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Phosphorylation-dependent regulation of SPOP by LIMK2
promotes castration-resistant prostate cancer
Kumar Nikhil1, Hanan S. Haymour1, Mohini Kamra1 and Kavita Shah 1

BACKGROUND: SPOP, an E3 ubiquitin ligase adaptor, can act either as a tumour suppressor or a tumour promoter. In prostate
cancer (PCa), it inhibits tumorigenesis by degrading several oncogenic substrates. SPOP is the most altered gene in PCa (~15%),
which renders it ineffective, promoting cancer. The remaining PCa tumours, which retain WT-SPOP, still progress to castration-
resistant (CRPC) stage, indicating that other critical mechanisms exist for downregulating SPOP. SPOP is reduced in ~94% of WT-
SPOP-bearing prostate tumours; however, no molecular mechanism is known for its downregulation.
METHODS: SPOP was identified as a direct target of LIMK2 using an innovative technique. The reciprocal relationship between
SPOP and LIMK2 and its consequences on oncogenicity were analysed using a variety of biochemical assays. To probe this
relationship in vivo, xenograft studies were conducted.
RESULTS: LIMK2 degrades SPOP by direct phosphorylation at three sites. SPOP promotes LIMK2’s ubiquitylation, creating a
feedback loop. SPOP’s degradation stabilises AR, ARv7 and c-Myc promoting oncogenicity. Phospho-resistant SPOP completely
suppresses tumorigenesis in vivo, indicating that LIMK2-mediated SPOP degradation is a key event in PCa progression.
CONCLUSIONS: While genomically altered SPOP-bearing tumours require gene therapy, uncovering LIMK2-SPOP relationship
provides a powerful opportunity to retain WT-SPOP by inhibiting LIMK2, thereby halting disease progression.

British Journal of Cancer (2021) 124:995–1008; https://doi.org/10.1038/s41416-020-01197-6

BACKGROUND
Prostate cancer (PCa) remains the most prevalent type of urological
cancer and ranks second in terms of cancer-related fatality in men in
the US with over 191,930 estimated new cases and 33,330 projected
deaths in 2020.1 Early stage prostate tumours can be effectively
treated by androgen-deprivation therapy;2 nevertheless, almost all
tumours eventually progress to castration-resistant PCa (CRPC),
which is lethal.3,4 Thus there is an urgent need to uncover the
molecular mechanisms of CRPC pathogenesis to identify effective
drug targets.
LIM kinase-2 (LIMK2) is a serine/threonine and, at times, a

tyrosine kinase. It contains two LIM motifs at the N-terminus,
trailed by PDZ and kinase domains.5 LIMK2 regulates actin
dynamics in normal cells by controlling the binding of ADF/
cofilin to actin.6 LIMK2 is upregulated in several cancers and
regulates multiple aspects of cancer development, including
cell survival, cell proliferation and metastasis.7–10 Previously, we
identified Aurora-A (AURKA) as a crucial regulator of LIMK2.
AURKA and LIMK2 positively regulate each other, establishing a
feedback loop, which promotes oncogenesis.11 A recent study
from our laboratory further identified LIMK2 as a prospective
clinical target for the treatment and prevention of CRPC.12

However, the molecular mechanisms by which it promotes CRPC
pathogenesis remains largely unknown. To date, cofilin,6

membrane type 1 matrix metalloproteinase,13 TWIST112 and
phosphatase and tensin homologue14 are the only known
substrates of LIMK2. Identification of other LIMK2 substrates is

expected to not only uncover the molecular mechanisms of
LIMK2-induced malignancy but is also expected to provide
additional therapeutic targets for disease intervention.
The present study centres on one such LIMK2 target, i.e.

Speckle-type POZ protein (SPOP), which we identified utilising
our chemical genetic technique.15 SPOP, an E3 ubiquitin ligase
adaptor, plays a pivotal role in protein ubiquitination and
regulates many cellular events, including regulation of cell cycle,
proliferation and apoptosis.16 SPOP can both promote and
suppress tumorigenesis depending on its downstream targets in
different cell types. It acts as a tumour promoter in renal cell
carcinoma and tumour suppressor in prostate, endometrial and
other solid tumours.17 In PCa, SPOP ubiquitylates many
oncogenic substrates, including androgen receptor (AR),18

steroid receptor coactivator 3 (SRC-3),19 MacroH2A,20 Ci/Gli,21

ERG22 SENP7,23 DEK and TRIM24.24 Not surprisingly, SPOP is the
most commonly mutated (15%) gene in PCa.25 These mutations
render SPOP ineffective in binding its substrates, which in turn
closely correlate with poor prognosis in PCa patients.18,26,27

Importantly, the remaining 85% of PCa cases, which retain wild-
type SPOP (WT-SPOP) still progress to CRPC stage, indicating the
existence of other critical regulatory mechanisms for down-
regulating SPOP. SPOP level is indeed reduced in up to 93.5% of
prostate tumours bearing WT-SPOP, confirming that SPOP
downregulation is an essential step in PCa progression, although
no mechanism has been identified to date.27,28 Thus, while
numerous downstream targets of SPOP are known in various
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cancers including PCa, regulation of WT-SPOP in any cancer
remains unknown. In this study, we discovered the first
posttranslational regulatory mechanism showing that WT-SPOP
is degraded by LIMK2, which is critical for stabilising AR, ARv7
and c-Myc and promoting aggressive oncogenic phenotypes
in CRPC.

METHODS
Cell culture
HEK-293T, Phoenix cells and the two CRPC cell lines, 22Rv1 and
C4-2, were purchased from American Type Culture Collection
(ATCC; Manassas, VA, USA). The HEK293T and Phoenix cells were
grown in Dulbecco’s modified Eagle’s medium, while 22Rv1 and
C4-2 cells were maintained in RPMI-1640. Culture media in both
the cases were supplemented with 10% foetal bovine serum (FBS)
and penicillin–streptomycin and cultures were grown at 37 °C with
5% CO2 in a humidified incubator.

