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Abstract

EgIN prolyl hydroxylases, a family of oxygen-sensing enzymes, hydroxylate distinct proteins to
modulate diverse physiopathological signals. Aberrant regulations of EgINs result in multiple
human diseases, including cancer. Different from EgIN1 which function largely depends on the
role of hypoxia-induce factor alpha (HIFa.) in tumors, the functional significance and the upstream
regulatory mechanisms of EgIN2, especially in prostate cancer setting, remain largely unclear.
Here, we demonstrated that dysregulation of EgIN2 facilitated prostate cancer growth both in cells
and in vivo. Notably, EgIN2 was identified highly expressed in human prostate cancer tissues.
Mechanically, Cullin 3-based E3 ubiquitin ligase SPOP, a well-characterized tumor suppressor in
prostate cancer, could recognize and destruct EgIN2. Meanwhile, androgen receptor (AR), playing
a pivotal role in progression and development of prostate cancer, could transcriptionally up-
regulate EgIN2. Pathologically, SPOP loss-of-function mutations or AR amplification, frequently
occurring in prostate cancers, could significantly accumulate EgIN2 abundance. Therefore, our
study not only underlines an oncogenic role of EgIN2 in prostate cancer, but also highlights SPOP
as a tumor suppressor to down-regulate EgIN2 in prostate cancer.
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Introduction

EgIN prolyl hydroxylases recently have attracted more attention due to the increasing
identifications of their substrates and complicated roles in tumorigenesis [1,2]. Functionally,
all three EgINs share the biochemical functions to hydroxylate hypoxia-induce factor alpha
(HIFa), which acts as a key regulator of hypoxia-induced genes [3-6]. Subsequently, the
von Hippel-Lindau tumor suppressor protein pVHL, forming a complex with Cullin 2, Skp1
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and Rbx1, recognizes and destructs the hydroxylated HIFa [7]. However, the biological
functions of EgINs towards hydroxylated HIFa. are quite different. Specifically, EgIN1 (also
termed PHD?) is the primary HIF prolyl hydroxylase under normal conditions, whereas
EgIN2 (also termed PHD1) and EgIN3 (also termed PHD3) might be involved in HIF prolyl
hydroxylation under specific conditions, such as hypoxia [8]. The accumulation of HIFa
incorporates with HIFB (ARNT) to modulate cohorts of downstream genes, resulting in
governing cellular behaviors to adapt the environment changes [9-12].

In addition to HIFa, multiple specific substrates recently were identified to be hydroxylated
by distinct EgINs, such as Akt and NDRG3 as the substrates of EgIN1 [13,14], FOXO3a,
CEP192 and IKBKB as the substrates of EgIN2 [2,15,16], PKM2 and EPOR as the
substrates of EgIN3 [17,18]. Thus, the biological functions of these EgINs are mainly
dependent on their substrates in a tissue- or cell-context dependent manner. For instance,
EgIN1 serves as a tumor suppressor in triple negative breast cancer (TNBC), where HIF1a
is characterized as an oncogene [19]. However, EgIN1 may work as an oncogene in glioma
due to the characterized tumor suppressor role of HIF1a in glioma setting [20].
Interestingly, EQIN2 is demonstrated as a potential oncogene by hydroxylating FOXO3a to
induce cyclin D1 expression in breast cancer [1,2], as well as involves in drug resistance of
colorectal cancer (CRC) [21]. However, EgIN3 plays oncogenic functions to protect cell
from apoptosis in both HIF-dependent and -independent manners [22,23]. To better
understand the physiopathological functions of EgINs, it is of value to investigate the
regulatory mechanisms of EgINs. As reported before, EQIN3 could be transcriptionally
regulated by HIF signals [24,25], and EgIN1 and EgIN2 could be induced by estrogen
receptor (ER) [1,26]. However, the regulation and degradation of EgINs, especial EgIN2, are
not well evaluated in prostate cancer setting.

