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ABSTRACT

Speckle-type Poz protein (SPOP), an E3 ubiquitin lig-
ase adaptor, is the most frequently mutated gene
in prostate cancer. The SPOP-mutated subtype of
prostate cancer shows high genomic instability, but
the underlying mechanisms causing this phenotype
are still largely unknown. Here, we report that upon
DNA damage, SPOP is phosphorylated at Ser119 by
the ATM serine/threonine kinase, which potentiates
the binding of SPOP to homeodomain-interacting
protein kinase 2 (HIPK2), resulting in a nondegrada-
tive ubiquitination of HIPK2. This modification sub-
sequently increases the phosphorylation activity of
HIPK2 toward HP1�, and then promotes the disso-
ciation of HP1� from trimethylated (Lys9) histone
H3 (H3K9me3) to initiate DNA damage repair. More-
over, the effect of SPOP on the HIPK2-HP1� axis is
abrogated by prostate cancer-associated SPOP mu-
tations. Our findings provide new insights into the

molecular mechanism of SPOP mutations-driven ge-
nomic instability in prostate cancer.

INTRODUCTION

Large-scale whole-exome and whole-genome sequencing
studies have revealed that recurrent mutations in the
Speckle-type Poz protein (SPOP) gene occur in up to 15%
of prostate cancers (1–3). A study performed in The Can-
cer Genome Atlas (TCGA) of prostate cancers showed
that those harboring SPOP mutations have several no-
table molecular features, including mutual exclusivity of
ETS rearrangement, elevated DNA methylation levels, and
co-occurring CHD1 deletions, supporting the notion that
SPOP-derived mutant tumors represent a distinct subclass
of prostate cancer (2). SPOP is a substrate-binding adaptor
of Cullin 3 (CRL3) E3 ubiquitin ligase complex (4). The ma-
jority of prostate cancer-associated SPOP mutations occur
in the substrate-binding MATH domain, suggesting that
these mutations may alter the interaction between SPOP
and its substrates (1,2). We and others have identified mul-
tiple oncoproteins, such as SRC-3 (5), AR (6,7), ERG (8,9),
DEK (10), BRD2/3/4 (11–13), PD-L1 (14), SENP7 (15),
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c-MYC (16), Cyclin E1 (17) and Nanog (18,19), that are
ubiquitinated and degraded by the CRL3–SPOP ubiqui-
tin ligase complex. Moreover, CRL3–SPOP ubiquitin ligase
complex may exert its tumor-suppressive function by regu-
lating the non-degradative ubiquitination of INF2 (20) and
MyD88 (21). Prostate cancer-associated SPOP mutations
lead to an aberrant regulation of multiple oncogenic sub-
strates, thereby promoting malignant phenotypes including
enhanced cell proliferation and invasiveness, immune es-
cape, and anticancer agent resistance.

Genomic instability resulting from DNA damage events
caused by extrinsic agents or metabolic by-products is a
main driving force towards tumorigenesis and cancer pro-
gression (22,23). To cope with the resulting genotoxicity,
cells must detect DNA breaks and either transiently delay
cell cycle progression to allow for time to repair the DNA
lesion, and induce programmed cell death if the damage is
too severe (22,23). Whole genome sequencing revealed that
SPOP-mutated prostate cancer specimens displayed signif-
icantly higher number of genomic rearrangements. Mecha-
nistically, SPOP mutations led to homology-directed repair
(HR) defects, but promoting error-prone nonhomologous-
mediated end joining (NHEJ) in cells. Given this effect,
a synthetic lethality approach based on PARP inhibitors
may represent a new strategy for treating SPOP-mutated
prostate cancer (24). Another report suggested that SPOP
may prevent replication stress and aberrant cell cycle pro-
gression by promoting the mRNA expression of DNA
repair and replication factors, such as RAD51, BRCA2,
CHEK1 and ATR (25). Nevertheless, little is known about
which proteins are the direct downstream molecular me-
diators towards SPOP-mediated DNA damage response
(DDR).

Homeodomain-interacting protein kinase 2 (HIPK2) is
a serine/threonine protein kinase that is involved in mul-
tiple pathological conditions, and is known to play a di-
verse role in cell growth, senescence, differentiation, apop-
tosis, and development (26,27). HIPK2 senses various en-
vironmental stresses, and relays these signals into substrate
phosphorylation effects, which in turn contributes towards
cell survival or death (28). Previous studies have suggested
that HIPK2 may play a dual effect on cell fate choice upon
DNA damage, and these depend on the type and sever-
ity of cellular stress. For example, upon sublethal DNA
damage, HIPK2 can stimulate DDR through phosphory-
lation of the epigenetic regulator HP1� (29). Alternatively,
in cases of non-repairable DNA damage, it can irreversibly
drive cells to p53-dependent apoptosis by phosphorylating
p53 at Ser46 (30–32). Although progress has been made in
understanding the molecular mechanisms driving HIPK2-
mediated DDR, specific signaling pathways involved re-
main largely unknown.

In this study, we reveal that upon DNA damage, SPOP
functions as a positive regulator of DDR by binding to and
inducing the non-degradative ubiquitination of HIPK2,
which triggers the phosphorylation of HP1� to promote
DDR. However, these effects are abrogated by prostate
cancer-associated SPOP mutations. Our findings suggest
that SPOP-mediated HIPK2 ubiquitination is important
for efficient DDR and towards maintaining genomic stabil-
ity.

MATERIALS AND METHODS

Antibody, chemicals, primers and shRNA/sgRNA se-
quence information used in this study are listed in SI
Appemdix, Supplementary Tables S1–S4.

Cell culture and reagents

293T and prostate cancer cell lines (PC-3 and DU145) were
purchased from American Type Culture Collection. 293T
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FBS. PC-3 and DU145
cells were cultured in RPMI 1640 medium supplemented
with 10% FBS. The antibodies and chemicals used in this
study are listed in Supplementary Tables S1 and S2.

Plasmid constructions

Expression vectors for SPOP were described previously (6).
SPOP or HIPK2 mutants were generated by using a KOD-
Plus-Mutagenesis Kit (TOYOBO) by following the manu-
facturer’s instructions. The sequences of primers are listed
in Supplementary Table S3.

