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ABSTRACT SPOP, speckle-type POZ protein is a substrate adaptor protein of the Cullin-3/
RING ubiquitin E3 complex. The spop gene is the most commonly point mutated in human
primary prostate cancers, but the pathological contribution of the SPOP mutations remains
unclear. In this study, we investigated several known factors that are critical in the DNA-
protein cross-link repair process. The depletion of SPOP or overexpression of a prostate
cancer-associated SPOP mutant, F133V, in androgen receptor-positive prostate cancer cells
increased the amount of topoisomerase 2A (TOP2A) in the nuclei together with the increased
amount of YH2AX, an indication of DNA breaks. Tyrosyl-DNA phosphodiesterases (TDPs)
and an endo/exonuclease MRE11 are enzymes that liberate TOP2A from the TOP2A-DNA
cleavage complex, and thus is essential for the completion of the DNA repair process. We
found that the amount of TDP1 and TDP2 was decreased in SPOP-depleted cells, and that of
TDP2 and MRE11 was decreased in F133V-overexpressing cells. These results suggest that
the F133V mutant exerts dominant-negative and gain-of-function effects in down-regulation
of TDP2 and MRE11, respectively. We conclude that SPOP is involved in the DNA-protein
cross-link repair process through the elimination of TOP2A from the TOP2A cleavage com-
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plex, which may contribute to the genome stability.

INTRODUCTION

SPOP (speckle-type POZ protein) is a substrate recognizing receptor
of the cullin-3 (CUL3)/RING ubiquitin E3. Heterozygous point muta-
tions in the substrate-binding domain (MATH domain) of SPOP have
been frequently found in 10-15% of recurrent human prostate
cancer patients (Barbieri et al., 2012). Prostate cancer-associated

SPOP mutants such as Y87C and F133V fail to interact with its sub-
strates (e.g., androgen receptor [AR], ERG, DAXX, DEK, TRIM24),
and expression of these SPOP mutants impairs ubiquitination of the
substrates leading to the inhibition of their proteasomal degrada-
tion (Kwon et al.,, 2006; An et al., 2014; Theurillat et al., 2014;
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Gan et al., 2015; Cheng et al., 2018). Recent studies have identified
critical functions of SPOP in DNA repair and genome stability in
response to exogenous DNA damage stresses in prostate cancer
cells (Boysen et al., 2015; Hjorth-Jensen et al., 2018). Knockdown of
SPOP or overexpression of the prostate cancer-associated SPOP
mutant, F133V, resulted in impaired homology-directed repair
(HDR) and promoted nonhomologous end joining (NHEJ) after y-
irradiation-induced double-strand breaks (DSBs; Boysen et al.,
2015). SPOP-depleted prostate cancer cells do not form Rad51-
positive foci by treatment of cells with replication stress inducers
(hydroxyurea and camptothecin) or by ultraviolet (UV) irradiation
(Hjorth-Jensen et al., 2018). The reduced levels of MRNAs that code
DNA repair-related proteins by SPOP knockdown may account for
the defects of DNA repair in response to exogenous DNA damage
stresses (Boysen et al., 2015; Hjorth-Jensen et al., 2018).

In addition to the exogenous DNA damage response, DNA
repair machinery is involved in the endogenous DNA damage re-
sponse that inevitably occurs during the DNA replication process in
the S phase (Bartek et al., 2004). In this process, the emergence of
supercoiled and catenated DNA is one of the problematic DNA rep-
lication stresses (Gaillard et al., 2015). To remove the distortions in
the newly replicated DNA, both topoisomerase 1 (TOP1) and topoi-
somerase 2 (TOP2) form covalent DNA-protein cross-link called
protein adducts, and frequently introduce transient single-strand
breaks (SSBs) and DSBs, respectively (Pommier et al., 2016; Stingele
etal., 2017). The DNA-protein cross-link repair is thus necessary for
the completion of accurate DNA replication and subsequent chro-
mosome segregation (Pommier et al., 2016). After introduction of
DNA breaks, the TOP1 or TOP2 is eliminated from the TOP cleav-
age complex by the tyrosyl-DNA phosphodiesterase 1 (TDP1) or
TDP2, which cleaves phosphotyrosyl bonds between the DNA and
the tyrosine residue of TOP1 or TOP2, respectively (Pommier et al.,
2014). An endo/exonuclease MRE11 forms a complex with Rad50
and NBS1, and the MRN complex (MRE11/RAD50/NBS1) removes
the TOP2-DNA complex by the endonucleolytic cleavage followed
by a second cut on the complementary strand (Stingele et al., 2017).
The MRN complex is necessary for the phosphorylation of ataxia
telangiectasia—mutated (ATM) to proceed with the HDR and NHEJ,
which complete the DSB repair (Lee and Paull, 2004, 2005).

To date, roles of SPOP during DNA repair in response to exog-
enous DNA damage stresses have been characterized (Boysen
et al., 2015; Hjorth-Jensen et al., 2018); however, it remains unclear
whether SPOP is involved in DNA repair in response to endogenous
DNA replication stresses. Here, we analyzed several crucial factors in
the DNA-protein cross-link repair process. We found that the
protein expression of TDP1 and TDP2 was decreased, and TOP2A
was accumulated as the protein adducts with DNA in SPOP-knock-
down cells. We also showed that overexpression of a prostate
cancer—associated SPOP mutant, F133V, reduced the protein ex-
pression of TDP2 and MRE11 together with the accumulation of
TOP2A in the nuclei. We suggest that the F133V mutant may serve
as a dominant-negative and gain-of-function mutant in down-
regulation of TDP2 and MRE11, respectively. Our results suggest
the novel function of SPOP in regulating TOP2A during DNA
replication in AR-positive prostate cancer cells.