The ubiquitin-proteasome system governs a variety of biological processes and disease
conditions, such as cell cycle, apoptosis and cancer [27]. Cullin-Ring complexes are the
largest family in this system. Notably, SPOP, a Cullin 3-based E3 ubiquitin ligase, has been
shown to participate in diverse cellular processes and plays tumor suppressive and oncogenic
roles in prostate cancer and renal carcinoma by targeting different substrates for
ubiqutination-mediated proteolysis, respectively [28-30]. Recently, SPOP has drawn more
attention due to its frequent mutations occurring in prostate cancers [31], and its
characterized downstream oncogenic targets including AR, TRIM24 and ERG [32-34].
Therefore, it is of great value to identify novel substrates of SPOP to further explore its
functions as a tumor suppressor in prostate cancer. In this study, we reported that EgIN2, but
not EgIN1 and EgIN3, was recognized and destructed by SPOP in a degron-dependent
manner, and the aberrant accumulation of EgIN2, induced by amplification of AR or loss-of-
function of SPOP, could facilitate prostate cancer growth.

Material and methods

Bioinformatics analysis

The correlation of EgIN2 expression with the overall survival of tumor patients were
analyzed via PrognoScan (www.prognoscan.org) [35] and Kaplan—Meier Plotter
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(Kmplot.com) [36] tools. The detail information of the databases was listed in the figure
legends.

Cell culture and transfection

Hela, HEK293, HEK293T, HEK293FT were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) (Life Technologies, CA) containing 10% fetal bovine serum (FBS)
(Gibico), 100 units of penicillinand 100 mg/ml streptomycin. Prostate cancer cell line PC3,
RV1, C4-2 and LNCaP were maintained in RPMI11640 (Life Technologies, CA)
supplemented with 10% FBS. Spop knockout and counterpart mouse embryonic fibroblasts
(MEFs) as gifts were obtained from Dr. Nicholas Mitsiades (Baylor College of Medicine,
Houston, TX). Cell transfection was performed using Lipofectamine and Plus reagents, as
described previously [33]. For viral transduction experiments, lentivirus or retrovirus
constructs, along with helper plasmids (i.e., GAG-pol and VSV-G) were co-transfected into
HEKO93FT cells as previously described [37]. Medium with progeny virus from transfected
cells was collected every 24 h for 2 days, and then filtered with 0.45 um filters (Millipore)
and freshly used to infect cancer cells overnight in the presence of 4 ug/ml Polybrene
(Sigma—Aldrich). After infection, the cells were selected with 1 pg/ml puromycin (Sigma—
Aldrich) for 72 h to eliminate the uninfected cells before harvesting the whole cell lysates
for the subsequent biochemical assays.

Plasmids construction

Antibodies

Constructs of Flag-EgIN1, Flag-EgIN2, Flag-EgIN3 and sh-EgIN2 were kind gifts from Dr.
William Kaelin (Dana-Farber Cancer Institute, Boston, MA). pPCMV-GST-SPOP, pGEX-4T-
SPOP, pCDNA3-HA-SPOP, pPCDNA3-HA-AR were described previously [33]. Myc-Cullins
constructs and shRNA against Cullin3 were gifts from Dr. J. DeCaprio (Dana-Farber Cancer
Institute, Boston, MA). Flag-KLHL2 was a gift from Dr. Shinichi Uchida (Tokyo Medical
and Dental University, Tokyo, Japan). Flag-Keapl and Flag-KLHL12 were purchased from
Addgene. Various EgIN2 and SPOP mutants were generated utilizing the QuikChange XL
Site-Directed Mutagenesis Kit (Stratagene) according to the manufacturer’s instruction.
Details of plasmid constructions are provided upon request.

All antibodies were used at a 1:1000 dilution in 5% non-fat milk for western blot. Anti-
EgIN2 (NB100-310) and anti-EgIN3 (NB100-139) antibodies were obtained from Novus
biological. Anti-SPOP (16750-1-AP) antibody was purchased from Proteintech. Anti-EgIN1
(4835), anti-Cullin 3 (2759), anti-GST (2625), anti-GFP (2956), anti-AR (5153) and anti-
Myc-Tag (2278) antibodies were purchased from Cell Signaling. Polyclonal anti-HA
(SC-805) antibody was purchased from Santa Cruz. Monoclonal anti-Flag (F-3165, clone
M2), anti-Tubulin (T-5168), anti-Vinculin (\V-4505) antibodies, anti-Flag agarose beads
(A-2220), anti-HA agarose beads (A-2095), peroxidase-conjugated anti-mouse secondary
antibody (A-4416) and peroxidase-conjugated anti-rabbit secondary antibody (A-4914) were
purchased from Sigma. Monoclonal anti-HA (MMS-101P) antibody was purchased from
Covance.
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Immunoblots (IB) and immunoprecipitations (IP)