LIMK2 and SPOP short hairpin RNAs (shRNAs)
LIMK2 shRNAs were designed and cloned in pLKO.1 vector as
reported before.11 Human SPOP shRNA was cloned in pLKO.1
vector. The primer sequences are included in Supplementary
Table 1. Lentivirus was produced as reported before.29

Expression plasmids, expression and purification of LIMK2 and
SPOP
Haemagglutinin (HA)-tagged LIMK2 was cloned in VIP3 vector
at BamHI and Xho1 sites. HA-tagged-SPOP was cloned in VIP3
and TAT-HA vectors at BamHI and Xho1 sites. Various
SPOP mutants were created by site-directed mutagenesis and
were expressed in Escherichia coli. LIMK2 kinase was cloned,
expressed and purified from SF9 insect cells.11 LIMK2 and SPOP
retrovirus were generated for infecting PCa cells as described
previously.30

In vitro kinase assays
6x-His-LIMK2 LIMK2 was expressed and purified from insect cells
using Ni-NTA beads. The kinase was incubated in kinase buffer (50
mM Tris, 10 mM MgCl2) with 100 μM of ATP for 2 h at 30°C to
reduce background phosphorylation. Thereafter, the beads were
washed with kinase buffer to eliminate extra ATP. For phosphor-
ylation experiments, 2 μg of 6x-His-tagged purified protein
(mutant or WT-SPOP) was mixed with LIMK2 and 1 μCi of [γ-32P]
ATP for 30 min. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) dye was added, and the samples
were boiled for 5 min. Proteins were resolved by SDS-PAGE and
exposed for autoradiography.

LIMK2 inhibitor treatment
LIMK2 inhibitor, N-benzyl-N-ethyl-4-(N-phenylsulfamoyl)benza-
mide, was synthesised as published31 and used at 10 μM
concentration.

Immunofluorescence
Immunofluorescence was conducted as before.32 PCa cells were
plated on coverslips in a 24-well plate. After 12–16 h, the cells
were treated with respective lentivirus (30 h) or LIMK2 inhibitor
(10 μM for 12 h). The cells were fixed with 4% formaldehyde,
permeabilised using 0.1% Triton X-100 and blocked with
phosphate-buffered saline (PBS)/0.1% triton X-100/2% bovine
serum albumin solution. The cells were incubated with SPOP or
LIMK2 antibodies overnight at 4 °C. Cells were treated with
fluorescein isothiocyanate-conjugated secondary antibody for 2 h
in dark. Cells was counterstained with 4,6-diamidino-2-phenylin-
dole (Sigma, MO, USA) for 5 min (dilution of 1:50,000). Images
were captured using Nikon Eclipse E600 microscope (Nikon
Instruments, Melville, NY).

Real-time quantitative PCR (qPCR)
Trizol reagent was used to purify RNA from control and retro/
lentivirus-treated cells. RNA was transcribed using the rt-qPCR kit
(Promega) according to manufacturer’s instructions. Real-time
quantitative reverse transcriptase PCR (rt-qPCR) was performed
using 2× SYBR Green master mix (Biorad). The primers used in
the study are presented in Supplementary Table 2. Each rt-qPCR
experiment was carried out three independent times in
triplicate.

Cycloheximide chase assay
CRPC cells were seeded in 6-well plates 12 h prior to
infection with the respective retro/lentiviruses. Thirty hours
post infection, cycloheximide (10 µM) was added at respective
chase times (e.g. 3, 6 h or 2, 4 h) prior to lysis. For LIMK2-
CRISPR cells, cells with stable LIMK2 knockout were used. They
were seeded at an equal number as the control cells. Cell lysates
were probed for the respective protein expressions using
western blot analysis.

Ubiquitylation assay
Briefly, PCa cells were co-infected with 6x-His-Ubiquitin and LIMK2
or SPOP retro/lentivirus for 30 h. Thereafter MG132 (10 μM) was
added for an additional 12 h to stabilise ubiquitylated proteins.
Cells were then harvested and incubated with either specific
antibodies or pre-washed Ni-NTA beads for 4 h. Beads were then
washed followed by SDS-PAGE and immunoblot analysis. When
specific antibodies were used, then ubiquitylated proteins were
visualised using 6x-His antibody. For proteins isolated using Ni-
NTA beads, substrate-specific antibodies were used for detecting
ubiquitylation.

Migration assay
Migration assay was done using Boyden chambers as reported
previously.33 For migration assay, 104 cells (harvested using
limited trypsin digestion) were suspended into 300 µl of media
(without FBS) and added to upper compartment of Boyden
Chamber. Fresh culture medium containing 10% FBS was added
to the lower compartment. After 4 h, the migrated cells were
stained with 0.1% crystal violet and 10 photographs were
randomly taken for each sample using a phase-contrast micro-
scope at a magnification of ×200.

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide) assay
The MTT assay was conducted as before.34 In brief, PCa cells were
seeded in a 96-well plate (2000 cells/100 μl/well). After incubation
for the indicated time periods (24, 48 and 72 h), 20 µl MTT solution
(5 mg/ml) was added to each well. After 4 h at 37 °C, the media
was removed and 200 μl dimethyl sulfoxide was added to each
well, and absorbance was taken at 570 nm using an enzyme-
linked immunosorbent assay plate reader.

Clonogenic assay
Clonogenic assay was conducted as described earlier.35 In all, 10%
FBS/RPMI mixed with 0.5% agarose gel was added to 6-well plates
and incubated for 1 h. PCa cells (5 × 103) were re-suspended in
10% FBS/RPMI with 0.3% agarose gel media and seeded on the
top of base agar. Top agar layer was covered with 500 µl of culture
medium containing 10% FBS. The plates were then incubated at
37 °C for 2–3 weeks with fresh media added weekly. Thereafter,
colonies were washed with PBS, fixed and stained with crystal
violet (0.1%). Colonies were counted using a light phase-contrast
microscope.

C4-2 xenografts in nude mice
Male NCRNU-M athymic nude mice (4–6 weeks old) were obtained
from Taconic Laboratories. These were kept in Purdue pathogen-free

Phosphorylation-dependent regulation of SPOP by LIMK2 promotes. . .
K Nikhil et al.

