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Abstract

SPOP is one of the important subunits for CUL3/SPOP/RBX1 complex tightly connected with tumorigenesis. However, its
exact roles in different cancers remain debatable. Here, we identify CYCLIN El1, as a novel substrate for SPOP. SPOP
directly interacts with CYCLIN E1 and specific regulates its stability in prostate cancer cell lines. SPOP/CUL3/RBX1
complex regulates CYCLIN EI stability through poly-ubiquitination. CDK2 competes with SPOP for CYCLIN El
interaction, suggesting that SPOP probably regulates the stability of CDK2-free CYCLIN El. CYCLIN El expression
rescued proliferation, migration, and tumor formation of prostate cancer cell suppressed by SPOP. Furthermore, we found
SPOP selectively regulates the substrates’ stability and signaling pathways in prostate cancer and CCRC cell lines,
suggesting that complicated mechanisms exist for SPOP to regulate substrate specificity. Altogether, we have revealed a
novel mechanism for SPOP in suppressing prostate cancer and provided evidence to show SPOP has dual functions in

prostate cancer and CCRC.

Introduction

SPOP was initially identified as a nuclear protein that
exhibits a speckled localization pattern [1]. Nuclear speck-
les are considered as an important structure for RNA editing
and maturation, where SPOP is thought to be involved in
RNA processing and transcription regulation [2]. Recent
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studies have established that SPOP forms an ubiquitin E3
ligase complex with cullin 3 (CUL3) and ring-box 1
(ROC1/RBX1), which poly-ubiquitinates substrates with
K48 ubiquitin chain and promotes protein degradation via
proteasome [3]. Sequence alignment and structure study
revealed a peptide sequence, ¢-n-S-S/T-S/T, as SPOP-
binding consensus (SBC) motif [3]. A bunch of substrates
for SPOP have been identified, including death-domain
associated protein (DAXX), macro H2A, androgen receptor
(AR), nuclear receptor co-activator 3 (NCOA3), phospha-
tase and tensin homolog (PTEN), ETS transcription factor
(ERG), DEK proto-oncogene (DEK), cell division cycle 20
(CDC20), inverted formin, FH2 and WH2 domain-
containing (INF2), bromodomain containing 4 (BRD4)
and SET domain-containing 2 (SETD2) in mammals, as
well as cubitus interruptus (Ci) in Drosophila [4—19]. Most
of these substrates are localized in nucleus, further sug-
gesting SPOP as a transcription regulator.

Extensive genomic studies identified SPOP as a tumor-
suppressor in prostate cancer (PCa) tissues [20, 21]. Mul-
tiple studies have illustrated that SPOP exerts its tumor
suppressive function through degradation of oncogenic
substrates in PCa [21]. Among them, NCOA3/SRC3 is a
co-activator for androgen receptor (AR) and promotes PCa
tumorigenesis [7, 19]; DEK acts as a proto-oncogene
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Fig. 1 SPOP regulates the stability of exogenous expressed CYCLIN
El. a HEK293 cells were transfected with indicated plasmids for 24 h
followed by treatment with 10 uM MG132 for 12h, and co-IP was
performed with anti-Flag or anti-HA antibodies. b His-SPOP and
GST-CCNE1 were expressed in bacteria and affinity purified. GST-
pulldown assay was performed to study the direct interactions between
CYCLIN E1 and SPOP. ¢ HEK293 cells were transfected with indi-
cated plasmids. Twenty-four hours after transfection, cells were treated
with 10 uyM MG132 for 12 h and harvested for WB. d HEK293 cells

involved in mRNA processing and DNA replication [11];
ERG is one member of ETS family of transcription factor,
and considered as one marker for prostate cancer [10].
SPOP mutation has recently been proved to be the major
cause in PCa exhibiting resistance to BET inhibitor [15-18].

were transfected with indicated plasmids. After 24 h, cells were treated
with DMSO, MG132 (10 uM for 12h), CQ (20 uM for 9 h), NH,Cl
(20mM for 9h), 3-MA (5mM for 9h), and harvested for WB.
e DU145 cells were transfected with the indicated plasmids and treated
with 100 pg/ml cycloheximide (CHX) 24 h later. Cells were then
harvested at various time points for WB. CYCLIN E1 protein abun-
dance was quantified by Imagel] and plotted as indicated. *means p-
value < 0.05; **means p-value <0.01

Interestingly, the nonsense mutation of SPOP is seldom
found in PCa, suggesting SPOP mutants may play more
complicated roles in tumorigenesis [20].