RESULTS

Depletion of SPOP increases the level of yH2AX in

prostate cancer cell lines in the absence of exogenous DNA
damage stresses

To investigate functions of SPOP in DNA repair during DNA replica-
tion in normally growing prostate cancer cells, we first examined the
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level of phosphorylated H2A histone family member X (yH2AX),
which indicates the DNA breaks, in various prostate cancer cell lines,
including C4-2, LNCaP, PC3, and DU145 cells. These cells harbor
wild-type (WT) spop gene. We treated the cells with small interfering
RNA (siRNA) oligos designed for SPOP, and knockdown efficiency
was confirmed in each cell line by Western blotting (Figure 1A). As
shown, the level of YH2AX (the ratio of YH2AX/H2AX) was remarkably
elevated in the AR-positive prostate cancer cell lines, C4-2 and
LNCaP cells, but not in AR-negative prostate cancer cell lines, PC3
and DU145 cells, upon SPOP knockdown (Figure 1, A and B). These
data suggest that the depletion of SPOP causes accumulation of the
DNA breaks in AR-positive prostate cancer cells in response to
endogenous DNA damage stresses. As shown in Figure 1A and
Supplemental Figure STA, SPOP knockdown reduced the protein
expression level of H2AX, checkpoint kinase 2 (ChK2), and ATM in
C4-2, LNCaP, and PC3 cells, which would be accounted by a previ-
ous study showing that SPOP knockdown reduced the mRNA level
of ChK2 in prostate cancer cells (Hjorth-Jensen et al., 2018). We also
showed that the mRNA level of H2AX was significantly reduced by
SPOP knockdown in C4-2 cells (Supplemental Figure S1B). During
exposure to DNA damage stresses such as irradiation with UV or y-
rays, YH2AX formation is mediated through the ATM/ChK2 pathway
(Smith et al., 2010). However, neither the increased phosphorylation
of ATM (pATM) nor that of ChK2 (pChK2) was detected in each
SPOP-depleted cell line (Figure 1, A and B). These data suggest that
neither ATM nor ChK2 is activated upon SPOP knockdown. Treat-
ment of SPOP-depleted C4-2 cells with an ATM inhibitor, Ku55933,
did not affect the level of YH2AX, suggesting the ATM-independent
generation of YH2AX in SPOP-knockdown cells (Supplemental Figure
52, A-C). As the markedly increased levels of yH2AX by SPOP knock-
down were observed in AR-positive cell lines, C4-2 and LNCaP cells,
we further analyzed SPOP-mediated molecular events using C4-2
cells. The SPOP knockdown significantly increased the formation of
YH2AX-positive foci in the nuclei of C4-2 cells (Figure 1, C and D).
The expression of siRNA-resistant nontagged WT SPOP reduced the
level of yH2AX in SPOP-knockdown cells, excluding the off-target
effect of siRNA (Figure 1, E and F). DNA replication is promoted by
the stimulation with growth factors such as epidermal growth factor
(EGF; Miskimins et al., 1983). As shown, the level of yH2AX in SPOP-
depleted cells was slightly increased by incubation with EGF for 24 h
(Supplemental Figure S2, D and E). Taken together, these data
suggest that SPOP is involved in the replication-coupled DNA
damage response in AR-positive prostate cancer cells.

Topoisomerase inhibitors do not increase the level of yH2AX
in SPOP-knockdown cells

Topoisomerases (TOPs) are endogenous replication stress induc-
ers (Gaillard et al.,, 2015). Because SPOP knockdown caused
the accumulation of DNA breaks in the absence of exogenous
DNA damage stresses (Figure 1), we thus reasoned that SPOP
regulates TOPs during DNA replication. To examine the relation-
ship between TOPs and SPOP, we treated control or SPOP-
depleted-C4-2 cells with TOP inhibitors. A topoisomerase
1 (TOP1) inhibitor, irinotecan, and a topoisomerase 2 (TOP2) in-
hibitor, etoposide, trap each enzyme on the cleaved site of DNA
by the formation of cytotoxic covalently linked TOP1 or TOP2 ad-
ducts on DNA, resulting in the generation of SSBs or DSBs and
abrogation of DNA repair (Delgado et al., 2018). We also treated
cells with hydroxyurea (a potent ribonucleotide reductase inhibi-
tor) which causes lack of deoxyribonucleotides, resulting in the in-
hibition of both DNA replication and DNA repair (Koc et al., 2004).
As shown, all of these inhibitors increased the levels of both yH2AX
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SPOP knockdown elevated the level of YH2AX in the absence of DNA damage stresses in AR-positive
prostate cancer cells. (A) Western blots of C4-2, LNCaP, PC3, and DU145 cell lysates 72 h posttransfection of siRNAs.
(B) Quantitation of A. The ratio of YH2AX/H2AX, pATM/ATM, and pChK2/ChK2 from three independent experiments
was analyzed. Data show the mean + SEM. n.d., not detected. (C) Confocal images of C4-2 cells fixed after 72 h of
siRNA transfection, permeabilized, and stained for YH2AX antibody. Magnifications of the yellow squared areas are
shown in the bottom panels. Bars = 20 pm. (D) Quantitation of C. Cells with YH2AX-positive foci were counted. In total,
100 cells from three independent experiments were analyzed. Data show the mean + SEM. **, p < 0.01. (E) Rescue
experiments of SPOP knockdown. Western blots of C4-2 cell lysate infected with siRNA-resistant-nontagged SPOP
WT-carrying lentivirus. Empty, control lentivirus. (F) Quantitation of E. Ratio of YH2AX/H2AX from three independent
experiments was analyzed. Data show the mean + SEM. ***, p < 0.001; Empty, control lentivirus.

and pATM in control C4-2 cells in a dose-dependent manner
(Figure 2, A-C). In contrast, these inhibitors did not significantly
increase the level of YH2AX in SPOP-depleted C4-2 cells (Figure 2,
A-C). These data suggest that SPOP knockdown causes the accu-
mulation of TOP1 or TOP2 as protein adducts with DNA, resulting
in the inhibition of DNA-protein cross-link repair.