996



Fig. 1 LIMK2 directly phosphorylates SPOP and regulates its nuclear residence. a LIMK2 directly phosphorylates WT-SPOP protein in vitro. The
first lane is LIMK2 alone, the middle lane is SPOP with LIMK2 and the third lane is SPOP alone. The kinase reaction was carried out in 25 µl volume
containing 1× kinase buffer and 1 µCi [γ-32P] ATP. b LIMK2 does not interact with SPOP in CRPC cells. C4-2 and 22Rv1 cell lysates were used for
immunoprecipitation with IgG antibody or LIMK2 antibody, followed by immunoblotting with SPOP antibody. c SPOP and LIMK2 do not interact
with each other. PCa cell lysates were used for immunoprecipitation with IgG or SPOP antibody, followed by immunoblotting with LIMK2 antibody.
d Immunofluorescence analysis to detect SPOP localisation in response to LIMK2 inhibitor in C4-2 cells. e Immunofluorescence analysis to establish
the location of SPOP in scrambled or LIMK2 shRNA-treated C4-2 cells. f Subcellular localisation of SPOP in scrambled or LIMK2 shRNA-treated C4-2
cells as determined using cellular fractionation. g Immunofluorescence analysis to detect SPOP localisation in response to LIMK2 inhibitor in
22Rv1 cells. h Immunofluorescence analysis to establish the location of SPOP in scrambled or LIMK2 shRNA-treated 22Rv1 cells.
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animal facility, with three mice in each cage. Briefly, 1 × 106 cells
were resuspended in PBS (100 μl) with 50% matrigel and injected
subcutaneously into right and left shoulders. Tumour volume was
measured every alternate day, and the mice were euthanised
32 days following injection by CO2 inhalation. Tumour tissues were
harvested and flash frozen in liquid nitrogen for further studies.

Statistical analysis
Data are presented as mean+/− SEM of three or more experi-
ments. Statistical analysis was calculated using GraphPad Prism
(version 6.07). Statistical significance of difference was determined
by the one-way analysis of variance followed by Bonferroni’s post
hoc test. P < 0.05 was considered statistically significant.
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RESULTS
LIMK2 directly phosphorylates SPOP
SPOP was identified as a substrate of LIMK2 kinase using our
chemical genetic approach. This method uses a modified kinase,
which specially uses an orthogonal ATP analogue and transfers
the radioactive tag (γ-32P) to its substrates.11,15,36–42 To confirm the
finding, we used 6x-His-SPOP protein and performed a kinase
assay with LIMK2. SPOP was directly phosphorylated by LIMK2
in vitro (Fig. 1a).
We examined whether LIMK2 and SPOP interact with each other

in two CRPC cell lines, C4-2 and 22Rv1. LIMK2 immune complex
was isolated and SPOP levels analysed, which showed no SPOP
protein in the pull-down immune complex (Fig. 1b). Conversely,
pull-down of the SPOP revealed that no LIMK2 was present in the
immune complex (Fig. 1c). These results indicate that SPOP and
LIMK2 associate transiently in C4-2 and 22Rv1 cells.

Subcellular locations of LIMK2 and SPOP
Since LIMK2 and SPOP proteins did not stably interact with each
other in CRPC cells, we next examined their subcellular localisa-
tion. SPOP was mainly nuclear with some cytoplasmic distribution
(Fig. 1d). LIMK2 inhibition or knockdown using LIMK2 inhibitor or
LIMK2-shRNA, respectively, increased SPOP’s cytoplasmic localisa-
tion, indicating that LIMK2 promotes SPOP’s nuclear residence
(Fig. 1d, e). Interestingly, both LIMK2 inhibition and ablation also
increased SPOP’s fluorescence intensity, suggesting that LIMK2
might also impact SPOP’s levels (Fig. 1d, e, raw data acquired
using same gain/exposure are shown as Supplementary Fig. 1A, B,
respectively). These findings were validated using subcellular
fractionation, which too revealed that LIMK2 regulates SPOP’s
subcellular localisation (Fig. 1f). In addition, we also investigated
SPOP and LIMK2 localisation in 22Rv1 cells, which showed
similar residence as in C4-2 cells. Both LIMK2 inhibition and its
knockdown impacted SPOP’s cellular residence measurably,
confirming that LIMK2 regulates SPOP’s localisation (Fig. 1g, h
and Supplementary Fig. 1C, D).

LIMK2 negatively regulates SPOP’s levels and stability
As immunofluorescence data indicated that LIMK2 inhibition/
knockdown increases SPOP signal and to determine the
consequences of SPOP phosphorylation by LIMK2, we investigated
whether LIMK2 regulated SPOP’s expression and stability. Ectopic
overexpression of LIMK2 decreased SPOP levels, while LIMK2
knockdown using corresponding shRNA increased SPOP levels in
C4-2 cells (Fig. 2a). The changes in SPOP protein levels upon LIMK2
knockdown or overexpression from three independent experi-
ments are depicted in Fig. 2b. Analogous results were observed in
22Rv1 cells (Fig. 2c, d), signifying that LIMK2 negatively regulates
SPOP protein levels in CRPC cells.

To investigate any relationship between LIMK2 and SPOP at
the transcriptional stage, we overexpressed LIMK2 in C4-2 and
22Rv1 cells and measured SPOP mRNA levels. As shown in
Fig. 2e, while LIMK2 mRNA levels were increased threefold, no
change in SPOP mRNA levels was observed. Simultaneously, we
knocked down LIMK2 and checked for SPOP mRNA levels. While
LIMK2 mRNA level decreased, we did not observe any change in
SPOP mRNA levels, suggesting that LIMK2 does not regulate
SPOP mRNA expression (Fig. 2f). We obtained similar results
in 22Rv1 cells, where neither LIMK2 overexpression nor knock-
down had any impact on SPOP mRNA levels, indicating
that LIMK2 does not regulate SPOP at this stage (Fig. 2g, h,
respectively).
Therefore, SPOP protein stability was analysed using C4-2,

LIMK2-knockout cells (generated using CRISPR) and LIMK2-C4-2
cells. These cells were treated with cycloheximide, which showed
that LIMK2 knockout stabilised SPOP, while LIMK2 overexpression
augmented SPOP degradation (Fig. 2i, j). As a control, LIMK2 levels
were analysed in C4-2 and LIMK2-C4-2 cells (Fig. 2k, l). To confirm
whether the degradation of SPOP was ubiquitin-dependent, 6x-
His-ubiquitin was expressed in C4-2 and LIMK2-C4-2 cells, and
SPOP’s stability was examined. LIMK2 overexpression facilitated
SPOP ubiquitylation, thereby confirming that LIMK2 degrades
SPOP in a ubiquitin-dependent manner (Fig. 2m).