Western blot

Cell lysates or immunoprecipitates were subjected to SDS–
PAGE, and proteins were transferred to nitrocellulose mem-
branes (GE Healthcare Sciences). Membranes were blocked
in Tris-buffered saline (TBS, pH7.4) containing 5% non-
fat milk and 0.1% Tween-20, washed twice in TBS con-
taining 0.1% Tween-20 and incubated with primary anti-
body overnight at 4◦C followed by secondary antibody for
1 h at room temperature. Proteins of interest were visual-
ized using the Enhanced Chemiluminescence (ECL) system
(Santa Cruz Biotechnology). WB was performed for 2–3
times from at least two independent experiments and rep-
resentative pictures were shown.

GST pull-down assays

GST fusion proteins were immobilized on glutathione-
Sepharose beads (Amersham Biosciences). After washing
with pull-down buffer (20 mM Tris–HCl, pH 7.5, 150 mM
NaCl, 0.1% NP-40, 1 mM DTT, 10% glycerol, 1 mM
EDTA, 2.5 mM MgCl2 and 1 �g/ml leupeptin), the beads
were incubated with recombinant His-tagged protein for 2
h. The beads were then washed 5 times with binding buffer
and resuspended in sample buffer. The bound proteins were
subjected to SDS–PAGE and Western blot analysis.

In vivo ubiquitination assays

293T cells were transfected with HA–ubiquitin and the in-
dicated constructs. Thirty-six hours after transfection, cells
were treated with 30 �M MG132 for 6 h and then lysed in
1% SDS buffer (Tris [pH 7.5], 0.5 mM EDTA, 1 mM DTT)
and boiled for 10 min. For immunoprecipitation, the cell
lysates were diluted 10-fold in Tris–HCl buffer and incu-
bated with anti-FLAG M2 agarose beads (Sigma) for 4 h
at 4◦C. The bound beads are then washed four times with
BC100 buffer (20 mM Tris–Cl, pH 7.9, 100 mM NaCl, 0.2
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mM EDTA, 20% glycerol) containing 0.2% Triton X-100.
The protein was eluted with 3× FLAG peptide for 2 h at
4◦C. The ubiquitinated form of HIPK2 was detected by
Western blot using anti-HA antibody.

In vitro ubiquitination assays

In vitro ubiquitination assays were carried out using a
protocol reported previously (10). Briefly, 2 �g of APP-
BP1/Uba3, 2 �g of His-UBE2M enzymes and 5 �g of
NEDD8 were incubated at 30◦C for 2 h in the presence
of ATP. The thioester-loaded His-UBE2M–NEDD8 was
further incubated with 3 �g of His-DCNL2 and 6 �g of
CUL3–RBX1 at 4◦C for 2 h to obtain neddylated CUL3–
RBX1. The neddylated CUL3–RBX1, 5 �g of GST-SPOP,
5 �g of ubiquitin, 500 ng of E1 enzyme, 750 ng of E2 en-
zyme (UbcH5a and UbcH5b) and 5 �g of GST-HIPK2
(purchased from Carna Bioscience) were incubated with 0.6
�l of 100 mM ATP, 1.5 �l of 20 �M ubiquitin aldehyde,
3 �l of 10× ubiquitin reaction buffer (500 mM Tris–HCl
(pH 7.5), 50 mM KCl, 50 mM NaF, 50 mM MgCl2 and 5
mM DTT), 3 �l of 10× energy regeneration mix (200 mM
creatine phosphate and 2 �g/�l creatine phosphokinase)
and 3 �l of 10× protease inhibitor cocktail at 30◦C for 2
h, followed by western blot analysis. Ubiquitin, E1, E2 and
CUL3–RBX1 were purchased from Ubiquigent.

In vitro kinase assays

GST–HIPK2-5KR in the pGEX-4T-2 vector was purified
from Escherichia coli using glutathione–agarose (Sigma).
GST–HIPK2-WT was purchased from Carna Bioscience.
(His)6–p53 in PET28a vector was purified from E. coli using
a Ni-NTA minicolumn (Qiagen). (His)6–p53 and recombi-
nant kinases were incubated in a kinase buffer containing 50
mM Tris–HCl pH 7.5, 10 mM manganese chloride and 100
mM unlabeled ATP. After incubation for 30 min at 30◦C,
the reactions were terminated by addition of SDS sample
buffer, and the reaction samples were separated by SDS-
PAGE, followed by western blot analysis.

Proximity ligation assays

DU145 cells were seeded into 24-well chamber slides. Af-
ter 24 h in DMEM, the cells were transfected with FLAG-
HIPK2 and HA-SPOP plasmids. Twenty-four hours af-
ter transfection, cells were treated with ETO (75 �g/ml)
or DMSO for 4 h, and then fixed with 4% paraformalde-
hyde. Cells were then permeabilized in 0.4% Triton X-100
and blocked in Duolink Blocking buffer (Sigma) for 1 h at
37◦C. For the in situ PLA, we used the Duolink in situ Red
kit (Sigma-Aldrich, DUO92101). Primary antibodies with
anti-FLAG and anti-Myc were incubated overnight at 4◦C.
The next day, Plus and Mines PLA probes were incubated
for 1 h at 37◦C. Ligation and amplification of the PLA were
performed using the Duolink In Situ Detection Reagents
Red (Sigma). After several washes, cells were mounted in
Prolong Gold mounting media with DAPI. Cells were im-
aged using a confocal microscope (LSM880, Zeiss) with a
63×/1.4NA Oil PSF Objective.

Mass spectrometry analysis of ubiquitin attachment sites

Ubiquitinated HIPK2 was prepared by transfecting
FLAG–HIPK2, HA–Ub and Myc–SPOP into 293T cells
and liquid chromatography–tandem mass spectrometry
(LC–MS/MS) analysis was carried out at the proteomics
center of our institute.

CRISPR-Cas9-mediated gene knock-out cell generation

The pX459 plasmid was used to clone guide oligos target-
ing the SPOP or HIPK2 gene. Knock-out cell clones were
screened through western blot analysis and validated via
Sanger sequencing. The sequences of the gene-specific sgR-
NAs are listed in Supplementary Table S4.

Cell proliferation assays

Cell proliferation rate was determined by using Cell Count-
ing Kit-8 (CCK-8) kit (Dojindo) in accordance with the
manufacturer’s protocol.

Cell death assays

The cells were stained with propidium iodide, and subjected
to flow cytometry. The results were given as the representa-
tives of three independent experiments with triplicate sam-
ples for each condition.

Colony formation assays

PC-3 or DU145 cells were seeded in six-well plates con-
taining 1 × 103 individual cells per well in triplicate. After
2 weeks of incubation, the cell lines were fixed with 100%
methanol for 5 min and then stained with Giemsa dye for
20 min.