Topoisomerase 2A is accumulated on cleaved DNA in
SPOP-knockdown cells

To investigate functions of SPOP in regulating TOP or TOP2, we first
assessed the TOP1 and TOP2 activities in vitro upon SPOP knock-
down (Figure 3, A and B). As shown, the relaxed-coiled DNA was
detected by incubation of supercoiled DNA with 1 pg of control or
SPOP-knockdown nuclear lysates (Figure 3A and Supplemental
Figure S3A). We also observed the generation of decatenated
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kinetoplast DNA (kDNA) by incubation of catenated kDNA with
0.1, 0.5, or 1 pg of control or SPOP-knockdown nuclear lysates
(Figure 3B and Supplemental Figure S3B). Treatment of control or
SPOP-knockdown nuclear lysates with etoposide generated linear
kDNA in addition to nicked open circular and relaxed circular
DNAs (Supplemental Figure S3C) as reported previously (Lee et al.,
2012a). These data suggest that both free TOP1 and TOP2 in the
nuclei are still enzymatically active in SPOP-knockdown cells. We
next examined the expression and subcellular localization of TOPs
in control and SPOP-knockdown C4-2 cells. TOP1 and TOP2A were
dominantly expressed compared with TOP2B in control C4-2 cells,
and SPOP depletion slightly reduced the protein expression of
TOP2A without affecting that of TOP1 (Figure 3, C and D). Nuclear
localization of TOP1 and TOP2A was observed in SPOP-knockdown
cells as in the control C4-2 cells (Figure 3E and Supplemental Figure
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FIGURE 2: Increased level of YH2AX by depletion of SPOP was not enhanced by topoisomerase
inhibitors and hydroxyurea. (A) Western blots of cell lysates prepared from control or SPOP-
knockdown C4-2 cells incubated with inhibitors of DNA repair. Cells were treated with irinotecan
(Irino), hydroxyurea (HU), or etoposide (Etop) at the indicated concentrations in 10% FBS—
containing medium for 24 h. (B) Quantitation of A. The ratio of YH2AX/H2AX was analyzed from
three independent experiments. Data show the mean + SEM. *, p < 0.05; **, p < 0.01; n.s., not
significant. (C) Quantitation of A. Ratio of pATM/ATM from three independent experiments was

analyzed. Data show the mean £ SEM. n.d., not detected.

S4A). Of note, the fluorescence intensity of TOP2A in the nuclei was
significantly increased by SPOP knockdown (Figure 3, E and F). In
contrast, the fluorescence intensity of TOP1 in the nuclei was not
changed in SPOP-knockdown C4-2 cells (Supplemental Figure S4, A
and B). We then biochemically isolated the DNA-protein complex
by cesium chloride-density gradient centrifugation and detected by
dot blotting with anti-TOP2A antibody according to the previous
report (Hoa et al., 2016). In this assay, the TOP2A-DNA cleavage
complex was fractionated to the lower cesium chloride gradient
fractions. We detected the increased TOP2A-DNA cleavage com-
plex in etoposide-treated C4-2 cells in the lower fractions compared
with the control as shown previously (Figure 3, G and H, fraction #'s
4-6; Hoa et al., 2016). We also confirmed that treatment of C4-2
cells with mirin, a MRE11 nuclease inhibitor (Dupre et al., 2008; Lee
et al., 2012b), caused the accumulation of TOP2A-DNA cleavage
complex in the lower fractions (Figure 3, G and H, fraction #5 4 and
5). These data suggested that the assay can detect the inhibition of
removal of TOP2A from the TOP2A-DNA cleavage complex. In
SPOP-depleted C4-2 cells, we detected the accumulation of the
TOP2A-DNA cleavage complex in the lower fraction compared
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nated by tyrosy-DNA phosphodiesterases
(TDP1 and TDP2) and an endo/exonuclease
(MRE11; Stingele et al., 2017). The protein
expression level of both TDP1 and TDP2 in
SPOP-depleted C4-2 cells was reduced ap-
proximately 50% compared with that of the
control cells without affecting their mRNA
expression (Figure 3, I-K). Although SPOP
knockdown reduced the mRNA expression
of MRE11, its protein expression was not
affected by SPOP knockdown in C4-2 cells
(Figure 3, I-K). Because TDP1 can cleave
TOP2A from genomic DNA as well as TDP2
(Murai et al., 2012), the reduced protein
levels of TDP1 and TDP2 in SPOP-depleted
cells may result in insufficient removal of
TOP2A from its DNA adduct, or accumula-
tion of TOP2A on genomic DNA.

S C:) ; ; ; ; ; ; Transient ove.rexpression of a prostate

S@33I3333 cancer-associated SPOP mutant,

Beo28 § 28| F133V, causes the accumulation of

§' E 2 5 - SS yYH2AX and TOP2A in nuclei

w =T % W We next examined the pathological signifi-
siSPOP #2 cance of prostate cancer-associated

SPOP mutants in the DNA—protein cross-link
repair process. To this end, we transiently
expressed nontagged WT SPOP and pros-
tate cancer-associated SPOP mutants,
Y87C or F133V, in C4-2 cells (Figure 4A). We
observed the increased level of YH2AX by
overexpression of the F133V mutant but not
by overexpression of WT or Y87C mutant
(Figure 4, A and B). Both protein and mRNA
expression of H2AX were reduced by over-
expression of the F133V mutant (Figure 4A and Supplemental
Figure S5, A and B). Overexpression of WT or Y87C mutant de-
creased mRNA level of H2AX without affecting its protein expres-
sion (Figure 4A and Supplemental Figure S5, A and B). Consistent
with the Western blotting (Figure 4A), overexpression of the F133V
mutant alone significantly increased the formation of yYH2AX-
positive foci in the nuclei of C4-2 cells (Figure 4, C and D). Protein
expression of ATM and ChK2 was not affected by any overexpres-
sion of WT, Y87C, or F133V mutants (Figure 4A and Supplemental
Figure S5A), and neither pATM nor pChK2 was elevated in any over-
expressors tested here (Figure 4, A and B). These data suggest that
the increased level of YH2AX in F133V mutant-overexpressing C4-2
cells is independent of the ATM/ChK2 pathway as was seen in
SPOP-depleted C4-2 cells.