LIMK2 is degraded by SPOP
SPOP acts as an adaptor protein for degrading several of its
protein substrates involved in cellular development, physiology
and pathology.17 Hence, we checked whether SPOP reciprocally
regulates LIMK2 levels in CRPC cells. As indicated, SPOP
overexpression indeed decreased LIMK2 levels and its knock-
down led to a substantial increase in LIMK2 expression levels in
C4-2 cells (Fig. 3a–d). Figure 3b, d depict quantification of LIMK2
levels upon SPOP overexpression and knockdown, respectively,
from three separate experiments. Comparable results were
observed in 22Rv1 cells, suggesting that SPOP regulates LIMK2
expression levels in CRPC cells (Fig. 3e–h).
To evaluate whether SPOP-mediated regulation of LIMK2

occurred at the transcriptional or posttranslational stage, SPOP
was overexpressed in C4-2 and 22Rv1 cells. While SPOP mRNA
levels increased by >2-fold, it did not trigger any change in LIMK2
mRNA abundance, implying that SPOP does not control LIMK2 at
the transcriptional stage (Fig. 3i, k). Similarly, SPOP knockdown
had no influence on LIMK2 mRNA levels in both C4-2 and
22Rv1 cells (Fig. 3j, l).
We next examined whether SPOP decreases LIMK2 posttransla-

tionally. LIMK2 levels were examined in C4-2, SPOP knocked-down
C4-2 and SPOP-overexpressing C4-2 cells exposed to cyclohex-
imide (10 μM) for 2 and 4 h to inhibit protein synthesis. As shown

Fig. 2 LIMK2 negatively regulates SPOP’s levels by increased degradation. a LIMK2 knockdown elevates SPOP protein level while LIMK2
overexpression reduces it. b Bar graph shows change in SPOP level with LIMK2 overexpression and knockdown. The data presented are mean
± SEM obtained from three experiments conducted independently. *P < 0.05 and #P < 0.05 compared to C4-2 control cells for LIMK2 and SPOP
proteins, respectively. c 22Rv1 cells showing change in SPOP protein level with LIMK2 overexpression and knockdown. d Histogram shows
change in SPOP protein level. The data are represented as mean ± SEM obtained from three experiments conducted independently. *P < 0.05
and #P < 0.05 compared to C4-2 control cells for LIMK2 and SPOP proteins, respectively. e, f rt-qPCR analysis depicting mRNA expression levels
of SPOP in C4-2 cells infected with LIMK2 and LIMK2 shRNA retro/lentivirus. g, h rt-qPCR was used to quantify SPOP mRNA levels with LIMK2
overexpression and knockdown in 22Rv1 cells. i LIMK2 augments SPOP degradation in PCa cells. C4-2, LIMK2-C4-2 and LIMK2-CRISPR cells
were treated with 10 μM cycloheximide for 3 and 6 h, and SPOP level was analysed. j Graphical representation of SPOP degradation rate in
cells treated as in i. The results of densitometric scanning are presented graphically with LIMK2 signal normalised to tubulin signal. The data
are presented as mean ± SEM acquired from three experiments independently. *P < 0.05 vs 0 h time point of each cell type. k Pattern of LIMK2
degradation in C4-2 and LIMK2-C4-2 cells at the time points where SPOP was chased using cycloheximide. l Quantification of the protein
levels (relative to actin) as obtained from k (and two other independent experiments) upon normalisation with respect to the 0 h in each cell
type. The data are presented as mean ± SEM acquired from three experiments independently. *P < 0.05, **P < 0.01, ***P < 0.001 vs 0 h time
point of each cell type.m LIMK2 increases SPOP degradation by promoting its ubiquitylation. C4-2 cells were co-infected with 6x-His-ubiquitin
(6x-His-Ub) along with LIMK2 for 30 h followed by MG132 treatment. Immunoprecipitated SPOP proteins were analysed for ubiquitylation
using 6x-His antibody. The experiment was performed three times independently and representative data are included.
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in Fig. 3m, n, overexpression of SPOP significantly augmented the
degradation of LIMK2, whereas SPOP downregulation stabilised
LIMK2. As a control, SPOP levels were analysed in cycloheximide-
treated control C4-2, SPOP-shRNA-C4-2 and SPOP-C4-2 cells as

well (Fig. 3o, p). Furthermore, LIMK2 ubiquitylation increased
upon SPOP overexpression in C4-2 cells (Fig. 3q). Together, these
results suggest that SPOP promotes LIMK2 degradation in CRPC
cells.
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We also examined whether SPOP regulates LIMK2’s subcellular
localisation in C4-2 and 22Rv1 cells (Fig. 3r–t, raw data for Fig. 3r,
t acquired using same gain/exposure are shown as Supplementary
Fig. 2A, B, respectively). LIMK2 was predominantly localised in
cytoplasm with some nuclear localisation. SPOP depletion did not
alter LIMK2 localisation within the cells but showed increased LIMK2
fluorescence intensity, confirming the presence of a feedback loop.

LIMK2 phosphorylates SPOP at S59, S171 and S226
Since LIMK2 phosphorylates SPOP, the next step was to determine
the phosphorylation sites in SPOP protein. No consensus optimal
peptide sequence is known for LIMK2. Following the same
strategy as we have previously reported,12 six serine residues
that were followed by alanine or glycine were selected as
potential phosphorylation sites of LIMK2 on SPOP. These sites
were S59, S171, S226, S313, S336 and S358. To further narrow the
choices, SPOP was split into three pieces as shown in Fig. 4a.
Considering the different SPOP domains, we truncated the protein
so that the first piece contained the MATH domain from the first
amino acid to lysine 180 (SPOP-1–180). The second piece
contained the BTB domain from valine 181 to glutamic acid 300
(SPOP-181–300). The last piece contained the rest of the protein
sequence from asparagine 301 to the end (SPOP-301–374). Each
of the SPOP fragments was then individually tested for
phosphorylation using an in vitro kinase assay with LIMK2. The
first (SPOP-1–180) and the second SPOP pieces (SPOP-181–300)
showed phosphorylation, while the third fragment (SPOP-
301–374) did not (Fig. 4b). Based on the protein fragmentation
results shown in (Fig. 4b), we eliminated three potential serine
sites, S313, S336 and S358. The remaining three putative sites
(S59, S171 and S226) were chosen and corresponding
phosphorylation-dead single mutants (S59A, S171A and S226A)
were generated using site-directed mutagenesis. All three mutants
showed decreased phosphorylation as compared to WT-SPOP
(Fig. 4c). Additionally, when all the three sites were mutated
(denoted as 3A), the protein was not phosphorylated, confirming
that S59, S171 and S226 are the only phosphorylation sites for
LIMK2 (Fig. 4d).