Generation of xenograft mouse models

All experimental protocols were approved in advance by the
Ethics Review Committee for Animal Experimentation of
Ningbo University. 4–6-week-old BALB/c nu/nu mice ob-
tained from SLAC Laboratory Animal Co., Ltd. were bred
and maintained in our institutional pathogen-free mouse
facilities. 5 × 106 PC-3 or DU145 cells were suspended in
100 �l of PBS buffer and injected into the flanks of male
nude mice. At the end of 3 weeks, mice were killed and in
vivo solid tumors were dissected and weighed.

Immunofluorescence and confocal microscopy

For immunofluorescence (IF) analysis, the cells were visual-
ized and imaged by using a confocal microscope. Analytical
results were obtained in triplicate from three different fields.

Comet assays

The Comet assays were as performed as previously de-
scribed (33,34). Finally, the slides were examined, in a blind
study, at 400× magnification with a Nikon Ti2 fluorescence
microscope equipped with a 480–550-nm wide-band exci-
tation filter and a 590-nm barrier filter, and images of cells
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were analyzed with the Komet 3.1 Image Analysis System
(Kinetic Imaging). Forty cells from each of the two repli-
cate slides were analyzed per sample. A metric based on the
concept of Olive tail moment (33). was computed utilizing
the Komet software and used as measure of DNA damage.

Statistical analysis

All data are shown as mean values ± SD for experiments
performed with at least three replicates. Statistical analyses
were performed using the paired Student’s t-test. * indicates
P < 0.05; ** indicates P < 0.01; *** indicates P < 0.001.

RESULTS

Identification of HIPK2 as a novel SPOP interacting protein

Previously, we used FLAG-SPOP as bait to identify po-
tential SPOP substrates via affinity-purification followed
by mass spectrometry (AP-MS). From this experiment,
HIPK2 ranked high on the interaction hit list (35). Given
that HIPK2 participates in the regulation of diverse cellu-
lar activities, we decided to further identify whether SPOP
exerts its tumor-suppressive roles partly through its interac-
tion with HIPK2.

We first verified the binding of HIPK2 by SPOP via a
coimmunoprecipitation (co-IP) assay. Ectopically expressed
Myc–SPOP protein was coimmunoprecipitated by FLAG–
HIPK2; conversely, Myc–HIPK2 protein was coimmuno-
precipitated by FLAG–SPOP (Figure 1A, B). FLAG–
SPOP was capable of immunoprecipitating endogenous
HIPK2 and two known SPOP substrates, INF2 and BRD4,
in PC-3 prostate cancer cells (Figure 1C). Importantly, en-
dogenous SPOP–HIPK2 complex was present in PC-3 cells
as demonstrated by co-IP with an SPOP antibody (Figure
1D). To determine whether the interaction between SPOP
and HIPK2 is direct, we detected their interaction in vitro
using purified recombinant proteins. As shown in Figure
1E, the GST pull-down assays showed that GST-HIPK2,
but not the GST alone, bound to (His)6-SPOP, suggest-
ing that SPOP and HIPK2 physically interact with each
other in vitro. Co-IP assays indicated that SPOP did not
interact with HIPK1, which is a paralogous HIPK pro-
tein family member (Figure 1F). Only SPOP, and none of
the other CUL3-based BTB domain-containing adaptors
that we examined, interacted with HIPK2 (Figure 1G). The
MATH domain of SPOP is responsible for recruiting sub-
strates (4). In accordance with this notion, we demonstrated
that the deletion of the MATH domain, but not that of the
CUL3-binding BTB domain, totally abolished SPOP’s ca-
pacity to interact with HIPK2 (Figure 1H, I). Immunoflu-
orescence (IF) analysis showed that HIPK2 was colocal-
ized with SPOP in the form of nuclear puncta in cells (Sup-
plementary Figure S1A). Taken together, our findings sug-
gest that SPOP specifically interacts with HIPK2 in vivo and
vitro.

SPOP promotes HIPK2 ubiquitination but not degradation

We next explored whether SPOP promotes the ubiquitina-
tion and degradation of HIPK2. The ectopic expression

of wild-type SPOP or its deletion mutants did not alter
the protein levels of coexpressed HIPK2 (Figure 2A). Fur-
thermore, stable overexpression of SPOP in two prostate
cell lines (PC-3 and DU145) did not alter the protein lev-
els of endogenous HIPK2 (Figure 2B). SPOP depletion
via short hairpin RNA (shRNA)-mediated knockdown or
CRISPR/Cas9-mediated knockout in PC-3 and DU145
cells did not alter HIPK2 protein levels (Figure 2C; Sup-
plementary Figures S2, S3, S4A). To confirm loss of SPOP
activity, BRD4, a known SPOP-degradative substrate, was
stabilized in protein levels (Figure 2C; Supplementary Fig-
ure S4A). HIPK2 was robustly polyubiquitinated in a dose-
dependent manner by SPOP–WT coexpression, but not
by the SPOP–�BTB or SPOP–�MATH mutant (Figure
2D). Accordingly, a depletion of SPOP decreased the en-
dogenous ubiquitination of HIPK2 (Supplementary Fig-
ure S4B). We further demonstrated that the SPOP–CUL3–
RBX1 complex catalyzed HIPK2 ubiquitination in vitro
(Figure 2E).

Given that SPOP-mediated HIPK2 ubiquitination was
non-degradative, we then examined the linkage specificity
of SPOP-mediated HIPK2 ubiquitination. We performed
an in vivo ubiquitination assay by using a panel of ubiquitin
mutants containing a single K→R mutation at each of the
seven lysines in ubiquitin that may be involved in the for-
mation of polyubiquitin chains. We also included a lysine-
free ubiquitin mutant wherein all the lysines were replaced
with arginines (K-ALL-R). The expression of the Ub (K-
ALL-R) mutant abolished SPOP-mediated HIPK2 ubiq-
uitination, excluding the possibility that SPOP promoted
multiple mono-ubiquitination events on HIPK2 (Figure
2F). The expression of Ub-K6R or K11R did not alter the
amount of ubiquitinated HIPK2 (Figure 2G), suggesting
that Ub-K6, and K11 were largely dispensable for SPOP-
mediated HIPK2 ubiquitination. By contrast, a moderate
reduction in HIPK2 ubiquitination was observed when us-
ing Ub-K27R, K29R, K33R, K48R and K63R (Figure
2G). We then chose to use a reciprocal series of mutants.
These mutants contained only one lysine, with the other six
lysines mutated to arginines. As shown in Figure 2F, the ex-
pression of K27O, K29O, K33O, K48O or K63O Ub mu-
tants markedly abolished SPOP-mediated HIPK2 ubiquiti-
nation. These data suggest that SPOP may catalyze the syn-
thesis of mixed-linkage polyubiquitin chains on HIPK2 and
that the K27, K29, K33, K48 and K63 residues in Ub were
involved. Similar ubiquitin linkage types were also present
in other SPOP-catalyzed substrates, such as with INF2 (20)
and MyD88 (21).

