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IDENTIFICATION OF TWO SPOP-MEDIATED PATHWAYS IN PROSTATE 

CANCER PROGRESSION 

  

 

JOSHUA FRIED 

 

GRADUATE BIOMEDICAL SCIENCES – CANCER BIOLOGY THEME 

 

ABSTRACT  

 

 Prostate cancer is one of the most common malignancies and causes of cancer re-

lated death in men. Morbidity is primarily attributed to late-stage and metastatic disease. 

Recent genomic screening studies have revealed that the Speckle type Poz Protein 

(SPOP) is the most frequently altered gene by missense mutations in prostate cancer. In-

terestingly, all of the identified mutations were located in the substrate binding domain of 

SPOP. Here, two pathways highlighting the impact of SPOP mutation on prostate cancer 

are presented. First, evidence showing that one of the naturally occurring SPOP muta-

tions, serine 119 to asparagine (S119N), induces radiosensitivity and an apparent defect 

in the DNA Damage Response (DDR). The S119N mutant SPOP causes prolonged DNA 

repair, ineffective cell cycle checkpoints and reduced viability in response to ionizing ra-

diation. Further, biochemical analysis of the functional significance of serine 119 demon-

strated that it is required for radiation induced SPOP-ATM (Ataxia Telangiectasia) inter-

action. This is further validated by studies indicating that ATM, a critical mediator of the 

DNA damage response, is required for radiation induced serine 119 phosphorylation. In 

sum, the evidence shows that ATM phosphorylation of SPOP on serine 119 is a critical 

step in the DDR. Second, a clinical cohort of prostate cancer patients was analyzed and it 

was observed that SPOP mutation is an independent predictor of metastasis. Via proteo-

mic analysis candidate proteins for SPOP regulation that also play a role in metastasis 
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were identified. It is demonstrated that SPOP interacts with and regulates ITCH protein 

levels. Further, the data indicates that SPOP mutation interrupts SPOP ITCH binding and 

leads to a subsequent accumulation of ITCH protein. Lastly, evidence demonstrated that 

increases in ITCH due to mutation in SPOP results in a concurrent loss of E-cadherin 

protein expression. Together are presented two clinically relevant SPOP-dependent path-

ways that impact prostate cancer initiation and progression. 

Keywords: SPOP, Prostate Cancer, ITCH, ATM, DNA Damage, Metastasis 
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BACKGROUND AND INTRODUCTION 

 

Introduction 

 

Cancer initiation and progression are propelled, in large part, by the malfunctioning 

of critical cellular processes. These erroneous functions cause oncogenic phenotypes that 

can be classified into one of several categories, commonly referred to as the “Hallmarks of 

Cancer” (1). The Hallmarks of Cancer are driven by oncogenic aberrations in critical 

regulatory genes that give rise to altered expression of the subsequent expressed proteins, 

which are involved in the regulation of essential cellular functions. Additionally, these 

mutations often occur within the genome of a cellular lineage stem population, contributing 

to genomic instability in an entire tissue type. Of the Hallmarks of Cancer, genomic 

instability is often associated with more aggressive disease progression. 

Mutations occurring with high frequency in diseased populations typically are either 

biomarkers or drivers of disease. Understanding the effects of oncogenic protein mutations 

within a tumor’s aberrant biology allows for the identification of disease, or even patient 

specific biomarkers, providing insight into the most effective therapeutic strategy within a 

disease subset. One such potential biomarker protein, the Speckle type POz Protein 

(SPOP), was discovered in 1997 by Nagai et al and named for the nuclear speckles it forms, 

as well as its homology to the protein-protein binding Poz domain (2, 3). Soon after its 

discovery, SPOP’s function as an E3 ubiquitin ligase adaptor protein was elucidated (4, 5).  

It was determined that SPOP’s canonical function revolves around its interaction with 

Cullin3 (CUL3) to mediate ubiquitination of target substrates. The theory that SPOP’s 

canonical function was tumor suppressive emerged from early studies identifying SPOP 



2 

 

substrates; many of which are known oncogenes (5-8). These studies suggested that SPOP 

mutation could result in a downstream dysregulation of critical oncogenic proteins and 

could contribute to disease progression. Indeed, meta-analysis of prostate cancer patient 

populations indicates that the gene encoding SPOP frequently bears mutations in critical 

domains (Figure 1), thereby affecting its function (2). 

SPOP gene and protein 

In 2009, Zhuang et al resolved the structure of wild-type SPOP, and determined that 

the protein is composed of 374 amino acids and two domains: an N-terminal Meprin and 

T-raf Homology (MATH) domain spanning residues 28-166 and a C-terminal Bric-A-Brac 

Tramtrak Broad (BTB) domain compromising residues 172-329 (9). The BTB domain 

facilitates the formation of a dimer-dimer complex with the CUL3 N-terminal domain. 

Through this interaction, SPOP participates in ubiquitination and protein degradation; 

whereas, substrate binding is mediated by the MATH domain (10, 11). The MATH domain 

is centrally located in a V-shaped groove composed by SPOP-CUL3 dimers. This dimeric 

structure allows for greater flexibility for binding and higher avidity for target substrates 

(Figure 2) (12).   

 

 
 
 

Figure 1: Linear representation of SPOP with the location of prostate cancer 

mutants. (Adapted from Zhuang et al. 2009.) 
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Intriguingly, in prostate cancer a majority of the clinically observed mutations are 

localized to this domain (Table 1) (2). SPOP mutation in this domain leads to malfunction, 

accumulation of oncogenic substrates and potentially undiscovered downstream 

consequences resulting in tumor formation and progression. Table 2 lists the previously 

identified SPOP substrates and their cellular function. Of interest in the work presented 

here, is the functional consequence of the clinically observed mutations within the MATH 

domain in the context of prostate cancer. 

 

 

 

 

 

 

 

 

                           
Figure 2: Cartoon representation of SPOP binding with Cul3 and 

substrate. SBM is the SPOP binding motif of nonpolar, polar, S, S/T, S/T.  
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SPOP Substrates 

Protein Name Protein Function 

MacroH2.A Chromatin Organization / Accessibility 

PDX1 Insulin / Glucose Transport 

Daxx Transcription Repression / Apoptosis 

regulation 

ERa Hormone Signaling / Growth / 

Development 

HHIP Hedgehog Signaling / Development 

Gli2/3 Hedgehog Signaling / Development 

SRC3 Hormone Signaling 

AR Hormone Signaling / Growth / 

Development 

SUFU Hedgehog Signaling / Development 

DUSP7 Tyrosine Phosphotase / Multiple Pathways 

PTEN Phosphotase / Metabolism 

DDIT3 ER Stress 

DEK mRNA Processing 

ERG Transcription factor Multiple Pathways 

SENP7 Senescence 

PR Hormone Signaling / Growth / 

Development 



5 

 

TRIM24 Transcriptional Control of Nuclear 

Receptors / Multiple Pathways 

SETD2 Epigenetic Regulation 

CDC20 Cell Cycle Regulation 

Sirt2 Deacetylase 

EgIN2 Oxygen Response 

C-Myc Transcription Factor / Multiple Pathways 

INF2 Mitochondrial Dynamics 

HDAC6 Epigenetic Regulation 

BRD4 Chromatin Reader 

PDL1 Apoptosis / Immune Response 

MMP2 ECM regulation 

Table 1: List of known SPOP substrates. The known SPOP substrates and the 

major cellular pathway that the substrate is involved in. 
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Description of SPOP Alterations in Different Cancer Subtypes 

Organ Type(s) of Alteration(s) 

Prostate  Missense Mutations, Loss of Expression 

Endometrium Missense Mutations, Loss of Expression 

Breast Loss of Expression 

Brain Loss of Expression 

Colorectal Loss of Expression 

Gastric Loss of Expression 

Kidney Overexpression, Cytoplasmic Localization 

Liver Missense Mutations 

Ovary Amplification, Deletion 

Thyroid Missense Mutations 

Lung Loss of Expression 

Table 2: List of SPOP alterations. Table 2 lists the published SPOP alterations and 

the tissue where the alterations occur.          
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Canonical Function of SPOP and Implications in Prostate Tumor Suppression 

SPOP binds to CUL3 via the BTB domain to form a complex for ubiquitinating 

target proteins (5). Ubiquitin (Ub) is a small regulatory protein that is covalently attached 

to target proteins, and labels them for proteosomal degradation (13). During the 

ubiquitination process,  ubiquitin proteins interact with the substrate domain and Ub-E3 

ligase, a substrate enzyme, to modulate the Ub system (14). E3 ligases can be grouped into 

the Really Interesting New Gene (RING) domain or the closely related U-box domain. The 

RING domain combined with the Cullin family can provide a scaffold for ubiquitin ligases 

(E3s) to form Cullin-RING ligases (CRLs) (15, 16). Ubiquitin ligases play an important 

role in maintaining genome stability and cell cycle control (17). Notably, control of the 

accumulation of cyclins and Cell Division Cycle 20 (CDC20), a substrate of SPOP, are 

crucial to maintaining the proper timing of the cell cycle and preventing aneuploidy. 

 In 2012, a critical tumor sequencing study demonstrated that SPOP mutation 

events were mutually exclusive with Trasnmembrane Protease serine 2-E26 

Transformation Specific (TMPRSS2- ETS) gene fusion events, which occur in almost 70% 

of cases. These findings have since been supported by other tumor sequencing efforts (18-

23). Taken together, these findings suggest that SPOP mutation may be an early event in 

prostate cancer tumorigenesis and that mutant SPOP is a potential driver of prostate cancer. 

Indeed, this hypothesis has been supported by in vivo data by two investigations showing 

that mutation or ablation of SPOP protein can lead to mouse prostate neoplasia (24, 25). 

Further supporting the evidence of SPOP as a tumor suppressor is the steadily 

growing list of SPOP substrates, many of which are potent oncoproteins that have been 

shown to be differentially regulated at the protein level. Most prominent among these 
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substrates in prostate cancer is the androgen receptor. In 2013 it was first verified that 

SRC3 is a SPOP substrate, and that SPOP mutants lost the ability to regulate Steroid 

Receptor Co-activator 3 (SRC3) resulting in aberrant androgen receptor (AR) activity (26). 

Additional evidence of SPOP’s regulation of AR was then characterized in 2014, with a 

follow up study showing that SPOP can also directly regulate AR protein levels (27, 28). 

AR has been shown to be a critical driver of prostate cancer in both treatment naïve tumors 

and in post treatment “castration resistant” tumors (29).  Another notable SPOP substrate 

is the ETS related gene (ERG) oncoprotein. ERG can be a potent driver of prostate cancer, 

even in the absence of a TMPRSS2 gene fusion (30).  Multiple studies have shown that 

SPOP regulates ERG protein stability and degradation, and that SPOP mutation led to ERG 

accumulation, subsequently promoting an invasive phenotype (31-33).  A study in 2014 

demonstrated that SPOP, but not its mutant variants, ubiquitnates and promotes the 

degradation of a chromatin organizing protein, DEK proto-oncogene (DEK). It was shown 

that DEK accumulates in tumor samples bearing SPOP mutations (34). Other SPOP 

substrates suggest it plays a role in senescence, cell cycle regulation and histone 

modification (25, 35-41). The list of SPOP substrates is likely not complete, and will 

continue to grow as SPOP mutants are further studied.  

SPOP’s Emerging Role in the DNA Damage Response 

Maintaining genomic integrity is crucial for the health and long-term survival at 

both the cellular and organismal level. Insults to DNA can come from both exogenous 

sources such as ionizing radiation (IR) and hazardous chemicals, or from endogenous 

sources such as reactive oxygen species (ROS) or even from self-imposed DNA damage 

during specific cellular processes (42-44). The DNA damage response (DDR) is a multi-
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layered, highly regulated system of pathways that monitors, responds to, and corrects any 

aberrations to the genome (45). In addition to monitoring for damage to the DNA, the DDR 

is critical in cell cycle regulation checkpoints, halting progression at each transition to 

ensure incidental damage is not propagated to daughter cells (44, 45). The DDR employs 

multiple pathways; including but not limited to: base excision repair (BER), and nucleotide 

excision repair (NER) to resolve single strand breaks (SSBs) along with non-homologous 

end joining (NHEJ) and homologous recombination (HR) to repair double strand breaks 

(DSBs) (42, 46-50). As a therapeutic strategy, defects with the DDR, specifically the DSB 

repair pathways can be exploited with certain classes of chemotherapy or radiation therapy 

to critically damage cancer cells, but this carries the risk of collateral damage to non-

cancerous cells (42). 