LIMK2 decreases SPOP stability via phosphorylation
To determine whether phosphorylation of SPOP by LIMK2 has any
effect on SPOP stability, both WT and 3A-SPOP were expressed in

C4-2 cells and their protein levels were evaluated. 3A-SPOP was
expressed at higher levels compared to WT-SPOP indicating that
LIMK2 phosphorylation decreases SPOP stability (Fig. 4e). The
increase in 3A-SPOP levels was associated with a concurrent
decrease in LIMK2 levels due to the reciprocal loop. The relative
protein levels of WT-SPOP and 3A-SPOP obtained from three
independent experiments are shown in Fig. 4f. Comparable results
were witnessed in 22Rv1 cells, proposing that LIMK2-mediated
phospho-regulation of SPOP is a common mechanism in CRPC
cells (Fig. 4g, h).
Next, we examined whether phosphorylation affects SPOP

protein stability in CRPC cells. We treated C4-2, WT-SPOP and 3A-
SPOP-expressing cells with cycloheximide to impede protein
synthesis and examined the half-life of SPOP protein. As shown in
Fig. 4i, j, phosphorylation decreased SPOP protein stability, as 3A-
SPOP was more stable compared to WT-SPOP, followed by
endogenous SPOP in C4-2 cells. Comparable results were obtained
in 22Rv1 cells, which showed increased stability of 3A-SPOP
mutant (Fig. 4k, l). LIMK2 was overexpressed in SPOP-C4-2 and 3A-
SPOP-C4-2 cells (or SPOP-22Rv1 and 3A-SPOP-22Rv1 cells) and
ubiquitylation of ectopically expressed SPOP was analysed. As
shown in Fig. 4m, n, WT-SPOP was highly ubiquitylated as
compared to 3A-SPOP, thereby specifying that LIMK2 increases
SPOP degradation by phosphorylation.
As our data showed increased cytoplasmic localisation of SPOP

upon LIMK2 depletion, we analysed the subcellular localisation of
WT-SPOP and 3A-SPOP in both C4-2 and 22Rv1 cells. WT-SPOP
showed predominantly nuclear with some cytoplasmic localisation
as before in C4-2 and WT-SPOP-C4-2 cells. In contrast, 3A-SPOP
showed more cytoplasmic distribution, confirming our earlier
finding that LIMK2 contributes to nuclear localisation of SPOP
(Supplementary Fig. 3A, B).

SPOP inhibits cell proliferation and invasion of CRPC cells
While LIMK2 acts as an oncogene, SPOP’s role in tumorigenesis
is context sensitive. Nevertheless, multiple studies have proven
that SPOP suppresses tumorigenesis by degrading its oncogenic
substrates in PCa.25 Therefore, we evaluated the contribution of
LIMK2-SPOP crosstalk in facilitating aggressive phenotypes.
Ectopic expression of LIMK2 increased cellular proliferation in
C4-2 cells (Fig. 5a). In contrast, overexpression of WT and
3A-SPOP showed decreased cell proliferation as compared to

Fig. 3 LIMK2 is degraded by SPOP. a SPOP overexpression decreases LIMK2 levels in C4-2 cells. b Bar graph shows change in LIMK2 level
with SPOP overexpression. The data presented as mean ± SEM acquired from three experiments independently. **P < 0.01 vs the level of
respective protein in C4-2 control cells. c SPOP ablation increases LIMK2 expression in C4-2 cells. Cells were infected with scrambled shRNA
and SPOP-shRNA, and LIMK2 and SPOP levels were analysed. d Bar graph shows change in LIMK2 level with SPOP knockdown. *P < 0.05 and
#P < 0.05 compared to C4-2 control cells for SPOP and LIMK2 proteins, respectively. e SPOP overexpression decreases LIMK2 levels in
22Rv1 cells. f Histogram shows change in LIMK2 protein level with SPOP overexpression. The data are represented as mean ± SEM of three
experiments. *P < 0.05 and #P < 0.05 compared to C4-2 control cells for SPOP and LIMK2 proteins, respectively. g SPOP depletion increases
LIMK2 levels in 22Rv1 cells. h Histogram shows change in LIMK2 protein level with SPOP knockdown. The data are presented as mean ± SEM
obtained from three experiments independently. *P < 0.05 and #P < 0.05 compared to C4-2 control cells for SPOP and LIMK2 proteins,
respectively. i rt-qPCR analysis representing mRNA levels of LIMK2 in C4-2 cells infected with SPOP retrovirus. j rt-qPCR analysis representing
mRNA levels of LIMK2 in C4-2 cells infected with SPOP shRNA. k rt-qPCR was used to quantify LIMK2 mRNA level upon SPOP overexpression in
22Rv1 cells. l qPCR was used to quantify LIMK2 mRNA level upon SPOP knockdown in 22Rv1 cells.m SPOP increases LIMK2 degradation. C4-2,
SPOP-C4-2 and SPOP shRNA-C4-2 cells were treated with cycloheximide (10 μM) for 2 and 4 h, and LIMK2 level was analysed. n Graphical
depiction of LIMK2 stability. The results of densitometric scanning are presented graphically with LIMK2 signal normalised to tubulin signal.
The data are presented as mean ± SEM acquired from three experiments independently. *P < 0.05 vs C4-2 control cells. o Pattern of SPOP
degradation in C4-2, SPOP shRNA-C4-2 and SPOP-C4-2 cells measured at the times where LIMK2 was chased using cycloheximide.
p Quantification of the protein levels (relative to actin levels) in o (and two other independent experiments) upon normalisation with respect
to 0 h of each cell type. The data are presented as mean ± SEM acquired from three experiments independently. *P < 0.05, **P < 0.01 vs 0 h
time point of each cell type. q SPOP degrades LIMK2 by enhancing its ubiquitylation. C4-2 cells were co-infected with 6x-His-ubiquitin and
SPOP retrovirus for 30 h followed by 12 h MG132 treatment. LIMK2 was isolated and ubiquitylation analysed using 6x-His antibody. Each
experiment was performed for a minimum of three times independently and representative data are shown. r Immunofluorescence analysis
to establish the location of LIMK2 in scrambled or SPOP shRNA treated C4-2 cells. s Subcellular localisation of LIMK2 in scrambled or SPOP
shRNA-treated C4-2 cells as determined by subcellular fractionation. t Immunofluorescence analysis to establish the location of LIMK2 in
scrambled or SPOP shRNA-treated 22Rv1cells.
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control cells. More importantly, phospho-dead 3A-SPOP maxi-
mally inhibited cell proliferation, highlighting the significance of
SPOP phosphorylation by LIMK2. Additionally, depletion of
LIMK2 further decreased cell proliferation in both SPOP-C4-2