We further investigated the protein expression and cellular local-
ization of TOP1 and TOP2A in SPOP-overexpressing cells. Overex-
pression of WT or Y87C mutant did not affect the protein expression
of TOP1 and TOP2A in C4-2 cells, whereas overexpression of the
F133V mutant increased the protein expression of TOP2A but not
TOP1 (Figure 4A and Supplemental Figure S5A). The fluorescence
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pChK2/ChK2 from three independent experiments was analyzed. Data show the mean + SEM. n.d., not detected.
Empty, control lentivirus. (C) Confocal images of C4-2 cells fixed after 96 h postlentiviral infection, permeabilized, and
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*, p < 0.05; n.s., not significant; Empty, control lentivirus.

intensity of TOP1 and TOP2A in the nuclei was slightly increased by
the overexpression of WT SPOP (Figure 5, A-D). In contrast, we
observed the remarkable increase of the fluorescence intensity of
TOP2A but not TOP1 in the nuclei by overexpression of the mutants
(Y87C or F133V) as was seen in SPOP-knockdown cells (Figure 5,
A-D). Overexpression of the F133V mutant increased the fluores-
cence intensity of TOP2A in the nuclei much more than that of the
Y87C mutant did (Figure 5, C and D). Overexpression of the Y87C or
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F133V mutant reduced the protein expression of TDP2 but not
TDP1 (Figure 4A and Supplemental Figure S5A). Of note, the pro-
tein expression of MRE11 was decreased by overexpression of the
F133V mutant but not by that of WT or Y87C mutant (Figure 4A and
Supplemental Figure S5A). The reduced protein expression of TDP2
and MRE11 may account for the markedly increased protein expres-
sion and nuclear immunofluorescence intensity of TOP2A in F133V
mutant—overexpressing cells. Taken together with SPOP-knockdown
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analysis, these data suggest that the F133V mutant would serve as
a dominant-negative mutant in the down-regulation of TDP2 and a
gain-of-function mutant in the down-regulation of MRE11. Collec-
tively, it is suggested that overexpression of the F133V mutant
causes insufficient removal of TOP2A from its protein adduct result-
ing in the accumulation of DSBs.

The generation of YH2AX in SPOP-knockdown cells is AR/
TOP2A dependent

The markedly elevated level of YH2AX by SPOP knockdown was not
observed in AR-negative prostate cancer cell lines, PC3 cells, and
DU145 cells (Figure 1, A and B). It is also reported that androgen
stimulation induced TOP2-mediated DSBs and the formation of
YH2AX-positive foci, leading to gene arrangements in prostate
cancers (Haffner et al., 2010; Schaefer-Klein et al., 2015). AR directly
interacts with TOP2B upon androgen stimulation, and corecruit-
ment of AR/TOP2B induces TOP2-dependent DSB formation result-
ing in the accumulation of YH2AX (Haffner et al., 2010). To examine
the relationship between AR and increased yYH2AX in SPOP-
knockdown cells, we blocked AR signaling in SPOP-knockdown
C4-2 cells by treatment with an AR inhibitor, enzalutamide. As
shown, treatment of SPOP-depleted C4-2 cells with enzalutamide
reduced the level of both YH2AX and fluorescence intensity of
TOP2A in the nuclei (Figure 6, A-D). The TOP2A knockdown in
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SPOP-depleted C4-2 cells partially restored the level of yH2AX
(Figure 6, E and F). These data suggest that the AR and TOP2A are
critical for the generation of DNA breaks in SPOP-knockdown C4-2
cells. We also examined the level of yH2AX in AR-stably expressing
PC3 and DU145 cells, both of which are originally AR negative. As
shown, the level of YH2AX was not increased by SPOP knockdown
in AR-expressing PC3 cells and DU145 cells (Supplemental Figure
S6, A-D). These data suggest that the expression of AR alone was
not sufficient for SPOP-mediated DSB repair, and other factors (e.g.,
cofactors for the AR/TOP2 interaction) may be necessary for the AR/
TOP2A-mediated DSBs.