SPOP was also identified as an oncogene in clear cell
renal carcinoma (CCRC) [22]. SPOP is overexpressed in
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Fig. 2 SPOP regulates endogenous CYCLIN El specific in prostate
and bladder cancer cell lines. a, b The indicated cell lines were
transfected with control or SPOP-specific siRNAs. After 72 h, cells
were harvested for WB. ¢ After treatment with DMSO or MG132 (10
mM) for 12 h, DU145 lysates were prepared for co-IP with CYCLIN
El antibody. d DU145 and PC3 cells were transfected with HA- or
Myc-SPOP plasmid. After 24 h, cells were treated with DMSO or

more than 90% CCRC tissues [23]. It was reported that
SPOP promotes CCRC through degradation of PTEN, a
well-known tumor-suppressor [9]. Our group have recently
identified SETD2 as one of SPOP substrates, which is the
major histone H3K36me3 methyltransferase in mammal and
a tumor-suppressor in many cancers [12, 24]. Moreover, one
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MG132 (10 mM) for 12h and endogenous CYCLIN El level was
assayed with WB. e Flag-SPOP (green) was expressed in PC3 cells
and endogenous CYCLIN El (red) was assayed by immunofluorescent
staining. f SPOP was knocked down in DU145 cells, and 48 h later
cells were treated with 100 ug/ml cycloheximide (CHX), and harvested
at various time points for WB. CYCLIN El protein abundance was
quantified by ImageJ and plotted as indicated. *means p-value < 0.05

poly-peptide inhibitor of SPOP, has been shown to be
effective in treating CCRC in an animal model [25].

Thus, a debate is currently existing in the field about
SPOP’s function in tumorigenesis [21, 22]. Whether is SPOP
an oncogene or tumor-suppressor? Or does it play different
roles in the context dependent manner? It is necessary to
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further explore the underlying molecular mechanisms and
compare its effect in two cancers side by side.

In the present study, we have revealed a new mechanism
for SPOP in repressing PCa and identified CYCLIN El1, an
oncogene and important cyclin involved in G1/S transition,
as a new SPOP substrate. We show here SPOP interacts
with CYCLIN El1, selectively regulates its stability in
prostate and bladder cancer cell lines, and regulates PCa
tumorigenesis through CYCLIN El degradation. Further-
more, we show here SPOP has substrate specificity and
regulates distinguished transcription programs in PCa and
CCRC cell lines, suggesting complicated mechanisms exit
for SPOP substrate selectivity in different cancers.

Results

The interaction between exogenous expressed
SPOP and CYCLIN E1

When exploring the underlying mechanisms for SPOP-
regulated tumorigenesis, we found that the exogenous
expressed SPOP and CYCLIN E1 interact with each other
in HEK293 cells (Fig. 1a). We further expressed and pur-
ified His-tagged SPOP and GST-tagged CCENI1 in bacteria
and performed GST pulldown assay, which indicates that
SPOP and CYCLIN El can interact directly (Fig. 1b). To
map the interaction domains between the two proteins, a
series of truncated forms of CYCLIN El1 and SPOP were
generated (Sup. Fig. 1A, B). The immunoprecipitation
assays indicated that the N-terminal MATH domain of
SPOP interacts with CYCLIN El, and the cyclin domain in
middle of CYCLIN El interacts with SPOP (Sup. Fig. 1C,
D). Since SPOP is a ubiquitin E3 ligase, we speculate that
CYCLIN E1 may be one of the substrates for SPOP.

SPOP regulates CYCLIN E1 stability in a proteasome-
dependent manner

To study whether SPOP regulates CYCLIN E1 stability,
Flag-tagged CYCLIN E1 was expressed in HEK293 and its
protein level was dramatically decreased with HA-SPOP
(Fig. 1c). MG132 treatment successfully rescued it, sug-
gesting CYCLIN El degradation by SPOP is proteasome
dependent (Fig. 1c). We further tested the effects of NH4Cl,
chloroquine (CQ) and 3-MA, inhibitors for lysosome and
autophagy, respectively. Only MG132 inhibited the effect
of SPOP on CYCLIN E1 stability, further suggesting the
process is dependent on proteasome (Fig. 1d). Then cells
were treated with cycloheximide (CHX), and the decay rate
of CYCLIN EIl was studied. The result indicated that the
expression of SPOP significantly accelerates the degrada-
tion of endogenous CYCLIN E1 (Fig. le). Consistent with