  Central to the DSB response pathway is the ataxia telangiectasia mutated kinase 

(ATM), which serves as a hub protein to coordinate intracellular response to DNA damage 

(51, 52). Named for the disease caused by its mutation; ataxia telangiectasia (AT) causes 

the nominal symptoms ataxia and telangiectasia, (loss of body control and red patterning 

of the skin respectively) additionally, patients with this malady display increased 

radiosensitivity and a loss of DNA damage induced checkpoints (Figure 3). The 

subcellular consequence of the mutation typically exposes the affected person to higher 

genome wide mutation burden, genomic instability, and subsequent susceptibility to 

developing cancers (53-59).  
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 ATM is a large, multi-domained protein with heat repeats and a C-terminal kinase 

domain (60, 61). ATM is recruited to sites of DNA damage by Nijmegen breakage 

syndrome (NBS1), a component in the Mre11, Rad50, NBS1 (MRN) complex via heat 

repeat binding (51, 52, 62). Once properly localized, ATM undergoes auto phosphorylation 

on S1981 and becomes active (63). Once active, ATM will then begin to phosphorylate a 

multitude of downstream effector proteins (51, 52). The ATM kinase domain recognizes 

target substrates via a consensus sequence XS/TQX (Serine, Threonine,  Glutamine (Q), X 

any amino acid) flanked by hydrophobic or acidic residues (64). Chief among ATM’s 

substrates is the histone protein, H2A histone family member X (H2AX). ATM 

phosphorylates H2AX on S-139 producing γH2AX (65). Co-localization of γH2AX with 

DNA lesions initiates a signaling cascade to repair damaged DNA (66). The list of 

substrates of ATM is ever growing, and the consequences of ATM phosphorylation span 

 
 

Figure 3: ATM involvement in cell cycle checkpoints. 
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across biochemical pathways from maintenance of cell cycle progression, to entering 

senesce, and even apoptotic signaling (67-70).  

Currently, there are two reports that suggest SPOP has a role in the DDR. 

Preliminary work has shown that after DNA damage, SPOP interacts with ATM, and co-

localized partially with γh2AX as detected by confocal microscopy. Additionally, 

depletion of SPOP induced sensitivity to ionizing radiation (71). The other report 

demonstrated that SPOP mutants favor using the relatively error prone NHEJ DNA repair 

pathway opposed to the higher fidelity HR pathway (Figure 4) (72).  

 

 

 

 

 

 

 

 

 

 

 

Together, these findings suggest SPOP is involved in the DNA damage response 

although the exact mechanism is not yet understood. Given the clinically observed S119N 

mutation within the MATH domain, the data contained within explores the significance of 

this mutation in the context of SPOP’s role in the DDR. 

Figure 4: 

Schematic 

diagram 

outlining the 

functional roles 

of SPOP.  

Diagram of the 

normal 

functions of 

SPOP and how 

these are 

interrupted by 

mutations 

and/or loss of 

expression in 

Prostate 

cancer. 
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Induction of DNA damage as a therapeutic strategy encompasses targeted ionizing 

radiation and DNA alkylating drugs such as the platinum class of drugs among others.  The 

efficacy of these therapies is evident in their long and continued use as standard-of-care 

and frontline therapy (73). We sought to further explore SPOP function in the DDR via 

the putative ATM recognition site at S119 to elucidate the mechanism by which the SPOP-

ATM interaction contributes to the response. SPOP interaction is significant enough in the 

context of genomic stability to provide an exploitable therapeutic target to induce 

radiosensitivity in tumors. Additionally, SPOP mutation could be used as a biomarker to 

identify patients where DNA damaging agents would be more effective.  

SPOP, ITCH, and the EMT 

The epithelial-mesenchymal transition (EMT), a process where epithelial cells 

acquire mesenchymal like properties, is a used in development and wound healing by 

normal cells but is misappropriated by malignant cells during cancer progression (74-76). 

Epithelial cells are typified by strong cell junctions and well-defined cell polarity, whereas 

mesenchymal cells have increased mobility, invasiveness, and spindle like morphology 

(75, 77). EMT is driven by transcription factors Snail, Slug, Twist, and Zinc Finger E-box 

Binding Homeobox 1 (ZEB1), among others sometimes referred to as ‘EMT-TFs’, as well 

as differential expression of cadherin family members (78-80). EMT has also been shown 

to give cells a more stem phenotype in multiple cancer types (81-84). Evidence also shows 

that EMT contributes to tumor heterogeneity and resistance to chemotherapies. All of these 

complicate treatment of disease (85-87). 

Metastasis is the primary cause of cancer related death across all subtypes (88). The 

metastatic process is complex and involves multiple steps, referred to as the “invasion-
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metastasis cascade” (89-91). This process characteristically involves the invasion of 

surrounding tissues, intravasation into blood vessels, traveling to a new niche, 

extravasation, and finally, colonizing the new site. The EMT is integral to the metastasis 

cascade (76).  

Analysis of our clinical data showed that presence of a SPOP mutation strongly 

correlated with metastatic prostate cancer. Proteomic screening of a cell culture model 

based on this analysis showed that the protein ITCH (AIP4 / Itchy homology) is a putative 

target for SPOP regulation. This was further evidenced by the presence of a SPOP target 

motif in ITCH’s amino acid sequence and additionally, by increased ITCH protein levels 

in lysates with depleted SPOP. ITCH, itself, is an E3 ubiquitin ligase that appends ubiquitin 

molecules to proteins often resulting in their destruction (92-94). Much of the literature 

describing the functions of ITCH denotes its role in the immune response. However, ITCH 

function is not limited to immune modulation.  

Along with its role in the immune system ITCH ubiquitination activity has been 

shown to be involved in multiple cellular pathways; it is critical for the degradation of lipid 

soluble proteins giving an important role in lipid turnover (95-98). Additionally, ITCH is 

critical for the regulation of four potent proteins: JUN proto-oncogene (JUN), Cellular 

FLICE-like inhibitory protein (FLIP), Human Epidermal growth factor Receptor 2  

(HER2), and Tumor Necrosis Factor (TNF) (99-111). Interestingly, there also exists 

evidence that ITCH promotes cell motility via down regulation of SMAD family member 

7 (Smad7), a transcriptional regulator of Transforming Growth Factor β (TGFβ), to 

promote EMT (112).  Another study shows that ITCH down regulates Hippo function, thus 

increasing the oncogenic function of Yes Associated Protein (YAP) to promote 
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tumorigenesis by increasing cell proliferation, survival, and EMT (113). Involvement in 

the degradation of these proteins suggests that ITCH can be a tumor suppressor in certain 

contexts, and an oncogene in others. We hypothesize that the SPOP-ITCH regulatory axis 

is a major contributor to EMT in prostate cancer.  Therefore, elucidating how SPOP 

impacts the EMT pathway via ITCH regulation is crucial to understanding SPOP mutation 

effects on tumor progression and metastasis.  

Summary of works in this thesis 

Presented in this work are two putative SPOP signaling pathways that provide 

insight into the significance of SPOP mutations in prostate cancer progression and 

metastasis. The first, shows the emerging role of SPOP in the DDR, first as a substrate of 

ATM and subsequently as a protein-level regulator of components of the DNA repair 

mechanism. The second, displays the more canonical function of substrate turnover 

regulation as a prostate cancer tumor suppressor.  

 The critical role of SPOP in the DDR is linked to an ATM recognition site at serine 

119 in the MATH domain.  This is a naturally occurring mutation site in the patient 

population.  We determined the significance of this site through a series of radiation 

sensitization experiments on all clinically relevant SPOP mutants.  Only one mutant, 

serine 119 to asparagine (S119N) caused increased radiosensitivity. This mutation also 

caused prolong accumulation of γH2AX, and a loss of the Gap2/Mitosis (G2/M) 

checkpoint. Additionally, S119N increased the percent of micronuclei positive cells after 

radiation. Next, SPOP’s interaction with ATM was interrogated when serine 119 was 

mutated. Serine 119 mutation disrupted SPOP ATM binding, even in the presence of 

radiation induced DNA damage. Further, ATM could not phosphorylate SPOP if serine 
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119 was mutated. Next, the biochemical relevance of serine 119 was tested by using an 

alanine substitution instead of asparagine. Alanine substitution caused many of the same 

phenotypes of asparagine, demonstrating the relevance of ATM phosphorylation at this 

site. The in vitro data was then support by in vivo data showing tumors expressing mutant 

SPOP were more radiosensitive than wild type expressing tumors in a murine model. 

Tumors bearing the S119N are likely to have a higher mutational burden due to defects in 

the DNA repair mechanisms, promoting oncogenesis and tumor progression.  

 In our study of the canonical function of SPOP as an E3 Ubiquitin ligase, a clinical 

analysis of a cohort of prostate cancer patients revealed that SPOP mutation correlated 

strongly with metastatic disease. A proteomic screen of lysates from prostate cancer cells 

with depleted SPOP was done to identify a novel SPOP substrate that also has a role in 

metastasis. ITCH was found to fit the above criteria and was chosen for validation and 

further study. Evidence showed that SPOP interacted with and regulated the levels of ITCH 

protein. Mutant variants of SPOP lost the ability to bind to and regulate ITCH protein. 

Depletion or mutation of SPOP decreased the protein levels of E-cadherin, an important 

regulator of EMT. 
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Abstract 

The Ataxia-telangiectasia mutated (ATM) kinase phosphorylates a multitude of 

targets to facilitate the DNA damage response (DDR). Here, we report a prostate cancer-

associated mutation of Speckle POz Protein (SPOP) and its impact in the DDR. We show 

that prostate cancer cells harboring the SPOP serine 119 to asparagine substitution (S119N) 

have prolonged DNA repair, an ineffective cell cycle checkpoint, and hypersensitivity to 

ionizing radiation (IR). We prove that serine 119 is required for SPOP interaction with 

ATM, and demonstrate that ATM phosphorylates SPOP serine 119 in response to DNA 

damage. The functional significance of ATM-mediated SPOP phosphorylation is 

demonstrated by both in vitro and in vivo evidence to regulate radiosensitivity, cell cycle 

checkpoints, and DNA repair. Further, we identified potential SPOP interactions in 

response to DNA damage. Taken together, we highlight a novel DDR pathway mediated 

by ATM phosphorylation of SPOP. These findings have clinical impact for prostate cancer 

patients as DNA damaging therapies may be particularly effective in this subgroup. This 

also provides the first evidence for a pathophysiological relevant mutation linked to ATM 

phosphorylation. 

Keywords: SPOP, Prostate Cancer, ATM, DNA Damage Response  
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Introduction 

Prostate cancer is the most common non-skin cancer in American men (114).  

Despite advances in both screening and treatment, it still remains a significant health risk 

(114). Genomic aberrations in prostate cancer include alterations of AR, p53, TMP ETS, 

and others (115, 116). A tumor sequencing study has shown that SPOP, an E3 ubiquitin 

ligase adaptor, is among these frequent mutations in prostate cancer (2). SPOP mutation 

has been demonstrated to be an early event in prostate cancer development (22). 

Interestingly, all of the cancer associated mutations occur in the substrate binding MATH 

domain (2, 9, 19). SPOP forms a complex with the CUL3 ubiquitin ligase (9), once bound 

to CUL3, SPOP mediates the ubiquitination and subsequent degradation of its substrates 

(9). Multiple substrates have been identified with many of them being known oncogenes, 

such as AR, SRC3, ERG, DEK, CDC20, and Bromo-domain containing 4 (BRD4) (8, 27, 

33-35, 117). These findings, and others, posit that SPOP is a tumor suppressor in the 

prostate cancer setting.  Although substrate regulation has garnered most of the attention, 

we and others have also shown that SPOP plays a role in the DDR (71, 72), and clinical 

data support the notion that SPOP mutation is associated with genomic instability (2). 

Further understanding SPOP’s role in the maintenance of genome stability will provide 

insights into prostate cancer tumorigenesis and indicate a unique clinical outcome of a 

subgroup of patients.  