SPOP attenuates cytotoxicity of etoposide

Depletion of TDP1 or TDP2 causes hypersensitivity to etoposide
(Nitiss et al., 2006; Zeng et al., 2011). Because SPOP positively
regulates protein expression of TDP1/2 and is required for TOP2A
removal from the TOP2A-DNA cleavage complex, we next
examined the sensitivity to etoposide in SPOP-deficient or SPOP-
proficient cells. The level of YH2AX was increased in a time-
dependent manner by treatment of C4-2 cells with etoposide
(Figure 7, A and B). In SPOP-depleted cells, the level of YH2AX was
increased compared with that of control C4-2 cells before etoposide
treatment (Figure 7, A and B). The level of YH2AX at 4 h after
addition of etoposide was significantly higher in SPOP knockdown
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AR and TOP2A dependency on the increased level of YH2AX in SPOP-knockdown C4-2 cells. (A) Western
blots of cell lysates prepared from control or SPOP-knockdown C4-2 cells incubated with an AR inhibitor, enzalutamide
(Enz). Cells were treated with enzalutamide at the indicated concentrations in 10% FBS—containing medium for 48 h
before cell lysis. (B) Quantitation of A. Ratio of YH2AX/H2AX was analyzed from three independent experiments. Data
show the mean + SEM. *, p < 0.05; ***, p < 0.001. (C) Confocal images of C4-2 cells fixed after 72 h transfection of
siRNA, permeabilized, and stained for TOP2A antibody. Cells were treated with enzalutamide at the indicated
concentrations in 10% FBS-containing medium for 48 h before fixation. Bars = 20 pm. (D) Quantitation of C.
Fluorescence intensity of TOP2A in the nuclei was measured and normalized to that of control cells. In total, 50 cells
were analyzed. Data show the mean = SEM. *, p < 0.05; **, p < 0.01. (E) Western blots of C4-2 cell lysates 72 h
posttransfection of siRNAs. (F) Quantitation of E. Ratio of YH2AX/H2AX was analyzed from three independent
experiments. Data show the mean + SEM. *, p < 0.05; **, p < 0.01; n.s., not significant.

cells than in control cells (Figure 7, A and B). Consistently, SPOP
depletion significantly inhibited the cell proliferation of C4-2 cells,
and treatment of SPOP-depleted C4-2 cells with etoposide drasti-
cally enhanced the cytotoxic effect of etoposide (Figure 7C). In C4-2
cells that overexpress WT SPOP, vice versa, the elevation of YH2AX
was significantly suppressed at 24 h after addition of etoposide
(Figure 7, D and E). Overexpression of WT SPOP partially attenu-

Volume 31 March 15, 2020

ated the inhibition of cell proliferation by etoposide treatment
(Figure 7F). These data suggest that SPOP relieves the cytotoxicity
of etoposide.

DISCUSSION
Genome instability (e.g., gene rearrangement and gene amplifica-
tion) is a hallmark of various cancers (Hanahan and Weinberg, 2011).
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FIGURE 7: Sensitivity to etoposide in SPOP-depleted and SPOP-overexpressing C4-2 cells. (A) Western blots of cell
lysates prepared from control or SPOP-knockdown C4-2 cells incubated with 50 uM etoposide (Etop) for the indicated

time in 10% FBS—containing medium. (B) Quantitation of A. Ratio of YH2AX/H2AX was analyzed from three independent
experiments. Data show the mean + SEM. *, p < 0.05; ***, p < 0.001. (C) Cell proliferation assay. After 48 h transfection
of siRNA in C4-2 cells, 50 pM etoposide was added in 10% FBS—containing medium. The cells were then counted every
24 h. Data are the mean = SEM from three independent experiments. *, p < 0.05; **, p < 0.01. (D) Western blots of cell
lysates prepared from control or nontagged SPOP WT-overexpressed C4-2 cells incubated with 50 uM etoposide (Etop)

for the indicated time in 10% FBS-containing medium. Empty, control lentivirus. (E) Quantitation of D. The ratio of
YH2AX/H2AX was analyzed from three independent experiments. Data show the mean + SEM. ***, p < 0.001. Empty,
control lentivirus. (F) Cell proliferation assay. After 48 h infection of lentivirus carrying nontagged SPOP WT in C4-2 cells,
50 uM etoposide was added in 10% FBS-containing medium. The cells were then counted every 24 h. Data are the
mean + SEM from three independent experiments. *, p < 0.05; Empty, control lentivirus.

In prostate cancer, the TMPRSS2 and ERG fusion gene was ob-
served in nearly 50% of human prostate cancer patients (Tomlins
et al., 2005). Dysregulation of DNA repair often causes gene rear-
rangements (Burrell et al., 2013). Previous studies have clearly
shown that SPOP is essential for proper DNA repair process in
response to exogenous DNA damage stresses such as y or UV irra-
diation, and the addition of hydroxyurea or camptothecin (Boysen
et al., 2015; Hjorth-Jensen et al., 2018). SPOP knockdown or over-
expression of the prostate cancer-associated SPOP mutant, F133YV,
impaired HDR and enhanced NHEJ, which could generate gene
rearrangement with higher frequency (Boysen et al., 2015). SPOP is
also essential for mRNA expression of ataxia telangiectasia and
Rad3-related protein, BRCA2, checkpoint kinase 1, and Rad51,
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which are essential for the proper progress of DNA repair (Hjorth-
Jensen et al., 2018). In the present studly, in addition to these critical
functions of SPOP during DNA repair, we showed that SPOP is also
essential for DNA-protein cross-link repair in AR-positive prostate
cancer cells. Accumulation of YH2AX was observed in SPOP-
depleted C4-2 cells in the absence of exogenous DNA damage
stresses. Our present study suggests that SPOP is necessary for
dissociating TOP2A from genomic DNA through regulation of
TDP1/2 protein expression (Figure 8). In SPOP-knockdown C4-2
cells, the protein expression of TDP1/2 was reduced without
affecting their mRNA expression level (Figure 3, I-K). SPOP may
ubiquitinate unidentified ubiquitin E3s for TDP1/2, leading to their
proteasomal degradation. Recently, a deubiquitinase for TDP1,
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UCHL3, has been identified (Liao et al., 2018). UCHL3 decreases the
ubiquitination level of TDP1 leading to the inhibition of TDP1 deg-
radation. Further studies would identify the ubiquitin E3s for TDP1/2
in the future.