Cell lysates were collected in EBC buffer (50 mM Tris pH 7.5, 120 mM NaCl, 0.5% NP-40)
supplemented with protease inhibitors (Complete Mini, Roche) and phosphatase inhibitors
(phosphatase inhibitor cocktail set | and I, Calbiochem). The protein concentrations of
lysates were measured by the Beckman Coulter DU-800 spectrophotometer using the Bio-
Rad protein assay reagent. Same amounts of whole cell lysates were resolved by SDS-PAGE
and immunoblotted with indicated antibodies. For immunoprecipitation, cells were treated
with MG132 (10 uM) overnight after transfection 20 h, 1000 pg lysates were incubated with
the indicated antibody (1-2 pg) for 3—4 h at 4°C followed by 1 h incubation with addition of
carrier beads. Immunoprecipitants were washed five times with NETN buffer (20 mM Tris,
pH 8.0, 100 mM NaCl, 1 mM EDTA and 0.5% NP-40), then were resolved by SDS-PAGE
and immunoblotted with indicated antibodies.

Immunohistochemistry (IHC) and human tissue microarray

The human tissue microarrays were purchased from Outdo Biotech Company
(HProA100PG02, Shanghai, China). Total 100 cases of prostate tissues, including 3 cases of
normal tissues, 2 cases of paracancerous tissues and 95 cases of prostate cancer tissues with
clinical information, were arranged into one tissue array block and stained with human
EgIN2 (NB100-310, dilution 1:200) for IHC assay as previously reported [38]. Immuno-
stained sections were scanned using panoramic viewer (Budapest, Hungary). The staining of
cells was assessed according to the intensity (0 point: no; 1 point: weak; 2 points: moderate;
3 points: strong) and the proportion of positive cells (0 point: no; 1 point: 1-10%; 2 points:
11-50%; 3 points: 51-80%; 4 points: 81-100%). The slides were examined independently
by two pathologists blinded to the clinical and the pathologic information.

RNA extraction and real-time PCR (q-PCR) analysis

Total RNA was extracted using RNeasy Mini Kit (Qiagen) according to the manufacturer’s
instruction, and quantified by a spectrophotometer (NanoDrop ND-1000, Thermo
Scientific). First-strand cDNA was synthesized according to iScript™ Reverse Transcription
Supermix (Bio-rad) for RT-PCR. EgIN2 primers were synthesized as previously reported
[33]: EgIN2-5" 5-AACATCGAGCCACTCTTTGAC, EgIN2-3’, 5-
TCCTTGGCATCAAAATACC. GAPDH primers were used as intrinsic control as previous
reported [33]. The cDNA templates and ABI Tagman Fast Universal PCR Master Mix
(4352042, Life technologies) were mixed together and the real time PCR reactions were
performed with the ABI-7500 Fast Real-time PCR system. Each experiment with triple-
wells was repeated three times independently.

Purification of GST-tagged proteins

Recombinant GST-SPOP proteins were generated by transforming the BL21 (D3) E. coli
strain with pGEX-SPOP or pGEX-4T (empty vector control). The bacterial cultures were
grown at 37°C until an O.D. of 0.8, then was induced for 12-16 h using 0.1 mM IPTG at
16°C with vigorous shaking. Recombinant proteins were purified from harvested pellets.
Pellets were re-suspended in 5 ml EBC buffer and sonicated to harvest supernatant, which
was incubated with 50% Glutathione-sepharose slurry (GE) for 3 h at 4°C. The Glutathione
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beads were washed 3 times with PBS buffer (1 ml/wash) and stored at 4°C in PBS buffer or
eluted with elution buffer. Recovery and yield of the proteins was confirmed by analyzing 10
ul of beads by coomassie blue staining, and quantified against BSA standards.

Protein degradation analysis and protein half-life studies

Cells cultured in 6-cm dishes were transfected with 0.1 ug Flag-EgINs, along with different
doses of GST-SPOP (from 10 to 200 ng). For half-life studies, 100 pg/ml cycloheximide
(CHX, Sigma—Aldrich) was added to the cells after 36 h of post transfection. At the
indicated time points, cells were harvested and protein concentrations were measured. Total
30 g of the indicated whole cell lysates were separated by SDS-PAGE and protein levels
were measured by immunoblot analysis.