The DDR is crucial for maintaining genome stability (45). An efficient DDR 

protects cells from both endogenous and exogenous genotoxic insults (45), and alterations 

in the genome are the cause of many cancers (1). The DDR is orchestrated by a 

comprehensive signaling transduction network which includes transcriptional regulation 
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and posttranslational modifications. Among the critical elements of the DDR network, 

ATM is the central regulatory kinase (63). Mutation in the ATM gene causes an autosomal 

recessive disease called Ataxia Telangiectasia, which is clinically manifested by 

progressive neurodegeneration, cancer predisposition, immunodeficiency and 

hypersensitivity to ionizing radiation and radiomimetic drugs (53, 55, 118) . A 

serine/threonine kinase, ATM autophosphorylates itself and becomes active, upon 

detection of DSBs (63). Activated ATM phosphorylates numerous proteins to coordinates 

DSB repair. Despite extensive biochemical and cellular studies on ATM phosphorylation, 

these phosphorylation sites are rarely mutated in cancers, challenging the 

pathophysiological relevance of ATM-mediated phosphorylation in the disease setting.  

In prostate cancer, SPOP serine 119 mutation to asparagine (S119N) is one of the 

clinically relevant mutations (2).  Interestingly, we found that prostate cancer cells with 

S119N mutation possesses a radiosensitive phenotype. In this report, we demonstrate the 

pathway and functional importance that links ATM and SPOP, highlighting 

pathophysiological significance of ATM-mediated phosphorylation.  
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Materials and Methods 

Cell culture 

Prostate cancer cell lines PC3，DU-145 and LNCaP cells were purchased from the 

American Type Culture Collection (ATCC, Manassas, VA, USA).  PC-3 cells were grown 

in DMEM supplemented with 10% fetal bovine serum (FBS) and 5% 

penicillin/streptomycin (P/S). DU-145 and LNCaP cells were grown in RPMI with 10% 

FBS, 5% P/S and 5% L-glutamine. LNCaP cells with tetracycline-inducible HA-SPOP 

expression were graciously provided by Dr. Nick Mitsiades (Baylor School of Medicine) 

(26). These cells were grown in RPMI with 10%FBS, 5% P/S, 5% L-glutamine, and 30 

ug/mL G418 (Gibco, Dublin, Ireland). PWR1E prostate epithelial cell lines (ATCC) were 

grown in PREBM media supplemented with the nutrient bullet kit (Lonza, Mapleton, IL).  

Irradiation 

Ionizing radiation was delivered by an X-Rad 320 irradiator (Precision X-Ray Inc. 

N. Branford, CT, USA). 

Antibodies and plasmids 

  Mouse anti-HA, and rabbit anti-GAPDH were purchased from Cell Signaling 

(Danvers, MA, USA). Rabbit anti-ATM, and rabbit anti-γH2AX antibodies were 

purchased from Abcam (Cambridge, MA, USA). Rabbit anti α-tubulin was purchased from 

Sigma (St. Louis, MO, USA). The phospho-(Ser/Thr) ATM/ATR substrate antibody was 

purchased from Cell Signaling. 

HA-tagged SPOP expression constructs including wild-type, Y87C, HA-F102C, 

S119N, W131G, F133L, F133V are all on the pcDNA 3.1 backbone and were provided by 
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Dr. Nicholas Mitsiades. The serine 119 to alanine mutation (S119A) was generated by site 

directed mutagenesis. 

Transfection and induction of plasmids 

Transient transfections were done using Attractene transfection reagent (Qiagen, 

Hilden, Germany), with an appropriate amount of DNA and serum free OPTIMEM (Gibco, 

Dublin, Ireland). The transfection reagent was used at a 3:1 ratio with DNA. The amount 

of DNA, transfection reagent and media were adjusted based on the amount of cells being 

transfected. 16 hours following the addition of the transfection mix, the serum free media 

was replaced with media supplemented with an additional 10% FBS. LNCaP cells were 

induced to express HA-SPOP constructs by the addition of 200ng/mL of tetracycline to the 

media for 48 hours.  

Western Blotting 

Protein lysates were electrophoresed across an SDS gel, and transferred to a 

nitrocellulose membrane. The membrane was blocked in 5% milk in TBST, and probed 

overnight at 4ºC with appropriate antibodies. The membranes were then washed and 

probed for one hour at room temperature with secondary antibodies. Finally, membranes 

were incubated in developing solution (Thermo, Waltham, MA, USA) and developed onto 

film. Densitometry was done using Image J (National Institute of Health, Bethesda, MD, 

USA). 

Micronuclei Quantification  

The micronuclei staining kit was purchased from Intellicyt (Albuquerque, NM, 

USA). Cells were plated in 384-well plates at 3000 cells per well. The cells were then 

treated with radiation and fresh media was added 24 hours following radiation. 72-96 hours 
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following radiation the cells were stained according to the protocol. Cell sorting was done 

with the IQue (Intellicyt). Analysis was done using Forecyt software (Intellicyt). 

Cell Cycle Analysis  

Transfected cells were dosed with radiation and harvested 90 minutes following 

radiation. The cells were fixed in methanol overnight at 4ºC. Fixed cells were then 

permeabilized with a solution containing 1% FBS and 1% triton-100 in PBS for 30 minutes. 

Permeabilized cells were probed with an anti-phospho H3 antibody conjugated to alexa 

fluor 488 (Cell Signaling). The cells were then washed and stained with propidium iodide 

(Molecular Probes, Eugene, OR, USA) for 30 minutes. Finally, the cells were sorted via a 

FACS Caliber (Becton Dickinson, Franklin Lakes, NJ, USA). Analysis was done using 

flowjo software.  

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)  

Transfected cells were treated with increasing doses of ionizing radiation or left 

untreated. 24 hours following radiation all cells were supplemented with fresh media. 72 

hours following radiation MTT (Acros Organics, NJ, USA), was added to the media in a 

1:10 ratio. The cells were then placed back in the incubator until the MTT had been 

metabolized. PBS was then added to the media in a 1:10 ratio and the plates were kept 

overnight at 4ºC while covered. Absorbance was read at 570nm by a Synergy 4 plate reader 

(Biotek, Winooski, VT, USA).  

Colony formation assay 

PC-3 cells were plated into six-well plates 24 hours after transfection in defined 

numbers. 24 hours following re-plating the cells were dosed with increased amounts of 

radiation. Fresh media was added after seven days. Once cell colonies had begun to reach 
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50 cells in size (10-14 days), colonies were fixed with 20% methanol. Following fixation 

the colonies were stained with crystal violet before the number of surviving colonies 

(>50cells) were counted. 

Co-immunoprecipitation (Co-IP)  

Cell lysates were pre cleared for four hours with a matrix from Santa Cruz. After 

pre clearing antibody was added along with species specific beads (Santa Cruz). The 

lysates were rotated overnight in 4ºC with the beads and antibody. The bead lysate mixture 

was washed once with PBS and spun down. The supernatant was then used for 

immunoblotting. 

In vitro kinase assay  

In vitro kinase assay was done according to the protocol from Millipore. Briefly, 

10 ng of purified constitutively active ATM (GenBank NM_000051) was incubated with 

6 µM of wild type, S119N, or S119A SPOP peptide (Biomatik, Wilmington, DE, USA) of 

10 amino acids in length or full length p53 in the presence of reaction buffer. 250 µM of 

ATP solution containing magnesium and manganese acetate was added to start the reaction. 

The reaction was allowed to proceed for one hour at room temperature. The reaction was 

stopped using ADP Glo reagents (Promega, Madison, WI, USA). Absorbance was read 

using a Synergy 4 plate reader (BioTek). 

In Situ Proximity Ligation Assay (in situ PLA) 

LNCaP cells were plated on to coverslips. Following induction cells were mock-

treated or dosed with 5Gy of IR. Two hours following IR, coverslips were blocked and 

permeabilized with buffer from Duolink/Sigma. Then, cells were probed with mouse anti-

HA and rabbit anti-ATM antibodies and stained with the Duolink PLA kit. Slides were 
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imaged with confocal microscopy (Nikon, Tokyo, Japan). Cellular PLA foci, which 

denotes an interaction, were counted for each experimental condition from at least five 

different fields of view.  

In vitro binding assay  

Binding assays were conducted using biolayer interferometry (BLI) on an OctetRed 

(Pall ForteBio, Menlopark, CA, USA) with Protein A labeled dip-and-read biosensors.  

Recombinant constitutively active ATM was loaded onto the biosensors at a concentration 

of 2ng/µl. Loading was done for 300 seconds (s), followed by a baseline reading then an 

association reading for 300s followed by a 600s dissociation reading.  SPOP peptide 

concentration ranged from 0.740 to 60uM in 3:1 serial dilutions for initial binding 

experiments. Binding data was analyzed using the Octet software analysis system.  

Stable Isotope Labeling of Amino Acids in Cell Culture (SILAC)  

Lysate preparation: HA-tagged SPOP was expressed in DU-145 cells. Cells were 

grown for 5-6 generations in “heavy” medium. In parallel, untransfected DU145 cells were 

grown in “light” medium. HA-SPOP-DU145 cells were dosed with two Gy IR. Two hours 

following IR, cell monolayers from both heavy and light cultures were washed once with 

PBS and scraped into RIPA buffer at 0-4°C. The cell lysates from heavy and light cells 

were clarified by centrifugation for 15 minutes at 15,000 rpm and equivalent amounts of 

extract (determined by BCA assay, Pierce, Waltham, MA, USA) were added to yield 

approximately 4-5mg of total protein/mL and a final volume of 4mL. 

Affinity beads: 500μl of HA agarose beads (Santa Cruz) suspension was washed 

once with medium salt (MS) buffer and mixed with 1mL of lysate (~ 5-7mg/mL) from light 

DU145 lysate. The beads were incubated for one hour at room temperature and washed 
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twice with MS buffer and once with high salt (HS). They were then resuspended in the 

original volume of MS buffer and used with the heavy/light lysate prepared as above. 

Affinity purification: 100μL of pre-blocked HA agarose bead suspension was then 

added to 4mL of the heavy/light mixed lysates followed by rotation at 4°C for 2hr. The 

beads were centrifuged for 2 minutes at 2000 rpm and washed once with 15-20 volumes of 

1 x CSK-NP and twice with 15-20 volumes of MS buffer. This was followed by 

resuspension of the beads in 300μL of HS buffer for 20 minutes at 0-4°C and 

centrifugation. Elution of the bait was carried out by incubation of the beads with 150-

200μL of HA elution buffer. The supernatant is the HA-peptide eluate fraction (HA peptide 

fraction). Both, HS and HA-peptide fractions were subjected to MS analysis. 

Mouse xenografts and lentivirus injection 

Athymic nude mice (4 weeks old) were purchased from the Beijing Experimental 

Animal Center and maintained in a specific pathogen–free facility approved by the 

Laboratory Animal Center of Xi’An Jiaotong University School of Medicine. For radiation 

re-growth delay studies, 1×107 LNCaP cells (mixed with Matrigel at a volume ratio of 1:1) 

were injected subcutaneously in the flank of the 4-week-old athymic nude mice. Tumor 

growth was observed every second day until the diameter of tumor reached 0.6 to 0.8 mm 

as measured by caliper. At this point animals were randomized into 8 groups (6 

mice/group): control; IR; SPOP wt; SPOP S119A; SPOP S119N; SPOP wt + IR; SPOP 

S119A + IR and SPOP S119N + IR. Radiation treatment consisted of 10-Gy for 1 fraction. 

The mice were treated with lentiviruses respectively by carefully pipetting it on top of the 

epidermis covering the tumors in 100 µl DMEM, lentivirus was administered twice per 

week. Three days post-injection, the mice were exposed to radiation. The length and width 
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of the treated tumors were measured using a Vernier caliper every two days. Tumor size 

was measured with calipers using the formula V= (a × b2)/2, in which a and b are the largest 

and the smallest perpendicular diameters, respectively. Tumors were followed individually 

until they measured greater than 800 mm3. The mean growth delay for each treatment group 

was calculated as the number of days for the mean of the treated tumors to grow to 800 

mm3 divided by the number of days for the mean of the control group to reach the same 

size.  