above interaction studies, CCNE1-NC, which lacks the
cyclin domain, remained stable with SPOP expression (Sup.
Fig. 1E). And only full length SPOP degraded CYCLIN El,
suggesting both MATH and BTB domains are required
(Sup. Fig. 1f). These suggest exogenous expressed SPOP
promotes CYCLIN E1 degradation through interaction
between MATH domain in SPOP and cyclin domain in
CYCLIN E1.

Regulation of endogenous CYCLIN E1 stability by
SPOP specifically in prostate and bladder cancer
cells

The above data suggest CYCLIN E1 may serve as a new
substrate for SPOP, then we started to investigate whether it
occurs at the endogenous level. The endogenous CYCLIN
E1, SPOP, and CDK2 levels in some cell lines were studied
(Sup. Fig. S2A) and totally 15 cell lines were screened. It is
interesting that SPOP knockdown caused increase of
CYCLIN El1 only in four cell lines, DU145 and PC3, two
prostate cancer cell lines, SV-HUC-1 and T24, two bladder
cell lines, but not in others, including four kidney cell lines
(ACHN, 786-0, 769-P, and HEK293), one colon cancer
cell line (HCT116), two liver cell lines (HepG2 and
HL7702), one bone osteosarcoma cell line (U20S), one
cervical cancer cell line (HelLa), one bladder cancer cell
lines (UM-UC-3) and one prostate cancer cell line (22RV1)
(Fig. 2a, b and Sup. Fig. S2B-F). Quantitative reverse
transcription PCR (RT-PCR) showed that SPOP knock-
down did not affect CCNEI mRNA level in DU145 and
769-P (Sup. Fig. S2G, H). These together suggest that the
regulation of CYCLIN E1 stability by SPOP is cell line
specific, and may be selectively occurs in some types of
prostate and bladder cancer cell lines.

In DUI145, we successfully verified the interaction
between endogenous CYCLIN El and SPOP with co-
immunoprecipitation (Fig. 2c). Overexpression of HA-
SPOP decreased the endogenous CYCLIN El in DUI145
and PC3 (Fig. 2d). Immunofluorescent staining further
showed that expression of Flag-SPOP in DU145 reduced
CYCLIN El level in the cell, in comparison with un-
transfected cells (Fig. 2e). With CHX treatment, SPOP
knockdown also slowed down CYCLIN E1 degradation in
DU145 (Fig. 2f). In DU145, wild-type SPOP downregulates
CYCLIN EI1 but not the tested SPOP mutants (Sup. Fig. 2I).
All these indicate that SPOP regulates CYCLIN E1 stability
in prostate and bladder cancer cell lines.

Poly-ubiquitination of CYCLIN E1 by SPOP/CUL3/
RBX1 complex

To test whether CYCLIN El1 is one of the substrates for
SPOP, in vivo and in vitro ubiquitination assays were

SPRINGER NATURE
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Fig. 3 SPOP/CUL3/RBX1 complex poly-ubiquitinates CYCLIN El.
a HEK293 cells were transfected with indicated plasmids for 24 h
followed by MG132 (10 mM) treatment for 12 h. Immunoprecipitated
Flag-CCNE1 were analyzed for ubiquitination with anti-HA WB.
b SPOP/CUL3/RBX1 complex was expressed in insect cells and
affinity purified. In vitro ubiquitination assay was performed together
with bacteria-expressed E1, E2, and GST-CCNEI]. ¢ Flag-CCNE1 was
expressed in HEK293 cells with SPOP wild-type or mutants. Twenty-

performed. SPOP expression greatly increased the poly-
ubiquitination of CYCLIN E1 in HEK293 cells (Fig. 3a).
Then SPOP/CUL3/RBX1 complex was expressed and
purified with baculovirus system in insect cells. CYCLIN
El was expressed in bacteria and purified with affinity
columns. The purified SPOP/CUL3/RBX1 complex suc-
cessfully poly-ubiquitinated CYCLIN El in vitro, with the
presence of El and E2 (UBCHSC) (Fig. 3b). These
demonstrated that SPOP/CUL3/RBX1 complex can directly
poly-ubiquitinates CYCLIN E1.