In vivo ubiquitination assays

MTS assays

His-ubiquitin along with Flag-EgIN2 and CMV-GST-SPOP were transfected into cells.
Thirty-six hours after transfection, cells were treated with MG132 (20 uM) for 6 h, and then
were lysed in buffer A (6 M guanidine-HCI, 0.1 M Na,HPO4/NaH,PO,, and 10 mM
imidazole [pH 8.0]) and subjected to sonicate. After high-speed centrifuged, the
supernatants were incubated with nickel-beads (Ni-NTA) (Qiagen) for 3 h at room
temperature. The products were washed twice with buffer A, twice with buffer A/T1 (1
volume buffer A and 3 volumes buffer T1), and one time with buffer T1 (25 mM Tris—HCI
and 20 mM imidazole [pH 6. 8]). The pull-down proteins were resolved in 8% SDS-PAGE
for immunoblot analysis.

1000 cells/well were seeded into 96-well plates and maintained in 100 ul DMEM containing
10% FBS. 20 pl CellTiter 96 AQe0us One Solution Reagent (Promega) was added to each
well at indicated time point. After incubating at 37°C for 1 h, the absorbance at 490 nm was
measured and survival rate was quantified. Each experiment with triple-wells was repeated
three times independently.

Colony formation and soft agar assays

Cells were seeded into 6-well plates (300 or 600 cells/well) and left for 8-12 days until
formation of visible colonies. Colonies were washed with PBS and fixed with 10% acetic
acid/10% methanol for 20 min, then stained with 0.4% crystal violet in 20% ethanol for 20
min. After staining, the plates were washed and air-dried, and colony numbers were counted.
Three independent experiments were performed to generate the standard error of the
difference (SED). The anchorage-independent cell growth assays were performed as
described previously (34). Briefly, the assays were preformed using 6-well plates where the
solid medium consists of two layers. The bottom layer contains 0.8% noble agar and the top
layer contains 0.4% agar suspended with 1 x 10% or 3 x 10% cells. 500 ul complete DMEM
medium was added every 7 days to keep the top layer moisture and 4 weeks later the cells
were stained with iodonitrotetrazolium chloride (1 mg/ml) (sigma 110406) for colony
visualization and counting. Three independent experiments were performed to generate the
standard error of the difference (SED).
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Mouse xenograft assays

Statistics

Results

Mouse xenograft assays were performed as described previously [39]. Briefly, 2 x 108 PC3
cells stably knockdown of EgIN2 with different shRNAs were injected into the flank of nude
mice (NCRNU-M-M from Taconic, 4-5 weeks of age). Tumor size was measured every
three days with a caliper, and the tumor volume was determined with the formula: L x W2 x
0.52, where L is the longest diameter and W is the shortest diameter. After 12 days, mice
were sacrificed and xenografted solid tumors were dissected, then tumor weights were
measured and recorded post-necropsy.

Differences between control and test conditions were evaluated by Student’s t test or one-
way analysis of variance (ANOVA) test using the SPSS 11.5 Statistical Software. Values of
p < 0.05 were considered statistically significant.

EgIN2 is aberrantly expresed in human prostate cancer tissues

While EgIN2, serving as a putative oncogene, participates in breast cancer cell proliferation
[1] and colon cancer cell drug resistance [21], its physiological roles in other tumors are not
well investigated yet. To this end, utilizing bioinformatics tools, such as Prognoscan [35] and
Kappa—Meier plot [36], we revealed that high expression of EgIN2 was markedly correlated
with poor clinical outcome in diverse of cancer patients, including glioma, lung and gastric
cancers (Fig. SLA-D). However, so far there is no any clues indicating the roles of EgIN2 in
prostate cancer setting. In order to uncover the potential function of EgINZ2 in prostate
cancer, we initially assayed EgIN2 protein levels in human prostate tissues by
immunohistochemistry (IHC) assay, and found that EgIN2 was aberrantly expressed in
prostate cancers compared with normal or benign prostate tissues (Fig. 1A). Importantly,
prostate cancers with high Gleason score (Gleason > 7) represented a higher expression of
EgIN2 (Fig. 1A and B), indicating that EgIN2 is dysregulated in and positively correlated
with advanced prostate cancers.