Having established that SPOP promoted an atypical
ubiquitination of HIPK2, we next sought to identify the
ubiquitin attachment sites on HIPK2. We coexpressed
FLAG–HIPK2, Myc–SPOP, and HA-Ub in 293T cells and
analyzed the immunoprecipitated ubiquitin–HIPK2 con-
jugates by using mass spectrometry (MS). MS identifica-
tion revealed that HIPK2 was ubiquitinated at five lysines–
K215, K270, K299, K355 and K430 (Figure 2H, I). In-
terestingly, all these ubiquitin attachment sites were local-
ized in the kinase domain of HIPK2 (Figure 2H). We con-
structed single K→R or quintuple K→R point mutants
of HIPK2 (HIPK2-5KR), and then performed the in vivo
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Figure 1. SPOP interacts with HIPK2. (A–C) Western blot of the indicated proteins in WCLs and co-IP samples of anti-FLAG antibody obtained from
293T cells transfected with indicated plasmids. (D) Western blot of the indicated proteins in WCLs and co-IP samples of IgG or anti-SPOP antibody
obtained from the cell extracts of PC-3 cells. (E) Bacterially expressed GST-HIPK2 proteins or GST bound glutathione-Sepharose beads and incubated
with bacterially expressed (His)6-SPOP proteins. Bound (His)6-SPOP proteins were detected by Western blot with anti-His antibody. GST and GST-
HIPK2 proteins were detected by western blot and Coomassie Blue staining. (F, G) Western blot of the indicated proteins in WCLs and co-IP samples of
anti-FLAG antibody obtained from 293T cells transfected with indicated plasmids. (H) Schematic representation of SPOP deletion mutants. A binding
capacity of SPOP to HIPK2 is indicated with the symbol. (I) Western blot of the indicated proteins in WCL and co-IP samples of anti-FLAG antibody
obtained from 293T cells transfected with indicated plasmids.

ubiquitination assays to evaluate whether these five lysines
of HIPK2 were true ubiquitin attachment sites catalyzed
by SPOP. To isolate these effects on ubiquitination and
not binding, we note that these mutants could still bind
to SPOP in a manner similar to that of wild-type HIPK2
(Supplementary Figure S4C). Single K→R mutations con-
siderably reduced HIPK2 ubiquitination, and HIPK2-5KR
mutant were unable to be ubiquitinated by SPOP (Figure
2J). We then performed this assay using a reciprocal se-
ries of these mutants which only contained only one ly-
sine, with the other four lysines mutated to arginines. The
in vivo ubiquitination assays showed that these HIPK2 mu-
tants could also be ubiquitinated by SPOP, although the
effect was much weaker than that of HIPK2-WT (Fig-
ure 2J). Previous studies had shown that the E3 ubiqui-

tin ligases Siah1 and Siah2 can specifically catalyze the
degradative ubiquitination on HIPK2 (36,37). We found
that HIPK2-5KR mutant could be strongly ubiquitinated
by either Siah1 or Siah2 at a level comparable to HIPK2-
WT, suggesting that SPOP and Siah1/2 utilize different Ub
attachment sites on HIPK2 (Supplementary Figure S4D).
Finally, we performed the cycloheximide chase assay to
measure the half-life of HIPK2-WT and 5KR mutant in
parental or SPOP-KO PC-3 cells and showed these pro-
teins have similar rates of turnover (Supplementary Figure
S5A, B). Taken together, our findings suggest that SPOP
promotes the atypical non-degradative ubiquitination of
HIPK2, and that the five lysines located in the kinase do-
main of HIPK2 serve as the primary ubiquitin attachment
sites.
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Figure 2. SPOP promotes the non-degradative ubiquitination of HIPK2. (A) Western blot of the indicated proteins in WCL from 293T cells transfected
with indicated plasmids. (B) Western blot of the indicated proteins in WCL from PC-3 or DU145 cells infected with lentivirus expressing empty vector (EV)
or FLAG-SPOP. (C) Western blot of the indicated proteins in WCL from parental or SPOP knockout PC-3/DU145 cells. (D) Western blot of the products
of in vivo ubiquitination assays from 293T cells transfected with the indicated plasmids. (E) Western blot of the products of in vitro ubiquitination assays
performed by incubating the reconstituted SPOP–CUL3–RBX1 E3 ligase complex with E1 and E2 enzymes, ubiquitin and GST-HIPK2 at 30◦C for 2 h.
(F, G) Western blot of the products of in vivo ubiquitination assays from 293T cells transfected with the indicated plasmids. (H) Schematic representation
of HIPK2 domain architecture and Ub indicates ubiquitin attachment sites. (I) Identification of ubiquitin attachment sites on HIPK2 (see Materials and
methods for details). Tandem mass spectrometry analysis of immunoprecipitated FLAG-HIPK2 showing ubiquitinated peptides. The lysine residues that
are ubiquitinated indicates as red. (J) Western blot of the products of in vivo ubiquitination assays from 293T cells transfected with the indicated plasmids.

Two SPOP-binding consensus motifs in HIPK2 are required
for SPOP–HIPK2 binding and SPOP-mediated HIPK2
ubiquitination

Previous studies have reported that one or several SPOP-
binding consensus (SBC) motifs (�-�-S-S/T-S/T, where �:
nonpolar residues and �: polar residue) are present in SPOP
substrates (4). We examined the HIPK2 protein sequence
and identified eight potential SBC motifs (Supplementary
Figure S6A). We first generated three deletion mutants of
HIPK2 (D1–3) and tested their capabilities to bind SPOP to

identify the regions required for the SPOP–HIPK2 interac-
tion (Supplementary Figure S6A). The co-IP assay showed
that the N-terminal and C-terminal region, but not the cen-
tral region of HIPK2 interacted with SPOP, suggesting that
more than one SBC motifs were present in HIPK2 (Sup-
plementary Figure S6B). We then generated several point
mutants in HIPK2-D1 and D3 to identify the SBC motifs
in these two regions that are responsible for the interac-
tion (Supplementary Figure S6A). The co-IP assay showed
that 97ASSTS101 and 863ASSTT867 were required for the
binding of HIPK2-D1 and HIPK2-D3 to SPOP, respec-
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Figure 3. Prostate cancer-associated SPOP mutants are defective in promoting HIPK2 ubiquitination. (A) Western blot of WCL and samples from co-IP
with anti-FLAG antibody in 293T cells transfected with the indicated plasmids. (B) Western blot of the products of in vivo ubiquitination assays from 293T
cells transfected with the indicated plasmids. (C) Western blot of WCL and samples from co-IP with anti-FLAG antibody in 293T cells transfected with
the indicated plasmids. (D) Western blot of WCL and samples from co-IP with anti-FLAG antibody in 293T cells transfected with the indicated plasmids.
(E) Western blot of the products of in vivo ubiquitination assays from 293T cells transfected with the indicated plasmids.