In prostate cancer patients, protein expression of TOP2A corre-
lated with increasing Gleason scores and a higher level of prostate-
specific antigen (Willman and Holden, 2000; Hughes et al., 2006;
de Resende et al.,, 2013). Both mRNA and protein expression of
TOP2A is up-regulated in an aggressive prostate cancer subgroup
(Labbe et al., 2017). Collaboration of TOP2A and AR signaling
promotes prostate cancer progression by inducing gene rearrange-
ments as well as TOP2B (Haffner et al., 2010; Schaefer-Klein et al.,
2015). Taken together with our present results, accumulation of
TOP2A on genomic DNA in prostate cancer patients carrying a
F133V mutation in SPOP could frequently produce gene rearrange-
ment, and contribute to prostate cancer progression. SPOP may
thus prevent the development of prostate cancers by attenuating
DNA replication stresses through the proper progress of TOP2A/
TDP-dependent DNA-protein cross-link repair. Although human
TOP2A possesses four SPOP recognizable degrons ("¥WKSST¢2,
617GTSTSe?!, ¢87GQTTTé?!, and ?"®LNSTT?%) in its amino acid se-
quence, the interaction of TOP2A and SPOP was not detectable in
C4-2 cells (Supplemental Figure S7A), suggesting that TOP2A
would not be a direct target of SPOP. Overexpression of neither WT
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SPOP, prostate cancer-associated SPOP mutants
Y87C nor F133V affected the half-life of TOP2A pro-
tein (Supplemental Figure S7, B and C). Overexpres-
sion of WT SPOP did not increase the ubiquitination of
TOP2A (Supplemental Figure S7D). The mRNA level
of TOP2A was affected by overexpression of neither
WT SPOP, Y87C, nor F133V mutant (Supplemental
Figure S7E). These data suggest that increased
TOP2A protein by overexpression of the F133V
mutant is because of neither the inhibition of TOP2A
protein degradation nor the increase of TOP2A mRNA
expression. Overexpression of the F133V mutant may
enhance the translation efficiency of TOP2A mRNA.

To date, all known prostate cancer-associated
SPOP mutants including Y87C and F133V similarly fail
to interact with its substrates, and expression of all
SPOP mutants also equally causes the accumulation
of the substrates because of the inhibition of their
degradation. Here, we found that overexpression of
the F133V mutant increased the level of YH2AX and
fluorescence intensity of TOP2A in the nuclei much
more than that of Y87C mutant did (Figures 4 and 5, C
and D). Although the protein expression of TOP2A
was slightly decreased by SPOP knockdown and not
affected by Y87C mutant overexpression (Figures 3, C
and D, and 4A and Supplemental Figure S5A), overex-
pression of the F133V mutant increased the protein
expression of TOP2A (Figure 4A and Supplemental
Figure S5A). The protein expression of MRE11 was de-
creased by overexpression of the F133V mutant, but
not by SPOP knockdown or Y87C mutant overexpres-
sion (Figures 3, | and J, and 4A and Supplemental
Figure S5A). These data suggest the distinct functions
among prostate cancer—associated SPOP variants in
the regulation of DNA—protein cross-link repair. It is
likely that the F133V mutant may exert a dominant-
negative effect on the down-regulation of TDP2 and a
gain-of-function effect on the down-regulation of
MRE11. SPOP is a substrate recognition receptor of the CUL3/RING
ubiquitin E3 complex, and to date, approximately 30 proteins have
been reported as its substrates (Cheng et al., 2018). F133V mutation
is located in the substrate-binding domain of SPOP, and is sup-
posed to interact with CUL3 as does WT SPOP. If the F133V mutant
loses the binding affinity to substrates, the mutant is expected to
serve as a dominant-negative mutant as reported previously (Cheng
etal., 2018). If the F133V mutant acquires the ability to interact with
proteins to which WT SPOP cannot bind, the mutant could exert
gain-of-function effects. Our results may suggest unidentified sub-
strates that the F133V mutant, but not WT SPOP, can recognize.
Further studies are needed to characterize functions of the F133V
mutant during the DNA-protein cross-link repair process.
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MATERIALS AND METHODS

Antibodies

The following antibodies were purchased from the manufacturers as
indicated: rabbit anti-SPOP antibody (16750-1-AP, dilution 1:1000
for Western blotting, immunofluorescence; Proteintech), rabbit anti-
H2AX antibody (D17A3, dilution 1:1000; Cell Signaling Technology),
mouse anti-yH2AX antibody (2F3, dilution 1:1000 for Western
blotting, immunofluorescence; Biolegend), rabbit anti-ChK2 anti-
body (D9C6, dilution 1:1000; Cell Signaling Technology), rabbit
anti-phosphorylated ChK2 antibody (C13C1, dilution 1:1000; Cell
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Signaling Technology), rabbit anti-ATM antibody (D2E2, dilution
1:1000; Cell Signaling Technology), mouse anti-phosphorylated
ATM antibody (10H11.E12, dilution 1:1000; Cell Signaling Technol-
ogy), rabbit anti-EGFR (epidermal growth factor receptor) antibody
(D38B1, dilution 1:1000; Cell Signaling Technology), rabbit anti-
phosphorylated EGFR (Y1068) antibody (D7A5, dilution 1:1000; Cell
Signaling Technology), rabbit anti-TOP1 antibody (ab109374,
dilution 1:1000 for Western blotting, dilution 1:200 for immunofluo-
rescence; Abcam), rabbit anti-TOP2A antibody (24641-1-AP,
dilution 1:1000 for Western blotting, dilution 1:200 for immunofluo-
rescence, dilution 1:500 for immunoprecipitation; Proteintech), rab-
bit anti-TOP2B antibody (MA5-24310, dilution 1:1000; Invitrogen),
rabbit anti-MRE11 antibody (31H4, dilution 1:1000; Cell Signaling
Technology), rabbit anti-TDP1 antibody (D8D1B, dilution 1:1000;
Cell Signaling Technology), mouse anti-TDP2 antibody (TA811981,
dilution 1:1000; Thermo), rabbit anti-AR antibody (ab133273, dilu-
tion 1:1000; Abcam), mouse anti-His antibody (9C11, dilution
1:3000; Wako), mouse anti-FLAG antibody (M2, dilution 1:1000;
Sigma), mouse anti-GAPDH antibody (5A12, dilution 1:6000; Wako),
rabbit normal immunoglobulin G (IgG) (2729; Cell Signaling Tech-
nology), goat Cy3-conjugated anti-rabbit IgG antibody (A10520,
dilution 1:2000; Molecular Probes), goat Alexa 488-conjugated
anti-mouse IgG antibody (A11001, dilution 1:2000; Molecular
Probes), horseradish peroxidase (HRP)-conjugated anti-mouse 1gG
antibody (W4021, dilution 1:2000; Promega) and HRP-conjugated
anti-rabbit IgG antibody (W4011, dilution 1:2000; Promega).