EgIN2 promotes prostate cancer growth in cells and in vivo

In order to evaluate the physiological roles of EQINZ2 in prostate cancer, we deleted
endogenous £g/N2with independent sets of ShRNA constructs in prostate cancer cell lines,
including PC3 and RV1 (Fig. 2A and Fig. S2A). Consistent with the previous finding in
breast cancer, deletion of £g/N2 could significantly attenuate cell proliferation (Fig. 2B and
Fig. S2B), colony formation (Fig. 2C and D, and Fig. S2C and D) and anchorage-
independent growth (Fig. 2E and F) in prostate cancer. More importantly, EgIN2 deficiency
dramatically decreased PC3 cells tumor formation in xenograft mouse model (Fig. 2G-1).
Conversely, stably expressed EgIN2 could apparently enhance prostate cancer cell biological
behaviors including proliferation (Fig. S3A,B,G and H), colony formation (Fig. S3C,D,I and
J) and anchorage-independent growth (Fig. S3E and F). These findings together support the
notion that dysregulation of EgIN2 plays an important role in prostate tumorigenesis.
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Cul3SPOP E3 Jigase degrades EgIN2

Next, to uncover the underlying regulatory mechanisms of EgIN2 in prostate cancer, we
initially try to identify the E3 ligase governing turnover of EgIN2. Given the fact that Cullin-
based E3 ligases composed of the largest family of E3 ligases, we then firstly screened a
panel of Cullin scaffolding proteins to identify the potential E3 complex for EgIN2.
Interestingly, Cullin 3, to a lesser extent of Cullin 1, but not other Cullin family proteins,
was validated to interact with EgINZ2 in cells (Fig. 3A). Consistently, deletion of endogenous
Cullin 3 could largely increase EgIN2 protein abundance (Fig. 3B). It is well-characterized
that Cullin3-based BTB complexes including but not limited to SPOP, KEAP1, KLHL2 and
KLHL12 [40]. However, only SPOP was observed to reduce EgIN2 protein levels in a dose-
dependent manner (Fig. 3C and D), instead of altering EgIN2 mRNA levels (Fig. 3E).
Consistent with these findings, deletion of SPOPin prostate cancer RV1 cells could increase
the endogenous EgIN2, but not EgIN1 or EgIN3, abundance (Fig. 3F). To further exclude the
possibly indirect effect of SPOP-targeting other substrates, such as ER and AR [32,41], we
revealed that SPOP-deficiency could largely increase EgIN2 protein instead of mMRNA levels
in AR-null PC3 cells (Fig. 3G and H).

In further support of SPOP as the upstream E3 ligase for EGIN2, we observed that the
endogenous EgIN2, but not EgIN1 and EgIN3, were induced in Spog’~ MEFs compared
with counterpart cells (Fig. 31). In keeping with this finding, EgIN2, but not EgIN1 or
EgIN3, could be physically associated with mammalian expressed GST-SPOP (Fig. S4A),
which was further validated by /n vitro pull-down assays with the bacterially purified
recombinant GST-SPOP (Fig. S4B). Conceivably, SPOP could promote EgIN2 ubiqutination
in a dose-dependent manner in cells (Fig. 3J), and subsequently deletion of SPOP could
sustain the half-life of EQIN2 (Fig. 3K and L). Conversely, ectopic expression of SPOP
shortened the half-life of EgIN2 (Fig. S4C and S4D). Importantly, deletion of £g/IN2
partially compromised SPOP knockdown-induced PC3 cell colony formation (Fig. 3M-0),
indicating that negative regulation of EgIN2 at least in part contributed to tumor suppressive
functions of SPOP in prostate cancer.

SPOP induces EgIN2 degradation in a degron-dependent manner

It is previously reported that majority of SPOP substrates share a consensus SPOP-binding
motif as ®-11-S-S/T-S/T (P-nonpolar, [1-polar) [42]. Thus, we analyzed EgIN protein
sequence and found two putative SPOP binding degrons in the N-terminal of EgIN2, but not
in EgIN1 and EgIN3, which are evolutionarily conserved across different species (Fig. 4A).
To reveal whether these degrons are indispensable for SPOP to reorganize EgIN2, we
deleted degron 1 (ASSS), and degron 2 (ASTT) of EgIN2 individually or in combination
(termed as 2A). The results showed that the deletion of degron 1, and to a lesser extent of
degron 2, largely impaired SPOP-mediated degradation of EgIN2 (Fig. 4B). Significantly,
two degron deletions almost totally abolished the ability of SPOP to degrade EgIN2 in cells
(Fig. 4B). In keeping with these results, deletion of degron 1 individually, or in combination
with degron 2, could attenuate the interaction of EgIN2 with SPOP in cells or /n vitro (Fig.
4C and D). These findings provide the evidence that degron 1 is the major functional degron
responsible for SPOP physiological association with and degradation of EgIN2.
Biochemically, the half-life of EgIN2-2A (deleted both degron 1 and 2) was significantly
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sustained compared with that of EgIN2-WT (Fig. 4E and F). Moreover, the ubiquitination of
EgIN2-2A was diminished compared with EQIN2-WT in cells (Fig. 4G). Together, these data
suggest that SPOP mediates the ubiquitination and subsequent destruction of EgIN2 in a
degron-dependent manner.

