

the PTEN SBC motif.

(B) Co-immunoprecipitation reveals that SPOP and SPOP-cyto bind PTEN, whereas a 

PTEN mutant lacking a functional SBC motif (SBC1, deletion of the SBC peptide residues 

359–363) is unable to bind SPOP. HeLa cells were transfected with the indicated plasmids 

and incubated with 10 µM MG132 for 4 hours before harvesting. GFP-SPOP and GFP-
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SPOP-cyto were detected with monoclonal antibody SPOP-6C.WCL represents whole cell 

lysates.

(C) Co-immunoprecipitation and immunoblots indicate that overexpressed SPOP-cyto can 

interact with and degrade endogenous PTEN in HeLa cells. GAPDH served as a loading 

control. WCL represents whole cell lysates.

(D) SPOP promotes the degradation of PTEN but not a PTEN SBC mutant (SBC2: the SBC 

motif ASSST was replaced with GGSGG). GAPDH was used as a loading control.

(E) Measurement of PTEN protein abundance by cycloheximide (CHX) chase assay. 

HEK293 cells were transfected with the indicated plasmids. Thirty-six hours after 

transfection, the cells were treated with CHX (100 µg/ml) for 2–8 h, and western blotting 

was performed. GFP-SPOP-cyto was detected with monoclonal antibody SPOP-6C. 

GAPDH was used as a loading control.

(F) Knockdown of SPOP by siRNA induces PTEN protein accumulation and increased 

phospho-Akt (Thr308) levels in A498 cells. SPOP was detected with monoclonal antibody 

SPOP-6C.

(F) In vivo ubiquitination assay reveals that SPOP promotes PTEN ubiquitination through 

the PTEN SBC domain. Cell lysates were prepared under denaturing conditions. Myc-PTEN 

was immunoprecipitated and HA-Ub was detected by immunoblot.

(G) In vitro ubiquitination assay demonstrates that PTEN is a substrate of SPOP. See also 

Table S1 and Figure S4.
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Figure 5. SPOP mediates the ubiquitination and degradation of DUSP7
(A) Ectopically expressed SPOP or SPOP-cyto can interact with DUSP7 in an in vivo co-

immunoprecipitation (co-IP) assay, whereas DUSP7-SBCm (replace SBC motif VDSSS 

with VDGGG) eliminates the interaction. HeLa cells were transfected with the indicated 

constructs and incubated with 10 µM MG132 for 4 hours before harvesting.

(B) Co-immunoprecipitation and immunoblots indicate that overexpressed SPOP-cyto can 

interact and degrade endogenous DUSP7 in HeLa cells. GAPDH served as a loading control.
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(C) SPOP promotes DUSP7 degradation. HEK293 cells were transfected with the indicated 

constructs. GFP-SPOP and GFP-SPOP-cyto were detected with monoclonal antibody 

SPOP-6C. GAPDH was used as loading control.

(D) Immunoblots demonstrate that neither SPOP nor SPOP-cyto can degrade DUSP7-

SBCm.

(E) In vivo ubiquitination assay reveals that SPOP promotes DUSP7 ubiquitination through 

the DUSP7 SBC domain. Cell lysates were prepared under denaturing condition. Myc-

DUSP7 was immunoprecipitated, and HA-Ub was detected by immunoblotting.

(F) In vitro ubiquitination assay demonstrates that DUSP7 is a substrate of SPOP.

See also Figure S5.

Li et al. Page 27

Cancer Cell. Author manuscript; available in PMC 2015 May 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. SPOP regulates multiple targets in kidney cancer
(A) Immunoblots indicate that knockdown of SPOP induces PTEN and DUSP7 protein 

accumulation and decreased phosphor-Akt (Thr308) and phospho-ERK (Thr202/Tyr204) 

levels in A498 cells. GAPDH served as a loading control.

(B) Immunoblots demonstrate that knockdown of SPOP in Caki-2 cells induced Daxx and 

Gli2 protein accumulation. GAPDH was used as loading control.

(C) Daxx, PTEN and DUSP7 protein abundance decrease under hypoxia treatment in HeLa 

cells.
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(D) Immunohistochemistry staining indicates a reduction in multiple SPOP targets, PTEN, 

DUSP7, Daxx and, in ccRCCs patient samples compared with their adjacent normal tissues 

(diaminobenzidine, brown staining). One pair of representative samples is shown. Scale bar, 

50µm.

(E) Restoring of PTEN and DUSP7 induces apoptosis in A498. Caspase 3/7 activity was 

analyzed to evaluate cell apoptosis. Values were normalized to control and expressed as 

mean ± SD of three independent experiments. *p < 0.05 based on Student’s t test.

(F) Schematic overview of SPOP action as a regulatory hub in promoting tumorigenesis in 

ccRCC. Although SPOP is localized to the nucleus in normal cells, in cancer cells it 

accumulates in the cytoplasm and promotes tumorigenesis by targeting tumor suppressor 

(PTEN, DUSP7, Gli2) and pro-apototic protein (Daxx) for ubiquitin-mediated degradation.

See also Figure S6.

Li et al. Page 29

Cancer Cell. Author manuscript; available in PMC 2015 May 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