and 3A-SPOP-C4-2 cells. When LIMK2 was overexpressed, a
significant increase in cell proliferation of both SPOP-C4-2 and
3A-SPOP-C4-2 was observed (Fig. 5b, c). Comparable results
were observed in 22Rv1 cells (Fig. 5d–f).
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The consequence of SPOP phosphorylation was also observed
under clonogenic conditions. SPOP expression significantly
decreased colony formation in 22Rv1 and C4-2 cells, compared
to control (Fig. 5g, h). 3A-SPOP cells showed more drastic
inhibition as compared to WT-SPOP cells, indicating that LIMK2-
mediated phosphorylation of SPOP facilitates anchorage-
independent growth of CRPC cells.

LIMK2-mediated SPOP phosphorylation promotes cell migration
and enzalutamide resistance
We evaluated a potential role of SPOP in cellular migration using a
transwell assay. As expected, SPOP overexpression resulted
in impaired cell motility (Fig. 5i, j). As before, 3A-SPOP-
overexpressing cells showed more drastic inhibition as compared
to WT-SPOP cells. Furthermore, LIMK2 knockdown diminished and
its overexpression augmented cell migration in both SPOP-C4-2
and 3A-C4-2 cells (Fig. 5k–n), but the effect was more significant in
3A-cells. Comparable results were obtained in 22Rv1 cells
(Fig. 5o–t). These results corroborate that LIMK2-mediated
phosphorylation of SPOP stimulates cell motility in CRPC cells.
We also investigated whether SPOP phosphorylation by LIMK2

affects enzalutamide resistance. Phospho-resistant SPOP-C4-2 cells
were most resistant, whereas WT-SPOP conferred some resistance,
compared to parental cells, indicating that SPOP degradation by
LIMK2 is one of the mechanisms leading to enzalutamide resistance
(Fig. 5u).

LIMK2-mediated phosphorylation of SPOP regulates c-Myc levels
Several oncogenic targets of SPOP are reported in PCa. We
focussed on two SPOP substrates, c-Myc and AR, as both
are intimately involved with CRPC progression.18,43 Furthermore,
c-Myc levels positively correlate with AR in CRPC.44 LIMK2
overexpression increased the levels of both c-Myc and AR (Fig. 6a
and Supplementary Fig. 4A). We next analysed c-Myc levels in
C4-2, WT and 3A-SPOP-expressing cells, which revealed negative
correlation with SPOP levels, indicating that SPOP degradation
by phosphorylation is one of the mechanisms by which LIMK2
promotes c-Myc expression (Fig. 6b, c).
As SPOP degrades c-Myc by ubiquitylation,43 we also

investigated the ubiquitylation of c-Myc by overexpressing
either WT or 3A-SPOP. Vector-transfected cells were used as a
control. While ectopic expression of WT-SPOP significantly
increased the ubiquitylation of c-Myc (compared to control
cells), 3A-SPOP triggered a higher degree of ubiquitylation,
indicating that LIMK2-mediated phosphorylation and subse-
quent degradation of SPOP is a critical step in promoting CRPC
pathogenesis (Fig. 6d).

AR remains one of the most critical targets of SPOP in CRPC.45

Both WT and 3A-SPOP were expressed in C4-2 cells, which
resulted in a concomitant decrease in AR levels (Fig. 6e, f).
Although 3A-SPOP was expressed at higher levels compared to
WT, the decrease in AR levels was almost the same in each case.
Similarly, when we analysed potential ubiquitylation of AR in WT
and 3A-SPOP-C4-2 cells, they showed similar level of ubiquityla-
tion (Fig. 6g). As C4-2 cells express very low levels of AR, we
postulated that even a small increase in SPOP level is sufficient to
completely degrade AR in these cells (Fig. 6e).
To test this hypothesis, we used 22Rv1 cells, which express

much higher levels of AR. When WT and 3A-SPOP were ectopically
expressed in 22Rv1 cells, the decrease in AR level was significantly
higher in 3A-expressing cells than in WT (Fig. 6h, i). Similarly, we
also observed increased ubiquitylation of AR in 3A-SPOP cells than
in WT-expressing cells, thereby validating that LIMK2-mediated
phosphorylation and degradation of SPOP is an important
contributor to disease progression (Fig. 6j). Interestingly, ectopic
expression of both WT and 3A-SPOP decreased ARv7 levels
significantly as well, indicating that LIMK2 also regulates ARv7
levels in 22Rv1 cells (Fig. 6h, i). Overexpression of WT and 3A-SPOP
in 22Rv1 cells further confirmed that SPOP ubiquitylates ARv7
(Fig. 6k). As observed before, 3A-SPOP triggered enhanced
ubiquitylation of ARv7 as compared to WT-SPOP, uncovering a
novel mechanism by which LIMK2 upregulates both AR and ARv7.
Although ARv7 lacks the SPOP-binding consensus motif present in
AR, it was shown to be degraded by SPOP in the presence of full-
length AR, possibly via the formation of AR/ARv7 heterodimers in
22Rv1 cells.43

As all known SPOP mutations in PCa affect its binding with
substrates, we analysed whether WT and 3A mutant bind
differentially to AR. Initially, SPOP was isolated from control, WT
and 3A-expressing cells using limiting amount of SPOP antibody
(to account for the differences in SPOP expression), which
revealed equal levels of AR in all three cell types, indicating that
both WT and the mutant bind AR with equal affinity (Fig. 6l). We
also confirmed this finding using recombinant WT and 3A-SPOP
proteins in a pull-down assay, which too revealed similar
binding of AR to both SPOP alleles (Fig. 6m). Together, these
results depict that LIMK2-mediated SPOP degradation is a key
mechanism that regulates AR stability.