To examine the effect of SPOP mutants in prostate
cancer on CYCLIN El, four constructs containing most
frequent SPOP mutations were generated. When CYCLIN
E1 was co-expressed with these mutants, it was much more
stable than that with wild-type SPOP (Fig. 3c). Co-
immunoprecipitation assay showed that only wild-type
SPOP interacts with CYCLIN E1, but not the mutants
(Fig. 3d). Ubiquitination assay indicated that SPOP mutants
caused less poly-ubiquitination chain on CYCLIN El than
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four hours after transfection, cells were harvested for WB. d HEK293
cells  were transfected with  indicated  plasmids.  Co-
immunoprecipitation was performed to study CYCLIN EI1-SPOP
interaction after treatment with 10 uM MG132 for 12 h. e HEK293
cells were transfected with indicated plasmids and treated with 10 uM
MG132 for 12 h. Ubiquitination assay was performed to study the
effect of SPOP mutants on CYCLIN E1 ubiquitination

wild type (Fig. 3e). These suggest that SPOP mutants in
prostate cancer have less activity to promote CYCLIN El
degradation.

CDK2 inhibits CYCLIN E1 poly-ubiquitination by
SPOP

Previously, two ubiquitin E3 ligases for CYCLIN El were
reported, FBXW?7 and RhoBTB3 [26-28]. To compare the
effects of three E3 ligases, we knocked down each of them
with siRNAs. It seemed that all three E3 ligases regulate
CYCLIN El1 in these cells, while FBXW7 seemed to be most
powerful and RHOBTB3 only showed a slight effect
(Fig. 4a). CYCLIN E1 phosphorylation by CDK?2 is required
for degradation by FBXW7 [26, 29]. To investigate the role
of CDK?2 in SPOP-dependent CYCLIN E1 degradation, Flag-
CCENI1 and HA-SPOP were expressed in cells with or
without Flag-CDK2. The result suggest that CDK?2 expres-
sion inhibited CYCLIN El degradation by SPOP (Fig. 4b).
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Ubiquitination assay showed that CDK2 expression also
inhibited CYCLIN E1 poly-ubiquitination by SPOP (Fig. 4c).
We generated three CYCLIN E1 mutants, T77A, T395A, and
T77/395A, whose phosphorylation sites by CDK2 and GSK3
were mutated to alanine. According to the previous reports,

they should resist the degradation promoted by FBXW7 (Sup.
Fig. S2J) [30]. Interestingly, all of the three mutants can still
be degraded by SPOP (Fig. 4d), suggesting that distinguished
regulatory mechanisms exist for FBXW7- and SPOP-
modulated CYCLIN E1 degradation.

SPRINGER NATURE
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Fig. 4 CDK2 inhibits CYCLIN El degradation promoted by SPOP.
a PC3, DU145, SV-HUC-1 cells were transfected with SPOP/FBXW?7/
RhoBTB3 siRNAs. Seventy-two hours after transfection, cells were
harvested for WB. b, ¢ HEK293 cells were transfected with indicated
plasmids. Twenty-four hours later, cells were harvested and Flag-
CCNEIl protein level (b) and ubiquitination (c) were studied.
d CCNE] plasmids were constructed with mutation of CDK2 phos-
phorylation sites. Then CYCLIN El mutants were expressed in
HEK293 with or without SPOP and western blotting was performed to
study CYCLIN E1 protein level. e CYCLIN El1 mutants abolishing
CDK?2 interaction were generated and co-expressed with CDK2 wild-
type or kinase dead mutant in HEK293. Western blotting was per-
formed to study CYCLIN El1 protein stability. f Cells were transfected
with indicated plasmids and the interaction between Flag-CCNEI1 and
HA-SPOP (MATH domain) was studied with co-IP. g GST-pulldown
was performed with bacteria-expressed proteins. The addition of His-
CDK?2 inhibits the interaction between GST-CCNE1 and His-SPOP