 

  



27 

 

Figure 1: SPOP S119N mutation 

increases radiosensitivity. Cell 

viability was assessed via MTT 

assay.  The absorbance readings 

were normalized against the 

untreated samples for the three 

radiation treatments for the eight 

different SPOP plasmids. P-value 

was generated with Student’s T test. 

 

Results 

SPOP S119N mutation impairs the DDR 

 Previous work and studies by others have demonstrated that SPOP plays a critical 

role in the DDR (71, 72), we theorized that SPOP mutations in the MATH domain have a 

distinctive cellular phenotype in response to IR treatment. We began our studies by 

assaying the radiosensitivity of prostate cancer cells expressing different SPOP mutants 

after being treated with IR. We tested a total of six mutations (Y87C, F102C, S119N, 

W131G, F133L, and F133V). Overexpression of wild-type SPOP reduced radiosensitivity, 

however, we found that only the S119N mutant caused a significant decrease in viability 

in response to IR (Figure 1). 

 

We then focused the remainder of our studies on this mutant. Both MTT and colony 

formation assay showed hypersensitivity to IR in cells expressing S119N (Figure 2A and 

2B).  
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To further study the phenotypic defects in the DDR, we interrogated the timing of γH2AX 

accumulation, a biomarker for an active DDR (119-121). γH2AX can localize to DNA 

breaks in as early as a few minutes after the occurrence of DNA damage and is typically 

cleared within 24 to 36 hours following the genetic insult. We irradiated LNCaP and PC-3 

cells expressing HA-tagged wild-type or S119N mutant of SPOP and assessed the γH2AX 

levels via Western blot (Figure 2C and 2D). We found that the accumulation of γH2AX 

in both the vector and wild-type SPOP expressing cells was greatly diminished 24 hours 

following IR. S119N expressing cells, however, noticeably retained higher levels of 

γH2AX 24 hours after IR, suggesting that S119N mutation causes a reduced efficiency in 

DNA DSB repair. It is also noted that there was an increased level of γH2AX even without 

radiation, implying that this mutation might impair the cellular response to endogenous 

 
Figure 2: (A) PC-3 cells transiently expressing vector only, wild-type or S119N 

SPOP were irradiated and assessed via MTT assay.  The absorbance readings were 

normalized against the untreated samples for the three radiation treatments. (B) 

Radiosensitivity was measured with the colony formation assay. PC-3 cells 

transiently expressing vector only, wild-type or S119N SPOP were irradiated. 

Colonies were stained with crystal violet and counted. The fraction of surviving 

colonies for the treated groups was normalized to the mock treated group. P-values 

between wild type and S119N are shown. P-values were calculated with Student’s 

T-test. 
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DNA damage. These results were consistent in both prostate cancer cell lines, PC-3 cells 

(transient expression) and LNCaP cells (tetracycline-induced). 

Activation of cell cycle checkpoints is a critical step in the DDR, and impairment 

of the process is often associated with genomic instability and radiosensitivity (122-124). 

To investigate the impact that SPOP S119N mutation might have on cell cycle checkpoints, 

we measured cell cycle progression with propidium iodide and a phospho-Histone H3 

antibody, a mitotic marker that can observe the G2 to M transition in the cell cycle. We 

found that cells harboring the S119N mutation had a significantly increased proportion of 

cells that were in the M phase of the cell cycle following radiation compared to that of 

vector or wild-type (Figure 2E), indicating a lack of the G2/M checkpoint.  

 

 

 

 

 
Figure 2: (C) LNCaP cells induced to expressed HA-SPOP constructs by 

tetracycline or (D) PC-3 cells transiently expressing HA-SPOP constructs, were 

assessed by western blotting. Cells were dosed with 5 Gy of ionizing radiation, 

and harvested at the indicated time points. Displayed value shows the relative 

densitometry values of γH2AX with respect to loading control. 
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We then assessed if the faulty DNA repair mechanics caused by S119N had impact 

on genomic instability, measured by the number of micronuclei in response to IR. 

Micronuclei are formed during cell division when there is an abundance of unrepaired 

damage to the DNA (125, 126). We found that LNCaP cells expressing S119N mutant 

SPOP had a significant increase in the amount of micronuclei positive cells after IR, 

compared to vector or wild type expressing cells (Figure 2F). Taken together, our results 

indicate that S119N mutation causes abnormal DDR, hypersensitivity to IR and enhanced 

genomic instability.  

 

 

 

 

 

 
 

Figure 2: (E) Cell cycle analysis of 

PC-3 cells. Mitotic index was 

measured using propidium iodide 

and an anti phospho H3 antibody. 

The percentage of cells in the 

G2/M phase for treated cells was 

normalized against mock treated 

cells for all three SPOP plasmid 

variations. P-values were 

calculated with Student’s T-test. 
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Serine 119 is essential for IR-induced SPOP- ATM interaction 

Previously, we have shown that SPOP and ATM interact in response to DNA 

damage (71). To test if the naturally occurring S119N mutation abrogates this interaction, 

we first used the In Situ Proximity Ligation Assay to query the interaction of ATM and 

SPOP. The reagents from this assay create foci that can be visualized with a confocal 

fluorescent microscope, the foci represent two different proteins or epitopes that are 

extremely close to one another, indicating interaction or co-localization. Mock-treated 

samples had very low numbers of foci. After IR, cells expressing wild-type SPOP had a 

substantially increased number of foci (Figure 3A and B).  However, S119N expression 

significantly abrogated the formation of foci in response to IR, indicating that S119 is 

critical for the interaction of SPOP and ATM in response to IR. 

 
Figure 2: (F) Micronuclei quantification of LNCaP cells, assessed by cell 

sorting. Induced cells were treated with 5 Gy of ionizing radiation and the 

percent of cells harboring micronuclei were measured and analyzed. The 

percent change in micronuclei positive cells was calculated and compared 

between treated and untreated sample groups for each construct. P-values 

were calculated with Student’s T-test. 
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After demonstrating that SPOP and ATM are in proximity to each other in the 

context of IR-induced DNA damage, we performed co-immunoprecipitation from prostate 

cancer cells expressing wild-type SPOP or S119N. The SPOP-ATM interaction is only 

observed after IR treatment and when wild-type SPOP is expressed (Figure 3C). S119N 

SPOP failed to co-immunoprecipitate with ATM. Taken together, these data further 

support that the SPOP-ATM interaction in response to DNA damage is dependent on serine 

119.  

Figure 3: (C) Pull-down of HA and ATM  

by co-immunoprecipitation. Induced  

LNCaP cells were treated with 5Gy  

of ionizing radiation. Upper two  

membranes are from IP product and the  

lower three are from whole cell lysate.  

HA, ATM, and a-tubulin are shown  

as controls.  

 

 

 

 
 
Figure 3: In cell interaction was interrogated via Proximity Ligation Assay. 

Induced cells were treated with 5 Gy of ionizing radiation. Foci were only 

counted if they co localized with DAPI staining. Representative images are 

shown in (A) and quantification in (B).  At least five fields were counted per 

sample. P values are indicated where there is significance. P values were 

calculated using the Student’s T-test 
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To test if the serine to asparagine substitution would interrupt binding directly in 

an in vitro system, we measured SPOP-ATM binding using biolayer interferometry (BLI) 

(127) and tabulating the results with the OCTET Red interferomter. Increasing 

concentrations of wild-type SPOP peptides or S119N mutant SPOP peptides of 10 amino 

acids in length were incubated with full length ATM (recombinant). The wild-type peptide 

had roughly double the amount of peptide bound to ATM than the mutant peptide as 

measured by diffracted light wavelength (Figure 3D). Additionally, we quantified the Kd 

values of the different peptides. The mutant peptide had a Kd value over 100 fold higher 

than the wild-type peptide, demonstrating that the mutant dissociated more easily from 

ATM. Taken together, S119N decreased binding to ATM and increased dissociation from 

ATM. 

ATM phosphorylates SPOP on Serine 119 in response to IR  

As a serine/threonine kinase, ATM recognizes the S/T-Q consensus motif for 

substrate phosphorylation (128). There are three potential sites (Threonine-T25, S119 and 

T319) in SPOP that meet the criteria of the SQ/TQ sequence. However, only S119 fully 

meets the criteria in the SQ surrounding sequence: 1. Hydrophobic amino acids at N-1, N-

 
Figure 3: (D) In Vitro interaction of ATM and SPOP was assessed by biolayer 

interferometry. Wild type (left) or mutant (right) SPOP peptides were incubated 

with purified constitutively active ATM. Interaction is represented by the 

wavelength of displaced light and association constants are displayed on the 

graph. 
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3 with exception of P/M/Y/G/F and S/A/D/E at N-3 and N-1, and 2. No positively charged 

residues around the target SQ, which might inhibit substrate recognition. Molecular 

modeling has obtained structural insight of serine 119 (9). It is also noted that that S119 is 

well-conserved across species (Figure 4A).  

To test the potential for direct phosphorylation, we first performed an in vitro kinase 

assay, in which active ATM (recombinant) was incubated with wild-type, S119N, or 

S119A (serine to alanine mutant) SPOP peptides. We found that mutation on S119 caused 

a dramatic reduction in phosphorylation signals (Figure 4B). Conversely, the wild-type 

peptide displayed noticeable kinase reaction. These results indicate that S119 of SPOP can 

be phosphorylated by the ATM kinase. 

 
Figure 4: (A) Peptide sequence of SPOP serine 119 and surrounding amino 

acids, shown in different species. 

 

Figure 4: (B) Kinase 

activity was quantified 

by in vitro kinase assay 

followed by measuring 

the production of 

ADP. Absorbance was 

used as a 

representation for 

kinase activity. 
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To assess potential phosphorylation in cells, we pulled-down HA-tagged SPOP and 

probed with an anti-phospho- S/TQ antibody for ATM phosphorylation. We found that 

S/TQp can be detected only in samples that had been irradiated. Meanwhile samples that 

had been irradiated but were also treated with the ATM inhibitor KU 55933 did not form 

this upper band, suggesting an ATM-dependent S/TQ phosphorylation in SPOP (Figure 

4C).   

SPOP S119A mutation recapitulates S119N mutation 

The SPOP S119N mutation is one of the naturally occurring SPOP mutations in 

prostate cancer. However, we wanted to enforce our hypothesis that the radiosensitive 

phenotype caused by S119N is caused mostly by the disruption of phosphorylation and not 

by possible confirmation changes that an asparagine substitution would cause. To 

accomplish this, we utilized an alanine substitution (S119A) which would block 

phosphorylation but would not cause conformational changes as an asparagine substitution 

(S119N) might. We expressed these mutant proteins in PC-3 cells and measured cellular 

responses to IR. We found that similar to S119N, S119A mutation caused prolonged 

 

 
Figure 4: (C) Pull-down of HA SPOP by Co-IP. Transfected DU145 cells were 

treated with radiation in the presence or absence of an ATM inhibitor. HA 

expression is shown as a control. Bands were probed with the indicated 

antibodies. From Dr. Xiaomei Wang. 
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γH2AX accumulation after IR and also increased the levels of γH2AX even in cells that 

received mock treatment (Figure 5A). Meanwhile, the S119A mutant caused a loss of the 

G2/M checkpoint (Figure 5B).  

S119A mutation also caused an increase in micronuclei, although the statistical difference 

was not significant (p=0.09 with vector) (Figure 5C). We also found that cells expressing 

the S11A mutant showed hypersensitivity to IR, a similar phenotype as the S119N mutant 

(Figure 5D and 5E). Taken together, we conclude that ATM-phosphorylation of SPOP on 

serine 119 is critical for activation of the DDR and regulation of radiosensitivity. 

 

 

 

 

 

 
Figure 5: (A) Expression of γH2AX, HA, and α-tubulin  in PC-3 cells transiently 

transfected with HA-SPOP constructs, assessed by western blotting. Cells were 

dosed with 5 Gy of ionizing radiation, and harvested at the indicated time points. 