tively (Supplementary Figure S6C). The point mutations of
both motifs in HIPK2 (mSBC) completely abrogated the
SPOP–HIPK2 interaction and the SPOP-mediated HIPK2
ubiquitination (Supplementary Figure S6D-F). IF analy-
sis showed that HIPK2-mSBC mutant was not colocalized
with SPOP as nuclear puncta in cells (Supplementary Fig-
ure S1A). HIPK2-mSBC mutant showed similar rates of
turnover as HIPK2-WT (Supplementary Figure S5A, B).
Therefore, we have identified the two SBC motifs present in
HIPK2 that are essential for HIPK2–SPOP interaction and
SPOP-dependent HIPK2 ubiquitination.

Prostate cancer-associated mutants of SPOP are defective
in SPOP–HIPK2 interaction and SPOP-mediated HIPK2
ubiquitination

The majority of the SPOP mutations detected thus far
in prostate cancer primarily occur in the MATH domain,
which is responsible for substrate binding (1). We postulated
that the prostate cancer-associated SPOP mutants may be
defective in HIPK2 binding. Thus, we examined the inter-
actions between a panel of prostate cancer-associated SPOP
mutants and HIPK2 through co-IP assays. As shown in Fig-
ure 3A, the binding capability of all SPOP mutants was
abolished compared with that of wild-type SPOP. SPOP-
mediated HIPK2 ubiquitination was also markedly atten-
uated for these mutants (Figure 3B). The SPOP muta-
tions are heterozygous missense mutations with a dominant
negative selective loss-of-function toward the wild-type al-
lele. We also demonstrated that Pca-associated SPOP mu-
tants dimerized with wild-type SPOP (Figure 3C). In ac-
cordance with previous studies (10), our study found that
the coexpression of Pca-associated SPOP mutants (Y87C,
F125V, or F133L) markedly reduced the interaction be-

tween wild-type SPOP and HIPK2 (Figure 3D) and sup-
pressed wild-type SPOP-mediated HIPK2 ubiquitination
(Figure 3E). When Pca-associated SPOP mutant, wild-type
SPOP and HIPK2 were simultaneously coexpressed in cells,
we observed that wild-type SPOP was colocalized with
F125V or F133L mutant, but lost the capacity to colocal-
ize with HIPK2, corroborating that these Pca-associated
SPOP mutants exerted a dominant negative effect (Supple-
mentary Figure S1B). Taken together, our findings suggest
that HIPK2 ubiquitination is dysregulated by oncogenic
prostate cancer-associated SPOP mutations.

Functional impact of the SPOP–HIPK2 axis on prostate
cancer cell growth

Studies conducted on most cancer cell lines or knockout
mice support the notion that HIPK2 generally acts as a tu-
mor suppressor (27). However, the biological function of
HIPK2 in prostate cancer remains poorly understood. A
previous study showed that HIPK2 enhances the transcrip-
tional activity of androgen receptor (AR), and that HIPK2
knockdown by shRNAs or inhibition by small molecules
reduces the proliferation of AR-expressing prostate can-
cer cells, but does not affect AR-deficient PC-3 cells (38).
We ablated HIPK2 expression in two AR-deficient cell
lines (PC-3 and DU145) by using CRISPR/Cas9 meth-
ods (Supplementary Figures S7, S8), resulting in a marked
decrease in cell growth in vitro and in vivo as deter-
mined by CCK-8, colony formation, and xenograft tumor
growth assays (Supplementary Figure S9A–H). We found
that HIPK2 overexpression also decreased prostate can-
cer cell growth (Supplementary Figure S9I–N). We further
showed that the HIPK2-5KR or mSBC mutant had con-
siderably weaker cell growth-suppressive activity than the
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Figure 4. ATM-mediated serine 119 phosphorylation of SPOP augments its capacity to ubiquitinate HIPK2 under genotoxic stress. (A) Western blot of
WCL and samples from co-IP with anti-FLAG antibody in 293T cells transfected with the indicated plasmids and treated with DMSO, etoposide (75
�g/ml) or hydroxyurea (HU,1 mM) for 4 h. (B) Western blot signal intensity of immunoprecipitated Myc-SPOP proteins shown in (A). Band intensity was
also quantified by ImageJ. All data shown are mean values ± SD (error bar) from three independent experiments. (C) Western blot of the indicated proteins
in WCLs and co-IP samples of IgG or anti-HIPK2 antibody obtained from the cell extracts of PC-3 cells treated with DMSO or etoposide (75 �g/ml) for
4 h. (D) Western blot signal intensity of immunoprecipitated endogenous SPOP proteins shown in (C). Band intensity was also quantified by ImageJ. All
data shown are mean values ± SD (error bar) from three independent experiments. (E) Western blot of the products of in vivo ubiquitination assays from
293T cells transfected with the indicated plasmids and treated with DMSO or etoposide (75 �g/ml) for 4 h. (F) Western blot of WCLs and co-IP samples
of IgG or anti-HIPK2 antibody obtained from the cell extracts of PC-3 cells treated with DMSO or etoposide (75 �g/ml) for 4 h. Ub antibody was used
to detect the ubiquitinated HIPK2. (G) Western blot of WCLs and co-IP samples of IgG or anti-HIPK2 antibody obtained from the cell extracts of PC-3
cells treated with DMSO or etoposide (75 �g/ml) for 4 h. (H) Western blot of the indicated proteins in WCLs and co-IP samples of anti-HIPK2 antibody
obtained from the cell extracts of PC-3 cells treated with DMSO or etoposide (75 �g/ml) for 4 h in combination of an ATM inhibitor KU60019 (2.5 �M)
or not. (I) Amino acid sequence alignment of the potential ATM/ATR substrate motif present in SPOP homologs of vertebrates and fruit fly. (J) Western
blot of WCL and samples from co-IP with IgG or anti-FLAG antibody in control or FLAG-SPOP transfected 293T cells treated with DMSO, etoposide
(75 �g/ml), HU(1 mM) for 4 h in combination of an ATM inhibitor KU60019 (2.5 �M) or not. (K) Western blot of WCL and samples from co-IP with
anti-FLAG antibody in SPOP-WT or mutant-transfected 293T cells treated with etoposide (75 �g/ml) for 4 h. (L) Western blot of the products of in vivo
ubiquitination assays from WCLs and co-IP with anti-FLAG antibody in 293T cells transfected with the indicated plasmids. (M) Western blot of WCL
and samples from co-IP with anti-FLAG antibody in 293T cells transfected with the indicated plasmids.
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wild-type HIPK2 (Supplementary Figure S9I-N), suggest-
ing that SPOP-mediated HIPK2 ubiquitination might po-
tentiate the growth-suppressive function of HIPK2. How-
ever, there remains a possibility that the kinase activity of
HIPK2 is impaired since the K→R mutations of the five
ubiquitin attachment sites are located in the kinase domain.
Taken together, our findings suggest that HIPK2 protein
levels must be carefully regulated for optimal cancer cell
growth.