CDK2 competes with SPOP for CYCLIN E1 binding

To explore the underlying mechanism how CDK2 inhibits
SPOP-dependent CYCLIN E1 ubiquitination, we used a
CDK2 kinase dead mutant, T160A, and found it can still
inhibit CYCLIN E1 degradation by SPOP as wild-type
(Fig. 4e). Meanwhile, two CYCLIN E1 mutants, R145A
and 5A173'177, which both abolish the interaction with
CDK?2 [30, 31], were degraded by SPOP in the presence of
CDK?2 (Fig. 4e). These suggest that interaction with CDK2,
but not CDK2 kinase activity, is required for inhibition.
When CDK2 was expressed in the cell, the interaction
between MATH domain in SPOP and CYCLIN El was
greatly impaired (Fig. 4f). To further study the effect, we
performed GST-pulldown assay with bacteria-expressed
proteins, and found that addition of His-CDK2 repressed the
interaction between GST-CCNE1 with His-SPOP (Fig. 4g).
These suggest that CDK2 competes with SPOP for
CYCLIN E1 binding.

SPOP deficiency impairs S phase progression of
synchronized cells

CYCLIN El is an important cyclin during S phase pro-
gression. We synchronized cells with double-thymidine
block and then released them to study whether SPOP reg-
ulates S phase progression through CYCLIN E1. However,
we only got SPOP stable knockdown cell line, but not that
for CCNEI, probably due to the cell cycle defect without
CYCLIN El. The flow cytometry results indicated SPOP
deficiency increased S phase cells after release (Fig. 5a).
MTT assay showed that SPOP deficiency increased cell
proliferation (Fig. 5b); and the colony number formed by
DU145 cells (Sup. Fig. S3A). The transient knockdown of
CCNE] with siRNA led to reduction of S phase as expec-
ted; and co-knockdown of both genes with siRNA partially
rescued the CCNE] siRNA phenotype (Fig. 5c¢).

SPRINGER NATURE

SPOP represses tumor phenotypes in a CYCLIN E1-
dependent manner

Since we could not get CCNEI stable knockdown or
knockout cell line, we stably expressed CYCLIN El and
SPOP in DU145, separately or together (Sup. Fig. S3B).
Flow cytometry result showed that CYCLIN E1 expression
increased the percentage of S1 phase cell released after
double-thymidine block, while SPOP expression reduced
the percentage and rescued the CYCLIN El1 phenotype
(Sup. Fig. S3C). In the normal cell cycle assay without
synchronization, wild-type SPOP, but not SPOP mutants,
reversed the S phase increase by CYCLIN E1 (Sup. Fig.
S3D). Cell proliferation assay studied with RTCA indicated
that CYCLIN EI increased cell proliferation rate and SPOP
expression inhibited it (Fig. 5d). Cell migration assay with
RTCA also showed that CYCLIN El accelerated cell
migration while SPOP expression rescued the phenotype
(Fig. 5e). The colony formation assay showed that CYCLIN
El increased the colony number and SPOP expression
rescued it (Fig. 5f). To study their ability in tumor forma-
tion, the above four cell lines were injected into nude mice.
The results showed that CYCLIN EIl increased tumor
volume and SPOP expression greatly repressed it; impor-
tantly, SPOP expression reversed the effect caused by
CYCLIN E1 overexpression (Fig. 5g, left). Western blotting
confirmed that the tumors were developed from the original
cell lines (Fig. 5g, right). These data nicely fit the previously
published data about CYCLIN El’s roles in tumor, and
indicated that SPOP acts as a tumor-suppressor through
inhibiting CYCLIN El1 functions.

SPOP increases the tumor number formed by CCRC
cells

Previously we have revealed that SPOP promotes the
degradation of SETD2, an important tumor-suppressor in
many cancers, through poly-ubiquitination [12]. Other
groups also reported SPOP to be an oncogene in CCRC
[9, 23]. Then a debate about SPOP’s role in tumorigenesis
exists in the field. We have discovered two substrates for
SPOP, one oncogene and one tumor-suppressor, which
led us to investigate whether SPOP play opposite roles in
PCa and CCRC. We stably expressed SPOP in 769-P, a
widely used CCRC cell line, and performed xenograft
experiments in nude mice, side by side with SPOP stable
DU145 cells. The results suggest SPOP expression
repressed tumor volume and weight of DU145, same as
previous observation (Figs. 5g and 6a—c), and increased
the tumor number formed by 769-P (Fig. 6a). Interest-
ingly, SPOP expression did not affect the average tumor
size or weight of 769-P (data not shown), suggesting
SPOP may be only involved in the early stage of kidney
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tumor formation. Western blotting was carried out to
confirm the tumors were developed from original 769-P
stable cells (Sup. Fig. S4A). These data agree with