Displayed value shows the relative densitometry values of γH2AX with respect to 

loading control. (B) Cell cycle analysis of PC-3 cells. Mitotic index was measured 

using propidium iodide and an anti phospho H3 antibody. The percentage of cells 

in the G2/M phase for treated cells was normalized against mock treated cells for 

all three SPOP plasmid variations. 
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Figure 5: (C) Micronuclei quantification of LNCaP cells, assessed by cell 

sorting. Induced cells were treated with 5 Gy of ionizing radiation and the 

percent of cells harboring micronuclei were measured and analyzed. The 

percent change in micronuclei positive cells was calculated and compared 

between treated and untreated sample groups for each construct. (D) Cell 

viability was assessed via MTT assay.  The absorbance readings were 

normalized against the untreated samples for the three radiation treatments 

for the three different SPOP plasmids. Displayed P-valvues are for S119A 

vrs WT. P-values were calculated with Student’s T-test. (E) Radiosensitivity 

was measured with the colony formation assay. PC-3 cells transiently 

expressing vector only, wild-type, S119N or S119A of SPOP were irradiated. 

Colonies were stained with crystal violet and counted. The fraction of 

surviving colonies for the treated groups was normalized to the mock treated 

group. Displayed P-valvues are for S119A vrs WT. P-values were calculated 

with Student’s T-test. 
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S119N or S119A causes genomic instability in nonmalignant prostate epithelial cells 

So far, the models we have used have been prostate cancer cell lines; which might 

have a confounding effect when studying genomic instability. We wanted to discern if 

SPOP serine 119 mutation could cause disruptions in the DDR in nonmalignant prostate 

epithelial cells. To reach this goal, we transiently transfected PWR1E (nonmalignant 

prostate epithelial) cells with wild-type, S119A, S119N SPOP or an empty vector. We 

treated the cells with IR and assessed the clearance of γH2AX. We found both S119A and 

S119N mutants caused delayed clearance of γH2AX and accumulation of γH2AX even 

without radiation treatment (Figure 6), supporting the conclusion that SPOP serine 119 

mutation can lead to genome instability in non-cancerous prostate epithelial cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6: Expression of γH2AX, HA, and α-tubulin in PWR1E 

cells transiently transfected with HA-SPOP constructs, assessed 

by western blotting. Cells were dosed with 5 Gy of ionizing 

radiation, and harvested at the indicated time points. Displayed 

value shows the relative densitometry values of γH2AX with 

respect to loading control. 
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SPOP S119 mutation causes radiosensitivity in prostate cancer xenografts in nude mice 

To strengthen the conclusion on the functional significance of ATM 

phosphorylation of serine 119, we conducted radiosensitivity experiments for prostate 

cancer xenografts in athymic nude mice. For radiation re-growth delay studies, LNCaP 

cells stably expressing vector only, wild-type or S119A were mixed with matrigel and 

injected subcutaneously in the flanks of mice. We found that xenografts expressing S119A 

were significantly more sensitive as compared to wild-type or vector (Figure 7A). The 

specific tumor growth delay rate for S119A is 2.7 (p=0.0001, compared to wild-type) 

(Figure 7B). These results strongly support that ATM-phosphorylation of SPOP on 

serine119 is critical for reducing radiosensitivity. 

 

 

Figure 7: (A) Volume 

of orthotropic tumors 

post radiation. LNCaP 

cells were injected 

subcutaneously in the 

flank of the athymic 

nude mice. The length 

and width of the 

treated tumors were 

measured using a 

Vernier caliper (B) 

Relative growth delay 

of tumors. The mean 

growth delay for each 

treatment group was 

calculated as the 

number of days for the 

mean of the treated 

tumors divided by the 

number of days for the 

mean of the control 

group to reach the 

same size. From Dr. 

Jinlu Ma. 
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DNA damage induces a SPOP complex that involves DNA repair and cell cycle regulatory 

proteins 

To further elucidate SPOP’s function in the DDR, we aimed to identify proteins 

that SPOP interacts with upon IR. To achieve this goal, we first performed Stable Isotype 

Labeling by Amino acids in Cell culture (SILAC) with HA-tagged SPOP expressed in 

DU145 cells. We submitted gel portions containing samples from salt washes for mass 

spec analysis to identify potential SPOP interacting proteins (Figure 8).  By measuring the 

abundance of peptides in the gel bands, we determined if proteins had an interaction with 

SPOP that was induced, abrogated or unaffected by IR treatment. We then categorized 

these proteins based on whether or not the interaction with SPOP was increased (Table 1) 

or decreased (Table 2) upon radiation treatment.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8: Image of the protein gel that was submitted 

for mass spec analysis. The numbered red boxes outline 

different portions that were cut for analysis. 
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DNA Damage Proteins With Altered SPOP Interaction 

After Radiation 

Protein Name Change 

DNA Topoisomerase 1 Increase 

SMC1a Increase 

UBR5 Increase 

DNA Ligase 3 Increase 

DNA Topoisomerase 2 Decrease 

MCM5 Decrease 

PARP1 Decrease 

XRCC5 Decrease 

XRCC6 Decrease 

Table 1: Proteins with increased abundance in lysates from SPOP pull down after 

radiation. Proteins were grouped based on changes in abundance in response to 

radiation as measured by mass spec analysis. This table shows proteins that were 

more abundant in SPOP pull down lysates following radiation. 
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Cell Cycle Proteins With Altered SPOP Interaction After Radiation 

Protein Name Change 

Bub3 Increase 

Kif23 Increase 

MST4 Increase 

Rab GTPase-activating protein 1 Increase 

CDK1 Decrease 

MAPK Decrease 

Kinetochore Associated Protein 1 Decrease 

R-ras2 Decrease 

Regulator of chromosome 

condensation 

Decrease 

RhoA Decrease 

RuvB-like 1 Decrease 

UHRF2 Decrease 

Table 2: Proteins with decreased abundance in lysates from SPOP pull down after 

radiation. Proteins were grouped based on changes in abundance in response to 

radiation as measured by mass spec analysis. This table shows proteins that were less 

abundant in SPOP pull down lysates following radiation. 
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With proteins that have a change in abundance based on their cell function of DDR 

and cell cycle control, we performed pathway analysis (www.string-db.org ) based on the 

set of proteins that increased in abundance and the group that had decreased abundance. 

The major pathway for the proteins with increased SPOP interaction after IR is cell division 

(Figure 9A). This indicates that SPOP might target these proteins for destruction as a part 

of the DDR to prevent cell cycle progression. The major pathway for the set of proteins 

that had decreased expression after radiation is DNA duplex unwinding proteins (Figure 

9B). This pathway suggests that SPOP dissociation with these proteins allow them to get 

access to DNA for appropriate damage sensing and repair.  

 

 
Figure 9: DNA damage induces a SPOP complex that involves DNA repair and 

cell cycle regulatory proteins. Protein interaction / pathway analysis was done 

using https://string-db.org/. Proteins from mass spectrometry analysis were 

grouped based on how interaction with SPOP was altered by DNA damage. 

(A) Shows proteins with increased interaction after radiation. (B) Shows 

proteins with decreased interaction after radiation. 

 

http://www.string-db.org/
https://string-db.org/
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SPOP interaction with MCM5 in response to IR 

Due to the phenotypes we observed in S119/N-expressing cells (i.e. defects in 

G2/M checkpoint, and prolonged H2AX focus formation), we focused on validation of the 

interactions of SPOP with proteins that are significant to these processes. We selected Mini 

Chromosome Maintenance 5 (MCM5), a component of MCM helicase complex for 

validation (129-131). We found that in mock-treated cells, MCM5 was detectable in the 

HA precipitates. Consistent with the mass spectrometry data, MCM5 showed decreased 

interaction after IR (Figure 10A). These results demonstrate for that SPOP dissociated 

from MCM5 in response to DNA damage. Based on the recently reported MCM-5 structure 

(132), we found that MCM-5 (based on the X-ray structure of MCM complex, PDB ID: 

3JA8) possesses a potential SBC (ITTTLN) motif in a fully exposed β-sheet conformation. 

The molecular surfaces and the electrostatic potential maps of the SPOPMATH recruiting-

motif (based on the X-ray structure of SPOP, PDB ID: 3HQI) (9) and the MCM-5 SBC-

motif show good complementarity (Figure 10B).  Docking studies using the ZDOCK (133) 

program resulted a well fitted MCM-5-SPOPMATH complex model with the MCM-5 SBC-

motif directly interacting with the recruiting residues of SPOPMATH through both 

hydrophobic interactions and hydrogen bonds.   
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Figure 10: SPOP interaction with MCM5 in response to IR. (A) Pull-down of 

HA and MCM5 by co-immunoprecipitation. PC-3 cells transfected with vector, 

Wild Type, or mutant SPOP constructs were treated with 5Gy of ionizing 

radiation. Upper two membranes are from IP product and the lower three are 

from whole cell lysate. HA, MCM5, and α-tubulin are shown as controls. (B) 

Docking analysis of SPOP MATH domain and MCM5 using the ZDOCK 

program. 
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Discussion 

Accumulating evidence support that, as a critical genome guardian mechanism, the 

DDR is a barrier to early tumorigenesis (1). As a crucial DDR pathway, ATM-mediated 

phosphorylation of downstream targets is essential for activation of cell cycle checkpoints, 

DNA repair and programed cell death in the presence of DNA damage. However, it is rare 

that these phosphorylation sites show mutations in clinical samples, despite that germline 

and somatic mutations of DDR genes are frequently found. Here, we provide direct 

evidence that SPOP serine 119 connects to the ATM kinase, and that mutation of S119 

leads to disruption of ATM-mediated DDR pathway and makes prostate cancer cells 

hypersensitive to IR treatment. These studies highlight pathophysiological evidence of a 

biochemical pathway to indicate a subset of patients with distinctive clinical 

responsiveness to radiotherapy. 

Recent studies have indicated that SPOP plays a critical role in the DDR (71, 72). 

A clear mechanism driving this role remains to be fully understood. Of the mutations in 

the MATH domain we tested, only the S119N mutant showed significant hypersensitivity 

to IR, prompting us further investigate the potential role of the SPOP-ATM interaction. 

The biochemical connection of ATM and SPOP is highlighted in a series of experiments 

including in situ PLA, BLI and co-immunoprecipitation. Further experiments prove in vitro 

and in cell phosphorylation by the ATM kinase in response to DNA damage. The functional 

significance was demonstrated by the expression of mutant protein in prostate cancer cells 

and normal prostate epithelial cells. These results highlight a functionally important 

pathway that links ATM and its downstream targets of SPOP.  
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The mechanism of SPOP’s involvement in the ATM-mediated DDR remains to be 

further investigated. It is possible that ATM and SPOP are brought together as a part of a 

larger complex. Previous studies showed that the other SPOP mutants also cause 

deficiencies in the DDR. This suggests that SPOP might have multiple roles or more 

residues in the MATH domain are needed for ATM interaction.  

Additionally, the pathway downstream of SPOP in the context of DNA damage still 

remains to be further studied. The presence of DNA damage could change SPOP’s affinity 

for different substrates. Since many of SPOP’s confirmed substrates are oncogenic (25-27, 

33, 117), a likely explanation is that SPOP downregulates those in order to help halt the 

cell cycle to give cells time to repair damaged DNA. Another possibility is that SPOP 

begins to interact with and ubiquitinate a new group of substrates to either tag them for 

degradation or to activate them. A third and potentially less likely scenario is that SPOP’s 

role in the DDR is unrelated to its activity as an E3 adaptor protein and this new role is 

gated behind interaction with ATM. More investigation is needed to fully uncover this 

unexplored pathway in the DDR. 

SILAC followed by mass spectrometry analysis provided two groups of proteins 

based on how their interaction with SPOP is changed by IR. Pathway analysis revealed that 

the set with increased interaction with SPOP contained proteins that are involved in cell 

division. This result is relatively expected, we hypothesize that upon radiation SPOP will 

target these proteins for degradation to halt the cell cycle. Conversely, proteins that 

dissociated with SPOP are involved in DNA unwinding, an essential aspect of DNA repair 

(134-137). We propose that dissociation increases availability allowing these proteins to 

then interact with DNA, resulting in unwinding. The unwound DNA can then be repaired. 
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Among the proteins interacting with SPOP identified by mass spectrometry, MCM5 is one 

protein that showed dissociation from SPOP in response to IR. Due to MCM5’s critical 

role in DNA replication initiation and progress (138-140), it is likely that SPOP-MCM5 

dissociation is a critical step for the cell cycle checkpoint and the maintenance of 

radiosensitivity.   