Patients-associated SPOP mutants are incapable to degrade EgIN2

SPOP, as the major frequently mutated gene in prostate cancer, plays pivotal roles for
prostate tumorigenesis and metastasis [43]. Most of the somatic mutations of SPOP, such as
Y87C, F102C, W131G and F133V, occurred in MATH domain of SPOP, where is
indispensable for SPOP binding with substrates (Fig. 5A) [30]. As an ubiquitin substrate of
SPOP, EgIN2 indeed disassociated with MATH-deleted SPOP (AMATH-SPOP) in cells (Fig.
5B). Conceivably, prostate cancer patients-associated SPOP mutants failed to interact with,
and subsequently destruct EgIN2 (Fig. 5C-E). Moreover, the ubiquitination of EgIN2 was
largely compromised by SPOP mutants compared with SPOP-WT (Fig. 5F). These data
indicate that patient-associated SPOP mutants are deficient in promoting ubiquitination and
destruction of EgIN2, therefore partially providing a molecular mechanism to explain the
aberrant accumulation of EgIN2 in prostate cancer (Fig. 5G).

Androgen receptor transcriptionally up-regulates EgIN2

Since we have demonstrated that majority of prostate cancer tissues represented abnormal
expression of EgIN2 (Fig. 1), thus, there must be more common pathways involving in
EgIN2 regulation except loss-of-function mutations of SPOP in prostate cancers [43]. A
previous report showed that estrogen receptor could transcriptionally regulate EgIN2
expression in breast cancer setting [1]. So we explore a possible link between the hormone
receptor AR and the regulation of EgIN2 in prostate cancer setting. To this end, we analyzed
the Gene Expression Omnibus (GEO) database and found that the EgIN2 mRNA levels were
much higher in AR-positive prostate cell lines compared with that of the AR negative cells
(Fig. 6A). Strikingly, dihydrotestosterone (DHT) could strongly induce EgQIN2 expression in
both protein and mRNA levels in AR positive (RV1, LNCaP and C4-2), but not in AR-
negative (PC3) prostate cancer cells (Fig. 6B and C). Specifically, silencing endogenous AR
in AR-positive prostate cancer cell line RV1 could markedly decrease EgIN2 levels, with
minor effect on the expression of EgIN1 and EgIN3 (Fig. 6D and E). In contrast, ectopic
expression of AR in AR-negative prostate cancer cell line PC3 or a cervical cancer cell line
Hel a increased EgIN2 expression both in protein and mRNA levels, in a dose-dependent
manner (Fig. 6F-K). These findings coherently support the notion that AR, a hallmark and
critical effector of prostate cancer proliferation and development [44], could
transcriptionally up-regulate EgIN2, contributing to the aberrant expression of EgIN2 in
prostate cancers (Fig. 6L).

Discussion

The primary function of EgINs is assigned to tightly regulate HIFa signals. In physio- or
pathological conditions of lacking oxygen, inactive EgINs lead to the accumulation of HIFa.,
which in turn dramatically induces the expression of EgINs, especially the expression of
EgIN3 [45]. On the other hand, in VHL-deficient conditions, such as in clear cell renal
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carcinoma (ccRCC), the hydroxylated HIFa could not be destructed by the defective pVHL,
leading to the increase of EgINs levels [46]. However, the regulation and degradation of
EgINs in normal condition or other tissue-context, especially in prostate cancer are not well
investigated. In this study, we demonstrated that EQIN2, aberrantly expressed in prostate
cancer patients, functions as an oncogene cooperating with other oncogenes to promote
prostate tumor growth. Moreover, similarly to the regulation of EgIN2 by estrogen in breast
cancer cells [26], EQIN2 might be also transcriptionally induced by AR in prostate cancer.
Hence, in AR amplification prostate cancer cells, EgIN2 expression is up-regulated and
possibly synergizes with other AR target genes such as ERG, TRIM?24 to facilitate prostate
cancer initiation and progression (Fig. 6L).