Days

previous publications and provided strong evidence that
SPOP plays opposite roles in tumor formation from PCa
and CCRC cell lines.
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Fig. 5 SPOP inhibits proliferation and migration of prostate cancer cell
via CYCLIN El. a SPOP stable knockdown cell line in DU145 was
made with retroviral infection system. Cells were synchronized with
double-thymidine block, and 8 h after release cells were pulse-labeled
with 10 uM BrdU for 30 min and assayed with flow cytometry b Cell
proliferation of SPOP knockdown cells in a, assayed with MTT.
*means p-value <0.05. ¢ SPOP or CCNEI was transiently knocked
down with siRNAs in DU145 cells as indicated. BrdU-incorporation
assay was carried out 4 h after release from synchronization. d, e SPOP
and CYCLIN EI stable expressed DU145 cells were generated with
lentivirus expressing system. The real-time cell proliferation (d) and
migration (e) were measured with RTCA assay according to the
manufacturer’s protocol. f Plate colony formation assay of CYCLIN
El and SPOP stable expressed DU145 cells. Colony numbers
was counted and plotted as indicated. ***means p-value = 0.0005.
g, h Xenograft experiments of SPOP and CYCLIN EI stable
expressed DU145 cells. In all, 5x10° cells were injected sub-
cutaneously into the nude mice and tumors were harvested 27 days
later. Tumors were pictured (g) and tumor volumes were shown as
mean + SD, n =9 (h). One tumor from each group was random picked
and assayed with western blotting to confirm they are from original
cell lines (g, right). * means p <0.05

SPOP selectively regulates substrates stability in
PCa and CCRC cell lines

We then speculated that SPOP may exert its functions
through selectively regulates the substrates’ stability in
different cell lines. We knocked down SPOP with siRNAs
in two PCa cell lines, DU145 and PC3, and two CCRC cell
lines, 786-O and 769-P. In PCa cell lines, SPOP deficiency
caused the increase of CYCLIN E1, DEK, ERG, DAXX,
but not SETD2 and PTEN (Fig. 6d). In CCRC cell lines, it
was absolutely opposite, and only SETD2 and PTEN were
stabilized but not the others (Fig. 6d). When SPOP was
overexpressed in DU145, CYCLIN El, ERG and DAXX
were decreased; while in 769-P, SPOP expression decreased
the level of SETD2 and DAXX (Fig. 6e). Both the RNAi
and overexpression experiments indicated that SPOP
selectively regulates substrates protein levels in PCa and
CCRC cell lines.

Distinguished gene expression profiles regulated by
SPOP in PCa and CCRC cell lines

To further elucidate the different roles of SPOP in two
cancers, we studied the global gene expression patterns with
RNA-Seq. Only a small portion of differential expressed
genes (DEGs, > 2-folds) after SPOP knockdown in DU145
and 769-P were overlapped. We then analyzed DEGs > 1.5-
folds, and identified only 37 genes increased in both cell
lines (Sup. Fig. S4B, C), suggesting the gene expression
profiles regulated by SPOP in two cell lines are largely
different. The gene ontology studies about the DEGs sug-
gest SPOP regulates different signaling programs in DU145
and 769-P cell lines (Sup. Fig. S4D-G). We analyzed the
gene expression data of PCa and CCRC in TCGA, and
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identified totally 2895 DEGs between cancer and adjacent
tissues in two types of cancers. We overlapped these DEGs
with all those regulated by SPOP in the above two cell lines,
and identified 31 genes (Fig. 6f). These 31 genes may be
related with tumorigenesis and development process regu-
lated by SPOP. A heat map of their fold changes after SPOP
knockdown showed that they are oppositely regulated by
SPOP in DUI145 and 769-P cell lines (Fig. 6g), which
further suggests SPOP has different functions in two can-
cers. We searched the literature and identified nine known
cancer-related genes among the 31 genes, including
IncRNA-RMRP, SAMHD1, RAMP1, APOE, IFI127, OAS1,
TRIM14, XAF1, and LYGE (Fig. 6g). The mRNA levels of
the nine genes were further verified with quantitative RT-
PCR (Sup. Fig. S4H). These genes may be involved in the
selective regulation by SPOP of tumorigenesis in PCa and
CCRC.