DNA damage potentiates SPOP-mediated HIPK2 ubiqui-
tination possibly through the phosphorylation of SPOP at
Ser119 by ATM

HIPK2 plays a critical role in DNA damage-induced cell
fate through the phosphorylation of multiple key cell-
cycle regulators (27,28). Thus, we hypothesized that the
SPOP–HIPK2 axis may function in DDR. First, we inves-
tigated whether the interaction between SPOP and HIPK2
would change following DNA damage. We found that ex-
ogenous interactions between SPOP and HIPK2 was en-
hanced upon a chemotherapy drug etoposide (ETO) treat-
ment which caused DNA double-strand breaks, as demon-
strated by co-IP (Figure 4A, B) and in situ proximity
ligation assays (Supplementary Figure S1C, D). We also
tested hydroxyurea (HU), which causes stalled replica-
tion forks and primarily activate the ATR–Chk1 pathway.
However, HU treatment had no impact on the SPOP–
HIPK2 interaction (Figure 4A, B). ETO treatment also
enhanced the endogenous SPOP–HIPK2 interaction (Fig-
ure 4C, D). However, ETO treatment had no impact on
HIPK2 turnover in presence of SPOP (Supplementary
Figure S5C). SPOP-mediated HIPK2 ubiquitination was
greatly enhanced upon ETO treatment (Figure 4E). ETO
treatment also elevated endogenous HIPK2 ubiquitina-
tion levels, as detected by Ub (Figure 4F) or Ub linkage-
specific (K27, K48 or K63) antibodies (Figure 4G). A
previous study showed that SPOP specifically interacted
with the ATM serine/threonine kinase upon IR-induced
DNA damage (39). We found that pretreating the cells with
the ATM-specific inhibitor KU60019 remarkably reduced
DNA damage-induced HIPK2 ubiquitination (Figure 4H).
Considering that ATM might directly phosphorylate SPOP,
we searched for potential phosphorylation sites that con-
formed to the ATM S/T-Q consensus motif on SPOP. Al-
though three S/T-Q motifs were present in the SPOP pro-
tein sequence, the second motif, 119SQ120, was of primary in-
terest because it is located at the substrate-binding MATH
domain and highly conserved among SPOP orthologues,
ranging from human to fly (Figure 4I). Interestingly, SPOP
S119N mutation recurrently occurred in prostate cancers
(3). We immunoprecipitated ectopically expressed SPOP
in 293T cells treated with DMSO or ETO, and detected
possible ATM-mediated SPOP phosphorylation by using a
phospho-S/TQ motif antibody. ETO treatment resulted in
a profound elevation of phospho-S/TQ SPOP signals that is
eliminated by an ATM inhibitor pretreatment. In contrast,
HU treatment had no impact on phospho-S/TQ SPOP sig-
nals. Weak phospho-S/TQ SPOP signals were detected in
untreated cells but eliminated by an ATM inhibitor, sug-
gesting that SPOP can be phosphorylated by basal ATM ac-

tivity (Figure 4J). An S119A mutation in SPOP completely
abolished the DNA damage-induced phospho-S/TQ signal
(Figure 4K). We showed that the phospho-mimic mutant
SPOP-S119D exerted a stronger impact on HIPK2 ubiq-
uitination than SPOP-WT; by contrast, the dephospho-
mimic mutant SPOP-S119A completely lost its capacity
to ubiquitinate HIPK2 (Figure 4L). IF analysis showed
that SPOP-S119D, but not S119A mutant, was colocal-
ized with HIPK2 in nuclear bodies(Supplementary Figure
S1A). Co-IP assays results showed that SPOP-S119D mu-
tant showed stronger binding affinity towards HIPK2 than
wild-type SPOP (Figure 4M). We also detected the interac-
tion between SPOP-WT/S119A/S119D and other reported
SPOP substrates (MyD88, INF2, and BRD4). In contrast
to HIPK2, SPOP-S119D showed similar binding affinity to-
wards INF2, MyD88, and BRD4, as wild-type SPOP, im-
plying that ATM-mediated phosphorylation may increase
SPOP’s affinity towards a subset, but not all substrates (Fig-
ure 4M). Taken together, our results suggest that ATM-
mediated phosphorylation of SPOP at Ser119 contributes
to HIPK2 ubiquitination upon DNA damage.

Functional effect of the SPOP–HIPK2 axis in DNA damage-
induced cell death

HIPK2 has been reported to promote DNA damage-
induced apoptosis in both a p53-dependent or p53-
independent manner (27). By contrast, HIPK2 also alle-
viates sub-lethal UV-induced apoptosis by promoting the
DDR (29). Therefore, we sought to examine whether SPOP-
mediated HIPK2 ubiquitination would affect DDR and ul-
timately cellular sensitivity to genotoxic agents in prostate
cancer cells. We treated parental or HIPK2-KO PC-3 cells
with ETO for 24 h and then allowed the cells to recover
for the indicated durations in drug-free media. The Ser139
phosphorylation of H2AX (�H2AX), a cellular response
to the induction of DNA double-stranded breaks, was as-
sessed via Western blot analysis. As shown in Figure 5A,
in parental PC-3 cells, the �H2AX signal was completely
eliminated at 24 h after recovery, suggesting a successful
DNA repair. By contrast, in HIPK2-KO PC-3 cells, a strong
�H2AX signal persisted 24 h after recovery, suggesting that
HIPK2 is essential for ETO-induced DDR and repair (Fig-
ure 5A). Similar results were obtained from HIPK2-KO
DU145 cells (Supplementary Figure S10A). However, IF
analysis showed that SPOP/HIPK2 puncta were not colo-
calized with �H2AX foci (Supplementary Figure S1E).