Despite the unanswered questions of SPOP’s role in the DDR, our data presented 

here holds clinical relevance for a sub group of individuals with prostate cancer. The 

evidence provided here suggests that patients with the SPOP S119N mutation might be 

more sensitive to radiation therapy. Radiation and other DNA damaging therapies such as 

chemotherapy are potentially more efficacious in this group. 
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Abstract 

Prostate cancer is one of the most common causes of cancer incidence and death in men, 

with late-stage and metastatic disease being the primary causes of mortality. SPOP is an 

E3 ubiquitin ligase adaptor protein that is often mutated in prostate cancer.  In the present 

study, we use multivariate analysis to reveal that SPOP mutation correlates significantly 

with metastasis, independently of other clinical variables. We aimed to characterize a 

biochemical mechanism for the correlation between SPOP mutation and metastasis. Using 

proteomic analysis we identified candidate proteins for SPOP mediated degradation that 

also play a role in metastasis. Among the potential targets that fit this criteria was ITCH. 

We provide evidence that clinically relevant SPOP mutations disrupt the SPOP-ITCH 

interaction and lead to a subsequent increase in ITCH protein levels. We further 

demonstrate that SPOP mutation induced increases in ITCH protein levels lead to a 

concurrent loss of E-cadherin protein expression. Together, we analyzed a cohort of 

prostate cancer patients and observed that SPOP mutation correlated with metastasis. We 

then outline a SPOP-ITCH-E-cadherin pathway that impacts prostate cancer metastasis.  

Key Words: SPOP, Prostate Cancer, ITCH, Metastasis 
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Introduction 

Prostate cancer is currently among the leading causes of both cancer incidence and 

death in men (114). Mortality is largely due to advanced late stage and metastatic disease 

(141). There is a pressing need to better understand the underlying molecular drivers that 

render patients susceptible to more aggressive disease, so that they may be given 

appropriate and, subsequently, more potent therapies. Additionally, having the ability to 

identify which patients are less likely to develop aggressive disease can spare them from 

unnecessary treatments.  

Prostate cancer is marked by several genetic aberrations. Most common among 

these alterations are ETS gene fusions, p53 aberrations, AR amplifications and SPOP 

missense mutations (115). SPOP is an E3 ubiquitin ligase adaptor that complexes with 

Cullin 3 to mediate the ubiquitination and destruction of target proteins (5, 9). Recent 

genetic studies of prostate cancer patients have identified the SPOP gene has the most 

common recurrent point mutations with 8-15% of the patient population carrying a somatic 

mutation (2, 18, 20, 21, 23, 142). Of these validated naturally occurring SPOP mutations, 

a significant number occur in the substrate binding MATH domain, suggesting 

physiological relevance. Tumor sequencing studies along with the database The Cancer 

Genome Atlas (TCGA) demonstrate SPOP mutation as an early event, and is exclusive 

with the common ETS gene fusion events in prostate cancer, making mutant SPOP tumors 

a distinct subgroup of prostate cancer (22). Many of SPOP’s verified substrates are known 

oncoproteins such as SRC3, AR, and ERG. Due to SPOP’s role in regulating drivers of 

oncogenesis it has emerged as potent tumor suppressor in prostate cancer and other cancers 

as well. Currently, there exists limited literature demonstrating the prognostic value of 
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SPOP expression level and mutational status, in depth studies are still needed to fully 

elucidate the clinical impact of SPOP as a diagnostic of prognostic tool. 

The ITCH protein is an E3 ubiquitin ligase; ITCH mediated ubiquitination is 

integral in multiple cellular functions including the immune response, hematopoiesis, and 

lipid turnover (97, 143, 144). In the context of cancer, the ITCH function has shown to be 

both anti and pro tumorigenic. Studies show ITCH acts as a tumor suppressor by regulating 

HER and FLIP in breast and brain cancer respectively (102, 104-106, 108). Intriguingly, 

evidence also suggests ITCH can be a tumor promoter by down regulating Smad7, 

prompting TGFβ to promote EMT, and inducing oncogenesis in breast cancer cells (112, 

113). This suggest that ITCH’s role in oncogenesis is subtype and / or context dependent.  

In the present study, we first characterized a cohort of 198 prostate cancer patients. 

Multivariate analysis identified SPOP mutation as an independent predictor of metastasis 

in the patients.  Proteomic analysis identified SPOP substrates that could be involved in 

metastasis. We then showed that SPOP, but not its mutants, binds to and regulates ITCH 

expression. Further, we demonstrate that SPOP mutants decrease the expression of E-

cadherin. Together, we outline a SPOP ITCH E-cadherin signaling pathway that 

contributes to the prevention of prostate cancer metastasis.  
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Methods 

Study population 

Biopsies were obtained from 198 primary prostate tumors from patients (stage I-

IV) at Cancer Center, the First Affiliated Hospital of Xi’an Jiaotong University from 

January 2010 to December 2015. In all cases, staging evaluation included a medical history 

and physical examination including a digital rectal examination, serum PSA (Prostate 

Serum Antigen), computed tomographic (CT) scan of the pelvis or an endorectal and pelvic 

coil magnetic resonance imaging (MRI) scan of the prostate and pelvis, bone scan, and a 

transrectal ultrasound-guided needle biopsy of the prostate with Gleason score histologic 

grading. The clinical stage was determined by the digital rectal examination findings using 

the 2002 American Joint Committee on Cancer (AJCC) staging system. Tumor size was 

defined as the maximum tumor diameter measured by pelvic coil MRI scan at the time of 

diagnosis. Follow-up data were available for all 198 patients; the median length of follow-

up was 27 months (range 5 to 70 months). The study was approved by the Research and 

Ethical Committee of the First Affiliated Hospital of Xi’an Jiaotong University. 

SPOP Mutation Analysis 

DNA was extracted from frozen biopsy samples. 25-30mg of tissue were 

homogenized from each sample, DNA was extracted from the homogenate and quantified 

using Picogreen dsDNA Quantitation Reagent (Invitrogen, Carlsbad, CA, USA). 

Mutational analysis of SPOP was performed using a set of 4 primer pairs (Table 1) that 

covered the coding region of exons six and seven of the SPOP gene. All fragments were 

sequenced using the BigDye Terminator Cycle Sequencing Kit and ABI 3730 automated 
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sequencer (Applied Biosystems, Foster City, CA, USA). Each mutation was confirmed in 

duplicate testing. 

 

 

 

 

 

 

 

 

Table 1: Primers used in sequencing. Forward and reverse primers used to sequence 

patient tumors to detect SPOP mutation(s). 

 

Cell Culture 

Human prostate cancer LNCaP cells (American Type Culture Collection) were 

cultured in DMEM medium (GIBCO-Invitrogen, Carlsbad, CA) containing 10% of FBS, 

2mM of L-glutamine, 100 units/ml of penicillin, and 100mg/ml of streptomycin, and grown 

under standard cell culture conditions at 37°C in a humidified atmosphere with 5% CO2.  

SiRNA Depletion of SPOP 

For RNAi experiments, ON-TARGET plus double-stranded siRNA oligomers 

against human SPOP and non-specific scrambled siRNA control (Stealth RNAiTM siRNA 

Negative Control, Med GC) were purchased from Thermo Scientific. Cells were 

transfected with Lipofectamine RNAiMAX (Invitrogen) with a final siRNA concentration 

of 50 nM according to the manufacturer’s instructions. 

Expression Constructs 

Primer Sequence 

SPOP-6FO 5'  AGGGAGATCGAGGTTGCA  3' 

SPOP-6RO  5'  TTTCTTGAATCCCCAGTCTTT  3'   571 

SPOP-6F 5'  TATGGGGCCTGCATTTGT  3' 

SPOP-6R 5'  CGCAAAAACCAGATCAAAGC  3'    349  

SPOP-7FO 5'  AAGAGTGAAGTTCGGGCAA  3' 

SPOP-7RO 5'  ACTGACACATACCAAGGTAGCATA  3'   568 

SPOP-7F  5'  TTAAGTTTCACATCCAGAAGTTTC  3' 

SPOP-7R 5'  GGGGCTTTTTCTTACTCTACATC  3'   327   
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Using Phusion High-Fidelity DNA Polymerase (New England BioLabs, Ipswich, 

MA, USA) and PCR primers containing an HA tag at the N terminus, an expression 

construct of HA-tagged SPOP (pcDNA3.1-HA-SPOP, wild-type) was constructed by 

insertion of the PCR-amplified SPOP cDNA-coding sequence into mammalian expression 

vector pcDNA3.1 Hygro (+) (Invitrogen). In vitro site-directed mutagenesis was used to 

obtain the HA-tagged SPOP mutants by two PCR amplifications using pcDNA3.1-HA-

SPOP as the template. The PCR-amplified DNAs coding for mutated SPOPs were inserted 

into pcDNA3.1 Hygro (+) (Invitrogen) to generate the corresponding mammalian 

expression vectors: pcDNA3.1-HA-SPOPF133L, pcDNA3.1-HA-SPOPY87C, and 

pcDNA3.1-HA-SPOPW131G. 

Western blotting 

Cells in 6-well plates were lysed in 0.5 ml of lysis buffer (phosphate buffered saline 

containing 1% Triton X-100 and 1mM PMSF) at 4°C for 10 min. Equal quantities of 

protein were subjected to SDS–PAGE under reducing conditions. Following transfer to 

immobilon-Ptransfer membrane, successive incubations with a primary antibody, and a 

horseradish peroxidase-conjugated secondary antibody were carried out for 60–120 min at 

room temperature. The immunoreactive proteins were then detected using the ECL system. 

Films showing immunoreactive bands were scanned by Hp Scanjet 5590 (HP, Pal Alto, 

CA, USA). The antibodies used in Western blotting were mouse anti-HA (Roche, Basel, 

Switzerland), monoclonal mouse anti-FLAG M2 (Sigma, St. Louis, Mo, USA), anti-SPOP 

(Abcam, Cambridge, United Kingdom), monoclonal rabbit anti–ITCH (Cell Signaling, 

Danvers, MA, USA), rabbit anti–E-cadherin (Santa Cruz, Dallas, TX, USA), mouse anti–
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FLAG-HRP (Sigma), mouse anti–HA-HRP (Roche), anti–rabbit IgG-HRP (Sigma), and 

anti–mouse IgG-HRP (Sigma). 

Co-immunoprecipitation 

Cell lysates were pre cleared for four hours with a matrix from Santa Cruz. After 

pre clearing antibody was added along with species specific beads (Santa Cruz). The 

lysates were rotated overnight in 4ºC with the beads and antibody. The bead lysate mixture 

was washed once with PBS and spun down. The supernatant was then used for 

immunoblotting.  

Statistical Analysis 

The Fisher’s exact tests were used to compare categorical data. The risk of 

metastasis among patients with SPOP mutation was evaluated using univariate and 

multivariate Cox regression analysis. Cox proportional hazards regression models were 

used to test the prognostic role of the SPOP mutation status (Hazard ratios [HR] and 95% 

confidence intervals [CI]). Two-sided P values less than 0.05 were considered to be 

statistically significant. All analyses were performed using the SPSS Statistics 20.0 

software (Chicago, IL, USA). 

Transwell Migration Assay 

Well inserts (Corning, Corning, NY, USA) were coated with 100 µl of Matrigel 

(Corning) or serum free DMEM. 100,000 transfected PC-3 cells suspended in 200 µl of 

serum free DMEM were added to the inserts. 300 µl of complete media was added to the 

bottom of each well. 24 hours after plating the media was aspirated and Matrigel was 

removed with a sterile cotton swab. Inserts were washed with PBS and cells were then 

fixed in 2% paraformaldehyde for ten minutes. Following fixation cells were washed with 
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PBS and then stained with Hoechst 33342 (Invitrogen, Eugene, Oregon, USA). After 

staining the cells were once again washed with PBS and imaged with an EVOS fluorescent 

microscope (Life, Carlsbad, CA, USA). At least 3 different fields were captured for each 

sample, totaling over 30 cells. Invasion index was calculated by (number of cells in 

Matrigel / average number of cells in absence of Matrigel).  
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Results 

Patient Characteristics 

For the 198 patients, the age at diagnosis ranged from 44 to 91 years, with a median 

of 70 years. According to the AJCC staging system standards, 99 cases were stage I-II, 32 

cases were stage III, and 67 cases were stage IV. 84% of patients had localized disease, 

and 15.1% had metastatic disease at diagnosis (Table 2). 