Plasmids

SPOP was amplified with the Halo-SPOP vector (FHC02905;
Promega) using the following pairs of primers: 5-ATGT-
CAAGGGTTCCAAGTCC-3" (SPOP sense primer), 5-TTAGGATT-
GCTTCAGGCGTT-3" (SPOP antisense primer). His-Ub (ubiquitin)
was amplified with the HA-Ub vector (a kind gift from Tatsuya
Sawasaki, Ehime University) using the following pairs of primers:
5-ATGCATCACCATCACCATCACATGCAGATCTTCGT-
GAAGAC-3" (His-Ub sense primer), 5-TTACCCACCTCTGAGAC-
GGA-3’ (Ub antisense primer). AR-FLAG was amplified with the AR-
FLAG vector (a kind gift from Yuuki Imai, Ehime University) using the
following pairs of primers: 5-ATGGAAGTGCAGTTAGGGCT-3" (AR
sense primer), 5-TTACTTGTCATCGTCGTCCTTGTAGTC-3" (FLAG
antisense primer). The PCR products were introduced into the blunt
end of the CSII-CMV-MCS-IRES2-Bsd vector. The SPOP mutant
vectors were produced using the following pairs of primers: 5’-CT-
GTCACTTTGCCTGTTACTGGTCA-3" (SPOP-Y87C sense primer),
5-GTAATCTTTGCTTTCTTCATCTAAC-3" (SPOP-Y87C antisense
primer), 5-GCAAAGACTGGGGAGTCAAGAAATT-3" (SPOP-F133V
sense primer), 5-CTTGCACAAACCTATATGCCCGTTG-3" (SPOP-
F133V antisense primer). The siRNA-resistant SPOP vectors were
produced by overlapping PCR using the following pairs of primers:
5’-GCGAAAGGTGAGGAGACGAAGGCAATGGAGAGTCAAC-
GGGCATAT-3" (SPOP-F2 sense primer) and 5-TTAGGATTGC-
TTCAGGCGTT-3" (SPOP antisense primer); 5’-ATGTCAAGGGTTC-
CAAGTCC-3’ (SPOP sense primer) and 5-TTGCCTTCGTCTCCTCA
CCTTTCGCATTCAGGATGGAGAATTTGA-3" (SPOP-R2 antisense
primer).

Cell culture

C4-2 cells, LNCaP cells, PC3 cells, and DU145 cells were purchased
from the American Type Culture Collection and maintained at 37°C
with 5% CO, in RPMI (Wako) supplemented with 10% fetal bovine
serum (FBS), 20 U/ml penicillin, and 100 pg/ml streptomycin.
HEK293T cells were maintained at 37°C with 5% CO, in DMEM
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(Wako) supplemented with 10% FBS, 20 U/ml penicillin, and
100 pg/ml streptomycin. PC3 cells and DU145 cells that stably
express AR-FLAG were established by the selection with 50 ug/ml
blasticidin S (Wako) after infection of lentivirus carrying AR-FLAG
gene. Cells were treated with 1-10 uM irinotecan (Wako) at 37°C for
24 h, 10-50 pM etoposide (Sigma) at 37°C for 24 h, 100-1000 uM
hydroxyurea (Abcam) at 37°C for 24 h, 10 uM Ku55933 (Sigma) at
37°C for 24 h, 1-10 uM enzalutamide (ChemScene) at 37°C for 48 h,
and 100 pM mirin (Sigma) at 37°C for 4 h. Cells were stimulated with
100 ng/ml EGF (R&D systems) in 2% FBS for 24-48 h. For the cyclo-
heximide chase assay, cells were treated with 25 pg/ml cyclohexi-
mide (Sigma) at 37°C.

Transfection

For transfection of plasmids into HEK293T cells, GeneJuice
(Millipore) was used according to the manufacturer’s instructions. At
48 h posttransfection, cells were subjected to subsequent experi-
ments. Transfections of siRNAs (10 nM) into prostate cancer cells
were performed using RNAimax (Invitrogen) according to the manu-
facturer's instructions. Subsequent experiments were performed at
72 h posttransfection.

Lentiviral expression

Transient expression of SPOP was induced through the lentiviral
infection as described previously (Tanigawa et al., 2019). Briefly,
lentiviruses carrying SPOP (WT, Y87C, or F133V) were produced by
transfection of those cDNA cloned into the CSII-CMV-MCS-IRES2-
Bsd vector with two packaging vectors (the pCAG-HIVgp vector and
PCMV-VSVG-RSV-Rev vector) in HEK293T cells. At 48 h posttransfec-
tion, lentiviruses in the medium were collected. The collected lentivi-
ruses were added to the culture medium of the prostate cancer cells.
Expression of SPOP (WT, Y87C, or F133V) in prostate cancer cells
was detected at 96 h after lentiviral infection. For rescue experi-
ments, expression of SPOP was detected at 48 h after lentiviral infec-
tion. The CSII-CMV-MCS-IRES2-Bsd, pCAG-HIVgp, and pCMV-
VSVG-RSV-Rev vectors were kind gifts from Hiroyuki Miyoshi (RIKEN).

siRNAs

The following validated siRNA duplex oligomers were purchased
and used for knockdown experiments: ACACACAGAUC-
AAGGUAGUGAAAUU (siSPOP #1; Invitrogen), GCCAAGGGAGA-
AGAAACCAAAGCUA (siSPOP  #2; Invitrogen), GCUCAGCU-
CUUUGGCUCGAUUGUUA  (siTOP2A  #1; Invitrogen), and
CAACCUUCAACUAUCUUCUUGAUAU (siTOP2A #2; Invitrogen).
Control siRNA were purchased from Sigma (SIC-001).