We reconstituted the expression of HIPK2-WT, -mSBC,
-5KR or -kinase dead (KD, K228R mutation) mutant in
HIPK2-KO PC-3 cells to further dissect whether SPOP-
mediated HIPK2 ubiquitination was implicated in DDR.
Before that, we tested whether HIPK2-5KR mutations had
any impact on the kinase activity since these mutated lysine
residues are located in the kinase domain of HIPK2. How-
ever, co-expression of HIPK2-WT or HIPK2-5KR mu-
tant with p53 led to a similar increase in the phospho-p53
(Ser46) signal levels (Supplementary Figure S11A). Similar
results were obtained by in vitro kinase assays using recom-
binant p53 as a substrate (Supplementary Figure S11B).
These results indicated that HIPK2-5KR mutations had no
obvious impact on the basal kinase activity of HIPK2.
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Figure 5. The critical role of SPOP-HIPK2 axis in genotoxic stress-induced cell death. (A) Parental and HIPK2-KO PC-3 cells were treated with etoposide
(75 �g/ml) for 24 h, then the treatment media is removed and replaced with fresh media for indicated times. The WCL were prepared for Western blot.
The DMSO-treated cells were used as a control. (B) HIPK2-KO PC-3 cells stably expressing EV, HIPK2-WT, mSBC, 5KR, or KD mutant, were treated
with etoposide (75 �g/ml) for 24 h, then the treatment media is removed and replaced with fresh media for indicated times. The WCL were prepared for
western blot. (C) Parental and SPOP-KO PC-3 cells were treated with etoposide (75 �g/ml) for 24 h, then the treatment media is removed and replaced
with fresh media for indicated times. The WCL were prepared for western blot. The DMSO-treated cells were used as a control. (D) SPOP-KO PC-3 cells
stably expressing EV, SPOP-WT, -F133V, -S119A or -S119N mutant were treated with etoposide (75 �g/ml) for 24 h, then the treatment media is removed
and replaced with fresh media for indicated times. The WCL were prepared for western blot. The DMSO-treated cells were used as a control. (E) Cell death
analysis (PI staining) of parental and HIPK2-KO PC-3 cells treated with DMSO or etoposide (75 �g/ml) for 24 h. All data shown are mean values ± SD
(error bar) from three independent experiments. *P < 0.05, calculated using the Student’s t test. (F) Cell death analysis of HIPK2-KO PC-3 cells stably
expressing EV, HIPK2-WT, -mSBC, -5KR, -KD mutant, treated with DMSO or etoposide (75 �g/ml) for 24 h. All data shown are mean values ± SD
(error bar) from three independent experiments. *P < 0.05, calculated using the Student’s t test. (G) Cell death analysis of parental and SPOP-KO PC-3
cells treated with DMSO or etoposide (75 �g/ml) for 24 h. All data shown are mean values ± SD (error bar) from three independent experiments. *P <

0.05, calculated using the Student’s t test. (H) Cell death analysis of SPOP-KO PC-3 cells stably expressing EV, SPOP-WT or -F133V, -S119A or -S119N
mutant, treated with etoposide (75 �g/ml) for 24 h. All data shown are mean values ± SD (error bar) from three independent experiments. *P < 0.05,
calculated using the Student’s t test.
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We found that the stable overexpression of HIPK2-WT
in HIPK2-KO PC-3 cells restored �H2AX clearance dur-
ing recovery. By contrast, HIPK2-mSBC, -5KR or -KD
mutant-overexpressed cells still exhibited defective �H2AX
clearance (Figure 5B). Similar results were obtained from
HIPK2-KO DU145 cells reconstituted with HIPK2-WT,
-mSBC, -5KR or -KD mutant (Supplementary Figure
S10B). In accordance with studies reporting on impaired
DDR in SPOP-deficient cells (24), we found that SPOP-KO
DU145/PC-3 cells exhibited a defective �H2AX clearance
that could be rescued by the stable overexpression of wild-
type SPOP, but not by that of the F133V, S119A or S119N
mutant (Figure 5C, D; Supplementary Figure S10C, D). To
assess the effect of SPOP-HIPK2 axis on DDR in vivo, we
performed the alkaline Comet assay, which is an sensitive
technique for the detection of DNA damage at the level of
the individual cells. Single PC-3 cell suspensions are em-
bedded in agarose before subjecting to electrophoresis. As
damaged DNA migrates faster, nuclei with DNA damage
exhibit a comet-like morphology, with longer length of the
DNA in the comet ‘tail’ indicating increased DNA damage
and quantified as ‘tail moment’. As shown in Figure 6A–D,
the comet-like morphology of nuclei was completely elimi-
nated at 24 h after recovery in paternal PC-3 cells or SPOP,
HIPK2-KO PC-3 cells that were reconstituted with SPOP-
WT or HIPK2-WT, respectively. By contrast, SPOP-KO
cells and cells that were reconstituted with SPOP-F133V,
-S119A or -S119N mutant, HIPK2-KO cells that were re-
constituted with SPOP-mSBC, -5KR or KD mutant, were
all showed comet-like morphology of nuclei at 24 h after re-
covery. Collectively, these results suggest that the integrity
of SPOP-HIPK2 axis is indispensable for timely DNA dam-
age repair in cells.

Given that HIPK2 or SPOP ablation impaired the DDR,
cells lacking HIPK2 or SPOP were expected to show in-
creased sensitivity to DNA damage-induced cell death. In-
deed, ETO-induced cell death was more evident in HIPK2-
KO or SPOP-KO DU145/PC-3 cells than in their respec-
tive parental cells, as demonstrated by Caspase-7 cleavage
or FACS with propidium iodide staining (Figure 5A, C, E,
G; Supplementary Figure S10A, C, E, G). Moreover, we
found that the stable overexpression of HIPK2-WT, but not
that of the -5KR, -mSBC or KD mutant, in HIPK2-KO PC-
3/DU145 cells alleviated ETO-induced cell death (Figure
5B, F; Supplementary Figure S10B, F). The stable overex-
pression of SPOP-WT, but not that of the -F133V, -S119A
or -S119N mutant, in SPOP-KO PC-3/DU145 cells allevi-
ated ETO-induced cell death (Figure 5D, H; Supplementary
Figure S10D, H). Taken together, our findings suggest that
the activation of the SPOP–HIPK2 regulatory axis might
directly control the DDR to ensure cell protection after a
genotoxic event.