Loss-of-function mutations of SPOP frequently occur in prostate cancers. In addition to AR,
SPOP degrades multiple other oncogenic substrates, including but not limited to AR target
proteins such as ERG and TRIM24 to exert its tumor suppressor role [32,34]. Here we show
that SPOP also can degrade another AR target protein, EgIN2, in a degron-dependent
manner (Fig. 3), and £g/N2 deletion could partially decrease SPOP deficiency-induced
prostate cancer colony formation (Fig. 3M-0). Notably, the mutations of SPOP in prostate
cancer patients, restrain its capability to degrade prostate oncoproteins, such as AR, TRIM24
and EgIN2. At the same time, the accumulation of AR leads to amplification of its target
genes transcriptionally, including EgIN2, ERG and TRIM?24, subsequently facilitate prostate
cancer growth and progression (Fig. 6L). Together, in this study we not only highlight the
oncogenic role of EgIN2 in prostate cancer, but also reveal the upstream regulatory
mechanisms of EgIN2 by SPOP-mediated degradation and AR-mediated transcriptional up-
regulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. EgIN2 isaberrantly expressed in human prostate cancer tissues
(A) Representative IHC staining images of EgIN2 in prostate tissues. The magnification of

upper and lower images is 10x and 200x, respectively. The EgIN2 staining was assessed,
calculated, plotted and analyzed in (B).*p < 0.05, **p < 0.01 (t test).
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Fig. 2. Knockdown of endogenous EgIN2 decreases prostate cancer growth
(A) Immunoblot (1B) analysis of whole cell lysates (WCLs) derived from PC3 cells

lentivirally infected with scramble (sh-Scr) or multiple independent EgIN2 shRNAs (sh-
EgIN2). Infected cells were selected with puromycin (1 pg/ml) for 72 h before harvesting.
(B) Cell viabilities were measured at indicated time point with MTS assays, and the relative
cell viability was normalized and quantified to sh-Scr cells in the time of day 0 (Mean £ SD,
n = 3). **p < 0.01 (¢test). (C-F) Colony formation (C) and soft agar (E) assays were carried
out with the cell line generated in (A). Relative colony numbers were further quantified for
colony formation (D) and soft agar (F) (Mean + SD, n = 3). **p < 0.01, ***p < 0.001 (¢
test). (G-I) Stable cell lines generated in (A) were used for xenograft assays, and tumor
volume were monitored every three days (G). The tumors were dissected (H) and were
weighed in (1) (mean £ SD, n = 6). *p < 0.05, **p < 0.01 (¢test).
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Fig. 3. Cul35POP E3 ligase complex interacts with and degrades EgIN2
(A) IB analysis of immunoprecipitates (IPs) and WCLs derived from 293T cells transfected

with the indicated Cullin encoding constructs. Cells were treated with MG132 (10 uM) for
10 h before harvesting. (B) IB analysis of WCLs derived from PC3 cells lentivirally infected
with the Cullin3 shRNA constructs. (C and D) IB analysis of WCLs derived from 293T cells
transfected with indicated constructs. (E) Real-time PCR (qPCR) analysis to examine EgIN2
MRNA levels in 293T cells transfected with indicated SPOP constructs (mean £+ SD, n = 3).
(F and G) IB analysis of WCLs derived from RV1 (F) and PC3 (G) cells lentivirally infected
with the SPOP shRNA construct. (H) The mRNA levels of EgIN2 in (G) were measured
with gQPCR (mean + SD, n = 3). (1) IB analysis of WCLs derived from Spop™~ and
counterpart MEFs. (J) 1B analysis of WCLs and His pull-down products derived from 293T
cells transfected with indicated constructs and treated with MG132 (10 uM) 10 h. (K and L)
IB analysis of PC3 cells stably infected with the control and SPOP shRNA construct. Where
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indicated, Cycloheximide (CHX) (100 pg/ml) was added, and cells were harvested at the
indicated time points. Relative EgIN2 protein abundance in (K) was quantified by Image J
and plotted in (L). (M) IB analysis of PC3 cells lentivirally infected with indicated
constructs, and the resulting cells were performed colony formation assays (N). The relative
colony numbers in (N) were further quantified in (O) (mean + SD, n = 3). **p < 0.05, **p <
0.01 (ttest).
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Fig. 4. SPOP interactswith and degrades EgIN2 in a degron-dependent manner
(A) A schematic illustration of the domain structures of EgINs and the alignment of binding