Discussion

SPOP is one of the most frequent mutated genes in PCa. In
the current study, we identified CYCLIN El1 as its substrate.
SPOP directly interacts with CYCLIN EI1, poly-
ubiquitinates CYCLIN El in vivo and in vitro, and
represses cancer-related phenotypes induced by CYCLIN
El expression. Thus, we reveal a new mechanism for SPOP
in repressing PCa tumorigenesis.

An early structural study revealed a consensus sequence
in the substrates for SPOP recognition [3]. In our study, we
also mapped the whole CYCLIN El sequence for SPOP-
binding sites. We constructed a series of point and deletion
mutants and found that the final constructs, which com-
pletely abolished the ability of binding SPOP, almost
mutated around half of the amino acids in the cyclin
domain. So we thought that probably the entire cyclin
domain is critical for the binding. A recent study also
showed a novel SPOP recognition motif different from the
identified consensus sequence [32]. These data together
suggest that a new rule probably exists for SPOP-substrate
binding.

CYCLIN EI is one of the important proteins for cell
cycle progression and it is well-known that CYCLIN E1
couples with CDK2 and regulates G1/S transition and DNA
replication [33, 34]. Moreover, CDK2-indepenent function
for CYCLIN El has been reported by several groups,
which is critical for proper MCM complex loading to
replication origins [35-37]. Then it is also important to
regulate CDK2-free CYCLIN E1 to prevent from abnormal
DNA replication. FBXW?7 regulates CYCLIN E1 stability,
which is phosphorylated by CDK2 [26, 29]. RHOBTB3 is
a Golgi-associated protein, which targets CYCLIN E1 and
regulates the S/G2 transition [27]. The ubiquitin E3 ligase
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Fig. 6 SPOP plays opposite roles in PCa and CCRC tumorigenesis.
a—c Xenograft experiments were performed in nude mice with DU145
or 769-P cells stable expressing SPOP. The resulted tumor tissues were
pictured (a). Tumor volumes (b) and weights (c) of DU145 were
shown as mean + SEM, n=9. ***means p <0.005. d DU145, PC3,
769-P, and 786-O cells were transfected with control or two inde-
pendent SPOP-specific siRNAs. Seventy-two hours after transfection,

for CDK2-free CYCLIN EIl in nuclear is unknown. We
showed here that SPOP regulates CYCLIN EI protein level
in the nuclear; CDK2 competes with SPOP for CYCLIN

cells were harvested for WB. e DU145 or 769-P cells infected with
lentiviral empty vector or SPOP was assayed with WB. f Venn-
diagram shows the overlapped genes of DEGs between TCGA human
cancer samples (PCa+CRCC) and DEGs of SPOP RNAi (DU145
+769-P). g Heat map of the overlapped genes in f. Cancer-related
genes were labeled with red color

El binding, which inhibits CYCLIN EI poly-
ubiquitination and degradation by SPOP; the SPOP-
interacting domain in CYCLIN E1 was mapped to cyclin
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domain, which is responsible for CDK2 interaction; and
SPOP promoted the degradation of CYCLIN El1 with
phosphorylation site mutation. All these data indicate that
SPOP/CUL3/RBX1 complex poly-ubiquitinates CDK2-
free CYCLIN E1 in nuclear, which is important for proper
cell cycle progression. Inappropriate degradation of
CYCLIN EI on chromatin may lead to abnormal DNA
replication and increase gene mutations in the cell, which
will increase the risk of tumorigenesis [38].

Our data showed that SPOP regulates CYCLIN
El stability specific in some prostate and bladder cancer cell
lines, but not in the other tested cell lines. SPOP over-
expression could successfully decrease CYCLIN EIl in
nearly all the tested cells. In some cell lines, CYCLIN E1
even decreased after SPOP knockdown, suggesting some
unknown factors involves in regulating CYCLIN
El stability with SPOP in a cell type dependent manner. We
have further showed that SPOP selectively regulates its
substrates in PCa and CCRC cell lines. Importantly, the
xenograft experiments showed that SPOP represses tumor
growth rising from a PCa cell line and enhances tumor
formation of a CCRC cell line. A recent study indicated that
SPOP mutants has cancer specific preference in endometrial
cancer to degrade BET family proteins [16]. Our data
suggest that wild-type SPOP acts oppositely in PCa and
CCRC, probably through selective substrate degradation.
Thus, therapeutic efforts to control SPOP activity in CCRC
will perhaps increase the possibility of PCa. So it is
important to further elucidate the underlying mechanism
that determines SPOP selectivity, and carefully evaluate the
effects of SPOP regulators in both cancers. Meanwhile, it
will be necessary to determine SPOP’s real function in other
cancers during the future studies, and our data will be
helpful to clarify it. Our gene expression analysis revealed
that SPOP regulates different biological processes and sig-
naling pathways in 769-P and DU145 and identified some
candidate genes, including IncRNA-RMRP, SAMHDI,
RAMPI, APOE, IFI27, OAS1, TRIM14, XAF1, and LY6E.
The above protein and mRNA analysis may provide
important clues for future mechanistic studies of SPOP in
PCa and CCRC, as well as to help to characterize SPOP’s
function in other cells or cancers. SPOP usually exists in the
nuclear and targets many proteins on chromatin, including
SETD2, BRD4, DAXX and so on, which could contribute
to the selective transcription in different cell lines.