 

Table 2: Clinical characteristics of 198 patients with prostate cancer included in the 

study. Summary of the details of our patient cohort. Age, Prior PSA levels, Gleason 

Score, Stage, PSA recurrence, risk group and metastasis are displayed. Also the 

number of patients in each category are displayed along with SPOP mutation status. 

A p value comparing the presence or absence for SPOP mutation for each category is 

also displayed. From Dr. Jinlu Ma. 
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The frequency of SPOP mutations 

To our knowledge there existed little data about the prevalence of SPOP mutation 

in Chinese men. To interrogate if SPOP mutation in this population is similar to that of 

western populations, we screened for somatic variants in exons six and seven, which code 

for the MATH domain, of the SPOP gene in 198 prostate tumor tissues. These two exons 

house the amino acids that have been previously reported as mutated in prostate cancer. 

Three somatic SPOP missense mutations were identified in 16 out of 198 tumor tissues 

(8%), and one somatic variant was identified in one tumor sample. The 16 patients who 

had SPOP mutations included mutations in the following codons (Table 3): phenylalanine 

(F) to valine (V) or leucine (L) or cysteine (C) substitution in codon 133 (F133V/L/C) (n 

= 7), tryptophan (W) to glycine (G) or cysteine (C) or serine (S) substitution in codon 131 

(W131G/C/S) (n = 6), tyrosine (Y) to cysteine (C) or serine (S) substitution in codon 87 

(Y87C/S) (n = 2), and phenylalanine (F) to leucine (L) (n = 1). The mutation rate of 8% is 

similar to the rate that has been reported in western populations; additionally the missense 

mutations we observed are also consistent with what has been reported previously. 

 

 

 

 

 

 

 

Table 3: Localization and frequencies of SPOP mutations. Location, residue and 

frequency of the SPOP mutations identified in our cohort. From Dr. Jinlu Ma. 

AA CHANGE N (%) 

F133V/L/C 7 (43.8 %) 

W131G/C/S 6 (37.5 %) 

Y87C/S 2 (12.5 %) 

F125L 1 (6.3 %) 
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Correlation of SPOP Mutation with Metastasis  

We also aimed to see if SPOP mutation correlated with other characteristics such 

as age and PSA level. Analysis of our cohort revealed that: patient’s age, prior treatment 

PSA level and Gleason Score were not associated with SPOP mutation; however, mutation 

of SPOP was associated with risk and was significantly associated with metastasis (Table 

2). SPOP mutant and wild-type tumors significantly differed in the pattern of metastatic 

involvement. SPOP mutant cases exhibited a higher incidence of metastasis compared with 

the wild-type cases. Metastases were located in the bone, liver, lung, and brain at the time 

of diagnosis in patients that had disseminated disease. Among patients with SPOP 

mutation, 56.3% showed metastasis at the time of diagnosis of primary cancer, compared 

to only 11.5% of patients with wild-type SPOP (OR,6.58, 95% CI, 5.81-7.46, P = 0.000). 

The metastasis risk for patients with SPOP mutation was 1.27 times of the SPOP wild-type 

patients (OR, 1.27, 95% CI, 1.08-1.48, P = 0.003) (Table 4).  
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Table 4: Associations between metastatic reporting at first diagnosis and SPOP 

mutations. Number of patients with metastatic disease as well as SPOP mutation 

status are displayed. Also univariate and multivariate analysis of the correlation 

between SPOP mutation status and metastatic disease are displayed. From Dr. Jinlu 

Ma.  

 

 

 

 

 

 

 

 

SPOP Metastatic 

prostate cancer 

No. of Men (%) 

Univariate 

analysis 

Multivariate 

analysis 

 
Yes 

(N=30) 

No 

(N=168) 

OR 

(95% 

Cl) 

P 

value 

OR 

(95% 

Cl) 

P 

value 

Mutated 

(N=16) 

9 

(56%) 

7 

(44%) 

  

6.58 

(5.81-

7.46) 

  

0.000 

  

1.27 

(1.08-

1.48) 

  

0.003 

Wild-

Type 

(N=182) 

21 

(11.5) 

161 

(88.5) 
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Estimated prostate-specific antigen outcome for patients  

We then wanted to determine if SPOP mutation had prognostic value in our 

patients. To this end we used biochemical relapse as measured by an increase in PSA levels. 

Of all 198 patients, 26 had evidence of biochemical relapse. The actuarial biochemical 

failure with SPOP mutation (Figure 1A) was 37.5% and 11.0% for patients with SPOP 

mutation and wild-type SPOP, respectively (P < 0.0001). The biochemical failure was 

6.7% and 17.1% for patients with a PSA level of ≤ 20 and >20 ng/mL, respectively (P = 

0.0021) (Figure 1B). We found no significant difference in the age groups (≤ 65 and > 65), 

as younger and older patients faired equally (P = 0.527) (Figure 1C). This data suggests 

that in our cohort SPOP did have strong prognostic value compared to age at diagnosis and 

PSA levels prior to treatment. 

SPOP regulates ITCH protein expression 

After the analysis revealed that SPOP mutation correlated strongly with metastasis, 

we sought to uncover a potential mechanism for this phenomenon. We performed 

proteomic analysis on lysates from prostate cancer cells in which SPOP was transiently 

knocked down by siRNA. Proteins that have altered expression upon the depletion of SPOP 

were identified. We then parsed our data by separating the proteins based on whether or 

not they had increased or decreased expression after SPOP knock down. Next, we focused 

upon proteins with increased abundance, as we hypothesized that these proteins could be 

potential SPOP substrates. This list was further analyzed by examining the amino acid 

sequences of the proteins and determining which have the characterized SPOP degron. 

From this list we then selected ITCH for validation and further experimentation as there 

exists evidence showing that it contributes to EMT.  
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Figure 1: Actuarial analysis of all 

198 patients for: (A) biochemical 

failure by SPOP mutation; (B) 

biochemical failure by Prior PSA 

level; (C) biochemical failure by age. 

All P values are from the log-rank 

test. From Dr. Jinlu Ma. 
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We began our validation by first using siRNA to deplete the expression of SPOP in 

prostate cancer cells and measuring the protein levels of ITCH via Western blot (Figure 

2A). Knock down of SPOP caused a dramatic increase in ITCH protein accumulation that 

was not observed in cells treated with the control siRNA, indicating SPOP regulates ITCH 

protein turnover. We then tested if the clinically relevant SPOP mutations caused alteration 

on ITCH expression. We utilized the Y87C, W131G, and F133L mutations because these 

were present in our clinical cohort. All three of the investigated mutations caused an 

increase in ITCH protein, compared to wild type and vector transfected cells (Figure 2B). 

These results indicate that mutations of these MATH domain sites cause of loss of function 

of SPOP. 

 
Figure 2: SPOP regulates ITCH protein expression. (A): Protein expression of 

lysates derived from cells treated with siRNA to SPOP or control siRNA as 

measured by western blotting. Membranes were probed with the indicated 

antibodies. (B): Protein expression of lysates derived from cells treated 

transfected with the indicated mutant forms of SPOP, wild type SPOP, or an 

empty vector as measured by western blotting. Membranes were probed with the 

indicated antibodies. 
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SPOP mutations abrogate binding with ITCH 

Since ITCH protein levels were elevated in SPOP depleted cells, we determined 

that ITCH was a potential substrate of SPOP. To test this, we performed co-

immunoprecipitation to determine if SPOP and ITCH interact and whether SPOP muations 

alter the process. We then transfected prostate cancer cells with plasmids containing the 

mutant forms of SPOP. All three of the Y87C, W131G, and F133L mutant forms of SPOP 

abrogated SPOP-ITCH interaction as measured by co-immunoprecipitation (Figure 3). 

Taken together, ITCH interacts with SPOP and this interaction is ablated by SPOP 

mutation. 

 

 

 

 
Figure 3: SPOP mutations abrogate binding with ITCH. Interaction of SPOP 

and ITCH was assessed by co-Immunoprecipitation of lysates derived from PC-

3 transfected from wild type SPOP or a mutant version of SPOP. An anti HA 

antibody was used to pull-down protein. Membranes were probed with the 

indicated antibodies. 

 



66 

 

Mutation of SPOP down regulates E-Cadherin expression 

To connect SPOP ITCH interaction and metastasis, we aimed to probe if E-

Cadherin is impacted by the loss of this interaction. E-Cadherin is a tumor suppressor and 

known regulator of EMT (145-147). We began by investigating if SPOP depletion and 

subsequent ITCH induction changed E-cadherin protein levels. Cells with siRNA mediated 

knock down of SPOP had a marked reduction in E-cadherin levels with a concomitant rise 

in ITCH protein levels (Figure 4A). We next tested if SPOP mutation resulted in a similar 

phenotype as SPOP knock down. Expression of all three mutants caused a similar reduction 

in E-cadherin levels that was not observed in vector transfected cells (Figure 4B). In sum, 

loss of or mutation in SPOP causes a reduction in E-cadherin. 

 

Figure 4: Mutation of SPOP down 

regulates E-Cadherin expression. (A): 

Protein expression of lysates derived from 

cells treated with siRNA to SPOP or 

control siRNA as measured by western 

blotting. Membranes were probed with 

the indicated antibodies. (B): Protein 

expression of lysates derived from cells 

treated transfected with the indicated 

mutant forms of SPOP, or an empty 

vector as measured by western blotting. 

Membranes were probed with the 

indicated antibodies. 
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Mutation of SPOP promotes migration in vitro 

 We then sought to support our biochemical data with in vitro phenotypic assays. 

To this end we used the transwell migration assay to determine if mutation of SPOP could 

increase the migration capabilities of prostate cancer cells.  Transfected PC-3 cells were 

plated into the inserts of transwells with or without the presence of Matrigel. 24 hours 

following plating the cells were fixed, stained and imaged. Two of the SPOP mutants, 

W131G, and F133L caused a significant increase in the fraction of cells that were able to 

migrate through the Matrigel (Figure 5 A and B). This data suggests that SPOP mutation 

can increase cell mobility and supports our clinical observations of SPOP mutation 

correlating with metastatic disease. 

 
 

 

Figure 5: SPOP mutation increases 

cell migration. (A): Representative 

images of transfected PC-3 cells 

fixed to the membrane of a 

transwell insert without (upper) or 

with (lower) the presence of 

Matrigel, stained with Hoechst 

33342.  (B): Quantification of (A). 

At least three images were taken for 

each sample totaling in over 30 cells 

for each sample. Invasion index was 

calculated by (number of cells in 

Matrigel / average number of cells 

in absence of Matrigel). 
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Discussion 

In this study we began by analyzing the clinical characteristics of our patient cohort. 

Multivariate analysis revealed the presence of SPOP mutation as an independent predictor 

of prostate cancer metastasis. Using proteomic analysis and in vitro validation we identified 

ITCH as a novel SPOP substrate. With biochemical assays we observed that SPOP interacts 

with and regulates the expression of ITCH. The SPOP mutations present in our cohort 

interrupted the interaction and subsequently led to increased ITCH levels in vitro. We then 

demonstrated that SPOP regulation of ITCH is crucial to maintaining E-cadherin levels. 

Lastly, we provide in vitro evidence of SPOP mutation increasing cell migration. Together, 

our data shows a SPOP ITCH E-cadherin axis that protects against metastasis and when 

disturbed, contributes to the metastatic potential of prostate cancer. 

Our observations are supported by previous reports that have indicated SPOP 

mutation increased the motility of prostate cancer cell in vitro and in vivo (24, 28). This 

cohort, while not ethnically diverse, exhibits a similar mutation rate and pattern to those 

seen in North American and European men indicating that mutation hot spots contained in 

exons 6 and 7 are not isolated to specific regional populations. To our knowledge we are 

the first to report SPOP having a strong correlation with metastasis and potential prognostic 

value. Although our evidence is contrary to existing literature, there is evidence suggesting 

that SPOP depletion does have a poor prognosis (19, 20, 148). A potential reason for our 

observation contrasting those that have been reported is the difference in the ethnicity of 

patient cohorts. The previously mentioned studies were conducted in men of largely 

Caucasian or African descent whereas our study was composed entirely of Chinese men. 