motif of SPOP in EgIN2 across different species. (B) 1B analysis of WCLs derived from
293T cells transfected with the indicated constructs. (C) 1B analysis of WCLs and GST pull-
down products derived from 293T cells transfected with the indicated plasmid. Cells were
treated with MG132 (10 uM) for 10 h before harvesting. (D) GST pull-down assay was
performed with bacterially purified recombinant GST-SPOP proteins (GST as negative
control) and the WCLs derived from 293T cells transfected with indicated EgIN2 mutants.
(E and F) 1B analysis of WCLs derived from 293T cells infected with the indicated
constructs. Where indicated, Cycloheximide (CHX) (100 pg/ml) was added after
transfection 30 h, and the resulting cells were harvested at the indicated time points. Relative
EgIN2 protein abundance in (E) was quantified by Image J and plotted in (F). (G) IB
analysis of WCLs and His pull-down products derived from 293T cells transfected with
constructs encoding the indicated proteins and treated with MG132 (10 uM) for 10 h before
harvesting.
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Fig. 5. SPOP mutantsareimpaired to interact with and degrade EgIN2
(A) A schematic illustration of SPOP domains and prostate cancer-associated mutations. (B)

IB analysis of WCLs and IPs derived from 293T cells transfected with the indicated
plasmids. The resulting cells were treated with MG132 (10 uM) for 10 h before harvesting.
(C) In vitro GST pull-down assay demonstrated SPOP mutations impaired to interact with
EgIN2. (D) IB analysis of WCLs derived from 293T cells transfected with the indicated
constructs. (E) IB analysis of LNCaP cells stably infected with indicated constructs. (F) IB
analysis of WCLs and His pull-down products derived from 293T cells transfected with
constructs encoding indicated proteins and treated with MG132 (10 uM) for 10 h before
harvesting. (G) Schematic diagrams illustrate how SPOP regulates EgIN2. Specifically, WT-
SPOP could interact with and degrade EgIN2, while loss-of-function mutations SPOP
impaired its capability to destruct EgIN2, importantly, SPOP could not recognize and
destruct degrons deletion form of EgIN2.
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Fig. 6. Androgen Receptor (AR) transcriptionally up-regulates EgIN2 expression
(A) GEO (GSE4016) database analysis of relative EgIN2 mRNA expression in AR-negative

and AR-positive prostate cancer cells. (B) Prostate cancer RV1, LNCaP, C4-2 and PC3 cells
were cultured in charcoal-treated medium for 72 h, then were stimulated with or without
DHT (10 nM) for another 24 h before harvesting for IB analysis. (C) The mRNA levels of
EgINZ2 in (B) were measured with gPCR (mean £ SD, n = 3). *p < 0.05 (¢test). (D and E) IB
analysis of WCLs derived from RV1 cells lentivirally infected with scramble (sh-Scr) or
independent AR shRNAs (sh-AR). Infected cells were selected with puromycin (1 ug/ml)
for 72 h before harvesting (D). The mRNA levels of EgIN2 in (D) were measured with
gPCR (E) (mean £ SD, n = 3). *p < 0.05 (¢test). (F-K) IB analysis of WCLs derived from
PC3 (F) and HeLa (1) cells transfected with indicated AR constructs. The relative EgIN2
protein abundance in (F, 1) was quantified by Image J and normalized with control cells in
(G, J). Furthermore, the mRNA levels of EgIN2 in (F, I) were measured with gPCR (H, K)
(mean + SD, n = 3). *p < 0.05 (#test). (L) Schematic diagrams illustrate the regulation of
EgIN2 in prostate cancer. Loss-of-function mutations in SPOP impaire its capable to destruct
its downstream targets, including AR and EgIN2, in turn, the accumulation of AR
transcriptionally up-regulates EgIN2. Ultimately, the elevated EgIN2 cooperates with other
oncogenic genes together contributing to prostate tumorigenesis.
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