LIMK2-mediated SPOP phosphorylation is crucial for
tumorigenesis in vivo
We next evaluated whether LIMK2 regulates SPOP in vivo via
phosphorylation. C4-2 and SPOP-C4-2 cells were injected sub-
cutaneously in three nude mice, which resulted in robust tumour

Fig. 4 LIMK2 decreases SPOP stability via direct phosphorylation at three sites. a Figure shows protein domains of SPOP. The SPOP protein
was fragmented into three pieces: SPOP-1–180 (first fragment), which contains the MATH domain; SPOP-181–300 (second fragment), which
contains the BTB domain, and SPOP-301–374 (third fragment), which consisted of the C-terminal region. b LIMK2 phosphorylates the first
(SPOP-1–180) and the second fragment (SPOP-181–300) and not the third fragment (SPOP-301–374). c LIMK2 phosphorylates SPOP at S59,
S171 and S226 positions. All SPOP proteins were 6x-His-tagged. Kinase reaction was performed for 30min. The top panel shows
autoradiography and the bottom panel shows Coomassie staining. d LIMK2 phosphorylates SPOP at only the aforementioned three sites (S59,
S171 and S226), as the corresponding 3A-phospho-resistant mutant did not show any phosphorylation. e Phospho-resistant SPOP is
expressed at higher level compared to WT-SPOP in C4-2 cells. C4-2 cells were infected with HA-tagged wild-type SPOP or 3A-SPOP retrovirus
for 36 h, and the protein levels of SPOP, LIMK2, HA and actin were analysed using their respective antibodies. f The bar graph shows
quantification of WT and mutant SPOP levels obtained from three experiments. Data shown are mean ± SEM of three experiments. *P < 0.05
compared to control cells. g SPOP protein levels in 22Rv1 cells infected with HA-tagged SPOP or 3A-SPOP. h Quantification of SPOP levels
obtained from three independent experiments. i LIMK2-mediated phosphorylation of SPOP decreases its stability in C4-2 cells. SPOP levels
were analysed in C4-2, SPOP-C4-2 and 3A-SPOP-C4-2 cells treated with cycloheximide for 3 and 6 h. j Graphical depiction of SPOP half-life in
C4-2, SPOP-C4-2 and 3A-SPOP-C4-2 cells. k LIMK2-mediated phosphorylation of SPOP decreases its stability in 22Rv1 cells. 22Rv1, SPOP-22Rv1
and 3A-SPOP-22Rv1 cells were treated with cycloheximide for 3 and 6 h, and SPOP levels were analysed. l Graphical depiction of SPOP half-life
in 22Rv1, SPOP-22Rv1 and 3A-SPOP-22Rv1 cells. m LIMK2 overexpression augmented the ubiquitylation of WT-SPOP but not of 3A-SPOP in
C4-2 cells. WT-SPOP-C4-2 and 3A-SPOP-C4-2 cells were infected with 6x-His-Ubiquitin with or without LIMK2 for 30 h, followed by MG132
treatment for 12 h. SPOP was immunoprecipitated using HA antibody and ubiquitylation analysed. n LIMK2 overexpression augmented the
ubiquitylation of WT-SPOP but not of 3A-SPOP in 22Rv1 cells.
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formation with C4-2 cells, compared to tumour formed with SPOP-
C4-2 cells, confirming the tumour-suppressor role of SPOP in CRPC
(Fig. 6n, o and Supplementary Fig. 4B). In another set of
experiments, we injected three nude mice with 3A-SPOP-C4-2

and C4-2 cells on left and right shoulders, respectively. As seen in
Fig. 6p, q, C4-2 cells formed bigger tumours while the 3A-SPOP-
C4-2 cells exhibited no tumour formation. These results indicate
that phospho-dead SPOP, which is resistant to LIMK2-mediated
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degradation possesses higher tumour suppressing potential as
compared to WT-SPOP.

LIMK2-mediated SPOP degradation promotes EMT in vivo
Our previous studies have shown that LIMK2 promotes epithelial-
to-mesenchymal transition (EMT) in vivo.12 On the other hand,
SPOP is known to both promote and inhibit EMT.46 Therefore, we
investigated the consequences of SPOP upregulation on various
EMT markers in vivo using C4-2 and SPOP-C4-2 xenografts.
Furthermore, as our data showed that SPOP downregulates LIMK2
in cells, this regulation was also analysed in vivo. As 3A-SPOP did
not form any tumours, it could not be included. We also
incorporated E-cadherin, an epithelial marker, as increase in
EMT-inducing proteins is accompanied by a concomitant decrease
in E-cadherin levels. SPOP expression indeed increased E-cadherin
levels with simultaneous decrease in all EMT markers that were
analysed, indicating that SPOP downregulates EMT process in
CRPC pathogenesis in vivo (Fig. 6r and Supplementary Fig. 4C).
Equally importantly, SPOP-expressing xenografts showed reduced
levels of LIMK2 confirming the negative regulation of LIMK2 by
SPOP in vivo.

DISCUSSION
The most critical problem in patients with PCa is the emergence of
CRPC. Although AR signalling inhibitor (ASI)-based therapies (e.g.
abiraterone and enzalutamide) are effective initially, resistance
develops over time and the disease is no longer curable.3,4 Thus,
there is an urgent need for a mechanism-based study to discover
novel targets and strategies to treat CRPC patients. We recently
identified LIMK2 as a potential drug target in CRPC.12 However,
the molecular mechanism of LIMK2-mediated oncogenesis
remains unclear as only four direct targets of LIMK2 are known
to date.
In this study, we identified SPOP as a LIMK2 substrate. SPOP

comprises of two conserved domains, an N-terminal meprin and
TRAF homology (MATH) domain (28–166), followed by C-terminal
bric-a-brac, tramtrack and broad complex (BTB)/POZ domain
(190–297). While the MATH domain binds and recruits substrates,
the BTB domain binds the Cullin-3 family of E3 ligases and
promotes the ubiquitylation of SPOP-bound substrates.47 Thus
SPOP functions as an adaptor protein, which is crucial for the
degradation of several proteins involved in normal cellular
physiology.
SPOP is the most frequently mutated gene in PCa (~15%).