 The SPOP-ITCH interaction described here is one of many substrate enzyme 

interactions that affect disease progression in the context of SPOP mutation. This specific 
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interaction has a biochemical link to hallmark proteins differentially regulated during 

EMT. Additional studies will determine the weight of SPOP mediated ITCH in relation to 

other SPOP oncogenic substrates as the driver of metastasis. 

Due to the frequency of SPOP mutational occurrence and the deadly nature of 

metastatic prostate cancer, our results have a clear clinical impact at least for this group of 

patients. In an era of medicine where tumors are being sequenced more frequently and 

personalized medicine is becoming more common, our observations have potential to 

influence physicians’ treatment strategies. The data here suggests patients with mutated 

SPOP might have a significantly higher risk for advanced disease compared to others with 

wild type tumors and should be given more vigorous treatment regimens. It is also possible 

that our findings can be expanded to other cancers where SPOP is frequently mutated 

(endometrial, and thyroid) or lost (gastric, colon, among others). 
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DISCUSSION AND CONCLUSIONS 

Mutations in the genome are often the cause of malignant disease; however, these 

mutations can also be utilized clinically in diagnosis, prognosis, and developing treatment 

strategies. SPOP is frequently mutated in prostate cancer and its impact on the course of 

the disease and treatment strategies are still being discovered. The work presented here 

highlights two effects of SPOP mutation on prostate cancer progression. Two distinct roles 

for SPOP are presented that show its impact on prostate cancer disease progression. One 

focuses on a non-canonical function of SPOP and its role in the DDR. The other 

demonstrates SPOP’s canonical function as a tumor suppressor regulating protein levels of 

an oncogenic substrate. Its role in the DNA damage response emphasizes its ability to 

contribute to preventing prostate cancer formation. The evidence here showing that SPOP 

mutation could be correlated with metastatic disease shows that it also plays a critical role 

in impeding the progression of cancer. Both investigations show the profound impact 

protein mutation can have on disease progression. Combined, the data shown here 

demonstrates that a SPOP mutation can be especially deleterious because not only will the 

DDR be inhibited, but oncogenic substrates will become dysregulated. SPOP mutation can 

contribute to genome instability thereby potentially increasing the risk of aggressive 

disease.   

Previous work has demonstrated that SPOP interacts with ATM in the context of 

DNA damage (71). The studies presented here have shown that SPOP serine 119 is 
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essential for this interaction. Additionally, the results indicate that SPOP is phosphorylated 

by ATM in the context of DNA damage. SPOP S119N interrupts this interaction and also 

causes increased radiosensitivity. Combined, these findings further support the hypothesis 

that SPOP is critically involved in the DDR. A proteomic screen was utilized to identify 

downstream targets of SPOP-ATM interaction in order to further delineate this pathway. 

Analysis revealed that multiple DDR and cell cycle proteins have differential interactions 

with SPOP in the context of DNA damage. We identified MCM5, a replication helicase, 

as a putative SPOP interacting protein. Interestingly, the data does not suggest that SPOP 

mediates MCM5 destruction. However, it does suggest that SPOP and MCM5 interact in 

some form in the unperturbed state, and that this interaction is lost upon DNA damage or 

SPOP mutation.  

The observations reported here support existing literature demonstrating that SPOP 

has a function in the DDR. As part of its role in the DDR, we have identified SPOP as a 

novel substrate of ATM.  It possible that this activity is outside of the canonical function 

of SPOP as an E3 ligase adaptor protein. However, SPOP’s role in the DDR could be based 

on its function of protein regulation, but only in the context of DNA damage. Additional 

studies focused on identifying downstream targets will clarify if SPOP has a function 

completely disparate from protein ubiquitination. This study underscores the importance 

of identifying and understanding non-canonical roles for SPOP activity outside of its role 

as a tumor suppressor, especially in prostate cancer, where there may be other functions 

outside of regulating oncoproteins. 

When considering the data presented there are alternative interpretations and 

unanswered questions that remain for consideration. The main unanswered question is the 
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nature of SPOP-ATM interaction. The strength and duration of the interactions is greater 

than would be expected for a typical kinase substrate reaction (149). The observation of 

ATM pulling down with HA-SPOP via co-IP suggests there is something more than a 

simple phosphorylation event to this interaction. Additionally, the in vitro kinase data is 

the only data directly illustrating ATM phosphorylation of SPOP. However, the signal of 

p53 was far greater than that of SPOP. The strength and duration of the SPOP-ATM 

interaction could be contributing to this reduced phosphorylation signal due to the 

decreased turnover of substrate relative to p53. In order to better understand SPOP-ATM 

interaction one could investigate if other SPOP mutants interrupt this interaction. BLI data 

with the S119A mutant also showed reduced interaction with ATM (data not shown), 

suggesting the serine is crucial for interaction with ATM. Another line of experiments that 

could be done to gain further understanding of the importance of interaction of SPOP with 

ATM relative to phosphorylation is investigating the effects of a S119E mutant. Data that 

has not been included here shows that the glutamate substitution rescues the radiosensitive 

phenotype. However, interaction assays such as PLA, co-IP, and BLI would need to be 

performed with this mutant to determine if the phenotype can be rescued despite abrogation 

of ATM interaction. If so, this would indicate that that the physiological effect of the 

phosphorylation is what is crucial to genome stability and not simply interaction with 

ATM. Further, conducting the SILAC experiment with the S119E mutant and comparing 

the downstream interactions with wild type SPOP would illustrate which protein-protein 

interactions are reliant upon ATM binding more so phosphorylation of SPOP. It is possible 

that interaction with ATM changes SPOP’s substrate pool. More proteomic screens in the 
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context of ATM interaction with SPOP would need to be performed in order to base this 

conclusion. 

The physiological effect of SPOP-MCM5 interaction also has questions that remain 

to be answered. The first is the outcome of SPOP interaction with MCM5. The data 

presented in this work does not show that MCM5 levels are changed by interactions with 

SPOP, suggesting that it is not a substrate. Although, mutation in the MATH domain 

interrupted this interaction, indicating that MCM5 is a substrate of SPOP.  The two proteins 

could be a part of a complex, but this seems unlikely as MCM5 is already a part of complex 

with other MCM family proteins involved in DNA replication. A potential outcome of 

SPOP-MCM5 interaction is that SPOP mono-ubiquitinates MCM5 in order to activate it. 

MCM5 would likely be less active after DNA damage because the DDR would prevent 

DNA replication, so the interaction with SPOP would not be needed. Another potential 

reason for DNA damage abrogating SPOP-MCM5 interaction is that ATM interaction 

and/or phosphorylation of SPOP S119 prevents MCM5 interaction. This then frees SPOP 

for participation in the DDR. 

Future studies should focus on SPOP interaction with MCM5 and identifying other 

potential downstream proteins in order to target clinically exploitable regions of the 

protein. For example, mimetics can potentially be used to replace the lost MCM5 

interaction upon mutation of SPOP. Additionally, this project will focus on the effects of 

SPOP S119N mutation on MCM5 activity. Specifically, it would be a worthy endeavor to 

investigate if MCM5 helicase activity or replication fork licensing function has been 

altered in the presence of DNA damage.  The data presented herein demonstrates that 

mutation of SPOP S119 induces a radiosensitive phenotype. Additional in vivo data using 
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other DNA damaging agents and animal models will enable the project to move into the 

clinical setting. With enough clinical data support, we believe that the mutational status of 

this amino acid could be used to guide treatment regimens. Eventually, tumor sequencing 

can become part of a diagnostic panel as personalized medicine becomes standard in 

clinical care. Patients with SPOP S119N mutation could be directed toward DNA damage-

inducing therapies such as ionizing radiation and certain chemotherapies. This guided 

approach could potentially spare this patient population from hormone therapy, which is 

currently frontline therapy for prostate cancer (150, 151). Clinical utilization of the 

knowledge gained from these experiments would be feasible, as no new therapies would 

be needed beyond sequencing a patient’s tumor. 

 To this end, the clinical study presented involving a cohort of prostate cancer 

patients was analyzed for SPOP mutation status and disease outcome. Clinical analysis 

revealed that SPOP mutation correlated strongly with metastasis independent of other 

clinical variables such as age and prior PSA levels. We then sought to identify a novel 

SPOP substrate that could help explain the observed increase in metastasis. A proteomic 

screen was used to select for proteins with increased expression in the absence of SPOP 

that also contained the SPOP degron and had existing reports of involvement in metastasis 

or the EMT. ITCH was then selected for validation and further study. Biochemical analysis 

supported the screen and validated that ITCH protein levels increased upon SPOP 

depletion; further, ITCH protein accumulation was also increased in cells expressing 

mutant forms of SPOP that were present in the cohort. It was also observed that SPOP and 

ITCH interact, and that this interaction was lost when SPOP is mutated, suggesting that 

ITCH is a SPOP substrate in combination with the previous findings. Additionally, 
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biochemical data showed that SPOP mutation decreased E-cadherin levels concomitantly 

with increasing ITCH levels, supporting the clinical findings. Lastly, the biochemical data 

was supplemented with in vitro data showing that mutation of SPOP increased prostate cell 

migration. 

To our knowledge, at the time of this writing, this study is the first of its kind 

investigating SPOP mutation in Chinese men. The clinical data revealed that the rate of 

SPOP mutation in this cohort was similar to the rates that have been reported in other ethnic 

populations. This demonstrates that SPOP mutation is a critical event in prostate cancer in 

multiple ethnic populations (Caucasian, African, and Chinese), comprising a significant 

portion of the male prostate cancer population. This suggests that future therapies aimed at 

these mutations and/or mutations in SPOP’s MATH domain will also be efficacious in the 

Chinese male population. Larger studies will be needed to provide more conclusive results. 

The discovery of ITCH as a novel SPOP substrate adds it to the growing list of SPOP 

targets. These findings further support that SPOP, at least in prostate cancer, is a potent 

tumor suppressor with wide ranging influence of cellular signaling. This study provides 

clinically relevant evidence that SPOP-mediated ITCH accumulation can be targeted 

therapeutically, thereby overcoming the oncogenic accumulation of the protein that 

promotes EMT transition and metastasis.  

 Follow-up biochemical studies will aim to further elucidate the SPOP-ITCH 

pathway and reveal putative therapeutic targets. Additionally, the effects of SPOP 

mutation, and increased ITCH will be investigated with regards to canonical ITCH 

function. As stated previously, ITCH is involved in the immune response, functioning to 

keep the inflammatory response temporary (143). It is possible that increased ITCH due to 
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SPOP mutation could have an immune inhibiting effect, impeding the body’s ability to 

mount an anti-tumor response. Upon validation by a larger cohort, this data will be able to 

guide treatment avenues based on the presence of SPOP mutation. Patients with mutant 

SPOP can immediately begin more aggressive therapies. The difference from our analysis 

showing SPOP mutant correlation with metastasis from other studies highlights the 

heterogeneity of disease, and differences among ethnic groups that must be considered 

when formulating clinical trials and creating treatment plans.  

 There are several remaining unanswered questions from this study that will need to 

be addressed in future investigations. For example, it will be important to determine the 

reasons the Y87C mutant did not increase invasiveness in cells despite having the same 

biochemical markers as the W131G and F133L mutants. This suggests that there are other 

pathways that Y87C has not affected, or that the dominant negative effect of this mutant 

was not as strong as the other two mutants in pathways that were not investigated in this 

study. However, the clinical data presented also did not show that every individual with a 

SPOP mutation also had metastatic disease, which indicates that there are other variables 

that have not yet been accounted for and will need to be investigated to understand the 

metastasis-promoting effect observed herein. Also, the connection between ITCH and E-

cadherin remains unknown; specifically, whether the interaction is direct, or if are there 

intermediary steps. These questions can be answered by investigating if ITCH and E-

cadherin interact directly via co-IP. Also, investigating if E-cadherin ubiquitination 

changes based on activity and / or protein levels of ITCH could help further define their 

interaction.  
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 These studies demonstrate that the presence of SPOP mutation and alterations of 

specific residues can be used as deciding factors in creating treatment strategies to best 

reduce the burden of patients. The evidence presented here, combined with other studies in 

the field make it apparent that SPOP is a crucial tumor suppressor in the context of prostate 

cancer and will continue to be the subject of rigorous study in the future. Additionally, the 

understanding of SPOP function in an oncogenic environment will have a profound impact 

on prostate cancer treatment and prognosis going forward.  
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