Western blotting and immunoprecipitation
Western blotting and immunoprecipitation were performed as
described previously (Maekawa et al., 2017).

In vivo ubiquitination assay
The ubiquitination assay was performed as described previously
(Maekawa et al., 2019).

Cell proliferation assay

The cell proliferation assay was performed as described previously
with slight modifications (Murakami et al., 2019). Briefly, a total of
5 x 10* C4-2 cells were seeded into a 24-well plate in triplicate.
Cells were treated with siRNA or infected with lentivirus the next
day. After 48h, cells were then treated with 50 pM etoposide in
growth medium. At this time, the cells were counted (day 0). The
cells were counted every 24 h after addition of etoposide.
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RT-PCR

Total RNAs were extracted from prostate cancer cells using ISOGEN
Il (Nippon Gene) according to the manufacturer’s protocol. The total
RNA (1 pg) was used for cDNA synthesis using High Capacity
RNA-to-cDNA Master Mix (Applied Biosystems). Real-time PCR (RT-
PCR) was carried out (FastStart Universal SYBR Green Master ROX;
Roche) on the ABI 7300/7500 Real-Time PCR system (Applied Bio-
systems) using the following pairs of primers: 5-TACCTCACCGCT-
GAGATCCT-3" (H2AX sense primer), 5-AGCTTGTTGAGCTCCTC-
GTC-3’(H2AXantisense primer), 5-CGGCCTGTCCAGTTTGAAAT-3
(MRE11 sense primer), 5-GTGGGATCGTCATGATTGCC-3" (MRE11
antisense primer), 5-GCTTTGACGTGGACTGGCTCG-3" (TDP1
sense primer), 5-GGCTTGGCCTGGGCATGGAGG-3" (TDP1 anti-
sense primer), 5-GCAAGAGGCTCCAGAGTCAGC-3’ (TDP2 sense
primer), 5-GGCAATGTTTAGGTTTGCCC-3" (TDP2 antisense
primer), 5-GGTCCTGAAGATGATGCTGC-3" (TOP2A sense primer),
5-GGAAGCCCAAGTAACTTTCG-3" (TOP2A antisense primer),
5-TGCACCACCAACTGCTTAGC-3" (GAPDH sense primer),
5-GGCATGGACTGTGGTCATGAG-3’ (GAPDH antisense primer).

Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde in phosphate-buffered
saline (PBS) for 30min at room temperature and permeabilized with
0.1% Triton X-100 in PBS for 15min at room temperature. After
blocking with 3% bovine serum albumin in PBS for 30 min at room
temperature, cells were incubated with primary antibodies and then
with secondary antibodies conjugated to fluorophores. To stain
nuclei, fixed cells were treated with Hoechst33342 (dilution 1:2000;
Molecular Probe) at room temperature for 1 h.

Confocal microscopy

Confocal microscopy was performed using the A1R laser confocal
microscope (Nikon) with a 60x 1.27 Plan-Apochromat water immer-
sion lens. Images were analyzed with ImageJ or Fiji software
(National Institutes of Health).

Topoisomerase activities measurement

Cells were collected from three 10-cm dishes and centrifuged at
800 x g for 3 min at 4°C. The pellet was resuspended in ice-cold
TEMP buffer (10 mM Tris-HCI, pH 7.5, 1T mM EDTA, 4 mM MgCl,,
0.5 mM phenylmethylsulfonyl fluoride [PMSF], protease inhibitor
cocktail), and centrifuged at 800 x g for 3 min at 4°C. The cell pellet
was homogenized using a Dounce tight-fitting homogenizer, and
centrifuged at 1500 x g for 10 min at 4°C. The nuclear pellet was
resuspended with equal volume of TEP buffer (10 mM Tris-HCI, pH
7.5, 1 mM EDTA, 0.5 mM PMSF) and 1 M NaCl. The suspension was
subjected to ultracentrifugation at 100,000 x g for 60 min at 4°C.
The supernatant was used for topoisomerase activities measure-
ment. The topoisomerase activities were then measured using the
Topoisomerase | or Il Assay Kit (TG1015-1 or TG1001-1, respec-
tively; TopoGEN) according to the manufacturer’s protocol.

Detection of the topoisomerase-DNA complex

Purification of genomic DNA was performed by cesium chloride—
density gradient ultracentrifugation as described previously (Hoa
et al., 2016). Cells were treated with 10 pM etoposide (Sigma) at
37°Cfor 2 h, or 100 uM mirin (Sigma) at 37°C for 4 h before cell lysis.
After cesium chloride—gradient ultracentrifugation (total volume,
10 ml), a total of 1 ml was collected from the top to bottom (fraction
#5 1-10). One hundred microliters of each fraction was subjected
to Western dot blotting, and the blot intensity of each fraction
(#s 1-10) was shown as the percentage of total blot intensity.
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Statistical analysis

Statistical comparisons were made using the two-tailed Student’s
t test or one-way analysis of variance followed by Dunnett’s post
hoc test.
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