Furthermore, SPOP mutations are rare in other cancers, thereby
highlighting a unique mechanism for specifically suppressing
SPOP’s antitumorigenic functions in PCa. Most mutations are

present on the surface of substrate-binding pocket of MATH
domain, which compromises its ability to bind downstream
targets thereby preventing the ubiquitylation of several
oncogenic targets in PCa. Not surprisingly, SPOP mutants
promote enhanced proliferation in vitro and lead to prostate
tumorigenesis in vivo.48 Furthermore, numerous downstream
substrates of SPOP have been identified in PCa,18–25 uncovering
multiple mechanisms by which SPOP inhibits prostate tumor-
igenesis. As a result, SPOP’s role in PCa has been largely defined
by either its mutant alleles or by its downstream targets.
However, regulation of WT-SPOP in any cancer including PCa
has not yet been reported. This is particularly important as WT-
SPOP is retained in the remaining 85% of PCa cases that escape
SPOP mutations. As SPOP potently antagonises tumorigenic
pathways in PCa, including AR and ARv7 degradation, it points
to the existence of other critical regulatory mechanisms that
trigger SPOP downregulation during PCa progression.
This study uncovered the first mechanism of WT-SPOP

regulation by phosphorylation. LIMK2 directly phosphorylates
SPOP at three sites, S59, S171 and S226 (Fig. 4c, d). While S59 is
within the MATH domain, S226 falls within the BTB
domain. Although many mutations are known in the MATH
domain, S59 is not among them. Similarly, S171 and S226 are
not known to be mutated in SPOP either. This finding suggests
that SPOP mutants may also be subjected to LIMK2-mediated
ubiquitination in PCa, further exacerbating the disease. Further-
more, crystal structure studies have revealed that A227 and
M228 (following S226) are involved in Cul3 binding, although
not as intimately as H231 and M233 residues,49 indicating that
S226 phosphorylation by LIMK2 may impact Cul3 binding
as well. This in turn should suppress degradation of key
oncogenic targets including SRC-3, a potent regulator of AR,
promoting PCa.
This study also uncovered that SPOP targets LIMK2 for

ubiquitination and proteasomal degradation in a reciprocal loop,
thereby suppressing LIMK2-induced cancer-related phenotypes.
The phospho-resistant SPOP is more stable and fully inhibits
tumorigenesis in vivo. Our previous study revealed a critical role of
LIMK2 knockdown in fully reversing CRPC tumorigenesis.12 As AR
and ARv7 are key drivers in CRPC, this study uncovered a critical
mechanism by which LIMK2 regulates the stability of AR and ARv7
(Fig. 6s). In conclusion, our study shows that SPOP overexpression
inhibits cell growth, migratory, invasion ability and EMT in CRPC
cells by inhibiting LIMK2 expression. Thus, targeting LIMK2
provides a potent approach to retain functionally active WT-
SPOP in cells, which should inhibit not only PCa progression in
patients but may also sensitise CRPC to ASIs, such as
enzalutamide.

Fig. 5 LIMK2-mediated downregulation of SPOP promotes oncogenic phenotypes and enzalutamide-resistance in CRPC cells. a WT and
3A-SPOP inhibits cell proliferation in C4-2 cells. C4-2, LIMK2-C4-2, SPOP-C4-2 and 3A-SPOP-C4-2 cells were cultured in 96-well plates for 24, 48
and 72 h followed by MTT assay. b LIMK2 depletion substantially reduces cell growth in SPOP-C4-2 and 3A-SPOP-C4-2 cells. * and # indicate
statistically significant difference compared to respective controls; P < 0.05. c LIMK2 overexpression augments cell proliferation in SPOP-C4-2
and 3A-SPOP-C4-2 cells. * and # indicate statistically significant difference compared to respective controls; P < 0.05. d Expression of WT and
3A-SPOP impaired cell proliferation in 22Rv1 cells. 22Rv1, LIMK2-22Rv1, SPOP-22Rv1 and 3A-SPOP-22Rv1 cells were cultured in 96-well plates
for 24, 48 and 72 h and subjected to MTT assay. e LIMK2 knockdown decreases cell growth in SPOP-22Rv1 and 3A-SPOP-22Rv1 cells. * and #
indicate statistically significant difference compared to respective controls; P < 0.05. f LIMK2 overexpression enhances cell proliferation in
SPOP-22Rv1 and 3A-SPOP-22Rv1 cells. * and # indicate statistically significant difference compared to respective controls; P < 0.05. g, h SPOP
prevents colony formation in a soft agar assay in C4-2 and 22Rv1 cells. *P < 0.05 compared to vector-expressing control. i Both WT-SPOP and
3A-SPOP inhibit cell migration in C4-2 cells. Representative images of chemotaxis assay. Magnification, ×200. j Chemotaxis assay was
performed in C4-2, SPOP-C4-2 and 3A-SPOP-C4-2 cells using Boyden chambers. Histogram shows mean ± SEM of three experiments
conducted independently. *P < 0.05 compared to vector control. k, l LIMK2 overexpression increases cell motility in both SPOP-C4-2 and 3A-
SPOP-C4-2 cells, although to a higher extent in the former as compared to the latter. m, n LIMK2 depletion inhibits cell motility in SPOP-C4-2
and 3A-SPOP-C4-2 cells with more significant decrease in the latter. o Representative images and p quantitative data of chemotaxis assays
measuring migration of 22Rv1, WT-SPOP-22Rv1 and 3A-SPOP-22Rv1 cells. q, r LIMK2 overexpression increases cell motility in both SPOP-
22Rv1 and 3A-SPOP-22Rv1 cells. s, t LIMK2 depletion inhibits cell motility in both SPOP-22Rv1 and 3A-SPOP-22Rv1 cells. u 3A-SPOP-expressing
cells are more sensitive to enzalutamide (1 μM, treated for 48 h), compared to WT-SPOP-C4-2 cells.
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