Methods
Cell lines and reagents

HEK?293, HelLa, HCT116, HepG2, DU145, UMUC3, and
HL7702 cell lines were cultured in Dulbecco's Modified
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Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 1% penicillin and streptomycin.
ACHN, 786-0O, 769-P, PC3, SV-HUC-1, T24, U20S, and
22RV1 cell lines were cultured in RPMI 1640 supple-
mented with 10% FBS, 1% penicillin and streptomycin.
Caki-1 cell lines were cultured in McCOY’s 5A supple-
mented with 10% FBS, 1% penicillin and streptomycin. All
the cell lines were purchased from Cell Bank of Chinese
Academy of Science. The tests for mycoplasma con-
tamination were performed by the vendor.

Antibodies against Flag (Sigma F3165), HA (Origene
TA100012), Myc (Abclonal AE038), EGFP (Abmart
264076), p-Actin (Abclonal AC004), CUL3 (Epitomics
#2489-1), RBX1 (Epitomics #5296-1), CYCLIN El1 (CST
#4129, Epitomics #3327-1, Bioworld BS1085, Abcam
ab3927), ERG (Abclonal A1240), DEK (BD 610948), DAXX
(CST #4533), PTEN (Abclonal A2113), FBXW7 (Abclonal
A5872), RHOBTB3 (LSBIO LS-C385850) were purchased
from indicated commercial sources. Rabbit anti-SETD2 was
raised and now commercial available at Abclonal. Mouse anti-
SPOP was raised at the Wuhan Institute of Virology, CAS.

Real-time cell analysis (RTCA) of cell proliferation
and migration

Cell proliferation and migration were analyzed with RTCA
assay as described before [39]. Cells were cultured at 6000
per well in CIM-Plate wells coated with (invasion) or without
(migration) matrigel. The cell index signals were read by
xCELLigence RTCA DP Analyzer (ACEA bioscience Inc).
Invasion and migration are monitored continuously over a
48-hour period. Each experiment was repeated three times
and results were presented as mean + SD.

Pipeline of RNA-seq analysis

Two biological replicates were sequenced for each sample.
mRNA-seq library was performed by using Illumina Tru-Seq
library construction kit. A 5ug of total RNA was used as
initiation and then prepared according to the manufacturer’s
instruction. mRNA-seq libraries were sequenced using
HiSeq2000 for 100-bp paired-end sequencing. Quality control
of mRNA-seq data was performed using Fatsqc, and then low
quality bases were trimmed. After quality control, data were
mapped to hgl9 genome reference by Tophat2 and allow
maximum 2 mismatch. Cufflinks were used to find out dif-
ferential expression genes. Gene ontology analysis was per-
formed using DAVID (http://david.abce.ncifcrf.gov).

Survival analysis

The disease free survival (DFS, also called relapse-free
survival and RFS) analysis based on gene expression via


http://david.abcc.ncifcrf.gov

SPOP suppresses prostate cancer through regulation of CYCLIN E1 stability

1167

GEPIA performs (http://gepia.cancer-pku.cn/) [40]. GEPIA
uses log-rank test, also called the Mantel-Cox test, for the
hypothesis evaluation. The cox proportional hazard ratio is
based on Cox PH Model. The datasets of prostate cancer are
based on TCGA-PRAD (Prostate adenocarcinoma).

Data access

The original RNA-Seq data were submitted to the GEO
database at the following link, https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE100743.
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