SPOP-mediated HIPK2 ubiquitination augments the capac-
ity to phosphorylate HP1� and trigger the release of HP1�
from histone H3K9me3

HIPK2-dependent phosphorylation of HP1� participates
in the regulation of the dynamic interaction between HP1�
and histone H3K9me3 to promote DNA damage repair
(29). We sought to investigate whether SPOP acts as an

upstream regulator of this process. WB analysis showed
that HIPK2-KO or SPOP-KO PC-3 cells showed impaired
HP1� phosphorylation elicited by ETO treatment, as de-
termined through a differential migration assay on phos-
tag-containing gels (Figure 7A, B). We also showed that in
HIPK2-KO PC-3 cells, the stable overexpression of wild-
type HIPK2, but not that of the -mSBC, -5KR or KD mu-
tant, restored ETO-elicited HP1� phosphorylation (Figure
7C). Similarly, the stable overexpression of wild-type SPOP,
but not that of the -F133V, -S119A or -S119N mutant, re-
stored ETO-elicited HP1� phosphorylation (Figure 7D).

HIPK2 regulates the association between HP1� and hi-
stone H3K9me3 upon DNA damage (29). A co-IP assay
with an anti-histone H3K9me3 antibody showed that the
stable overexpression of wild-type HIPK2, but not that of
the -mSBC, -5KR or -KD mutant, triggered the release of
HP1� from histone H3K9me3 in ETO-treated HIPK2-KO
PC-3 cells (Figure 7E, F). Similarly, in ETO-treated SPOP-
KO PC-3 cells, the stable overexpression of SPOP-WT, but
not that of the -F133V, -S119A or -S119N mutant, triggered
the release of HP1� from histone H3K9me3 (Figure 7G).
This critical role of the SPOP–HIPK2 axis in regulating
DNA-damage-induced HP1� phosphorylation and HP1�
release from histone H3K9me3 was also found in DU145
cells (Supplementary Figure S12). Taken together, these re-
sults suggest that SPOP promotes DNA damage repair, at
least in part, by regulating the HIPK2-dependent phospho-
rylation of HP1� , which regulates the dynamic interaction
between HP1� and the histone H3K9me3.

DISCUSSION

The functional effect of SPOP mutations on prostate cancer
tumorigenesis and progression has been extensively studied
in recent years. Although dozens of oncoproteins have been
identified as SPOP substrates, the direct molecular medi-
ators through which SPOP exerts its role in safeguarding
genome stability remain poorly understood. In this study,
we reveal that the DNA damage-responsive kinase, HIPK2,
is a bona fide SPOP substrate. Mechanistically, DNA dam-
age triggers an ATM-dependent phosphorylation at Ser119
in SPOP, which enhances SPOP’s capacity to promote the
nondegradative ubiquitination and activation of HIPK2.
Subsequently, HIPK2 phosphorylates HP1� and facilitates
HP1� ’s release from histone H3K9me3 to promote DNA
repair. In addition to SPOP, ATM was reported to pro-
mote HIPK2 activation through phosphorylation of E3 lig-
ase Siah-1 at Ser 19 and regulation of HIPK2–Siah-1 inter-
action (36,40). Given that this signaling cascade is disrupted
by prostate cancer-associated SPOP mutations, we propose
that dysregulation of this pathway may partially account
for the high genomic instability observed in SPOP-mutated
subtypes of prostate cancer (Figure 7H).

The epigenetic regulator HP1 proteins HP1�, HP1�
and HP1� are the main components of constitutive hete-
rochromatin, and they contain a chromodomain that rec-
ognizes dimethylated or trimethylated lysine 9 of histone
H3 (H3K9me2 and H3K9Me3) (41). HP1 proteins have
been established as key players in many aspects of DDR.
Some studies suggest that HP1 proteins are released from
histone H3K9me3 to promote the recruitment of DDR fac-
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Figure 6. Assessment the effect of SPOP-HIPK2 axis on DNA damage repair in vivo by comet assays. (A) Parental and HIPK2-KO PC-3 cells were treated
with etoposide (75 �g/ml) for 24 h, then the treatment media is removed and replaced with fresh media for indicated times. The comet assays were then
performed and 40 cells from each sample were analyzed based on the tail moment, utilizing the Komet software. All data shown are mean values ± SD
(error bar). **P < 0.01, calculated using the Student’s t test. (B) Parental and SPOP-KO PC-3 cells were treated with etoposide (75 �g/ml) for 24 h, then
the treatment media is removed and replaced with fresh media for indicated times. The comet assays were then performed and 40 cells from each sample
were analyzed based on the tail moment, utilizing the Komet software. All data shown are mean values ± SD (error bar). **P < 0.01, calculated using the
Student’s t test. (C) Parental and HIPK2-KO PC-three cells stably expressing EV, HIPK2-WT, -mSBC, -5KR or -KD mutant were treated with etoposide
(75 �g/ml) for 24 h, then the treatment media is removed and replaced with fresh media for indicated times. The comet assays were then performed and
40 cells from each sample were analyzed based on the tail moment, utilizing the Komet software. All data shown are mean values ± SD (error bar). **P <

0.01, calculated using the Student’s t test. (D) Parental and SPOP-KO PC-3 cells stably expressing EV, SPOP-WT, -F133V, -S119A or -S119N mutant were
treated with etoposide (75 �g/ml) for 24 h, then the treatment media is removed and replaced with fresh media for indicated times. The comet assays were
then performed and 40 cells from each sample were analyzed based on the tail moment, utilizing the Komet software. All data shown are mean values ±
SD (error bar). **P < 0.01, calculated using the Student’s t test.
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Figure 7. The critical role of SPOP-HIPK2 axis in regulation of HP1� binding to histone H3K9me3 under genotoxic stress. (A) Western blot of WCL from
parental and HIPK2-KO PC-3 cells treated with DMSO or etoposide (75 �g/ml) for 24 h. The phosphorylated form of HP1� (p-HP1� ) was detected by
phos-tag SDS-PAGE using an anti-HP1� antibody. (B) Western blot of WCL from parental and SPOP-KO PC-3 cells treated with DMSO or etoposide
(75 �g/ml) for 24 h. The phosphorylated form of HP1� (p-HP1� ) was detected by phos-tag SDS-PAGE using an anti-HP1� antibody. (C) Western
blot of WCL from HIPK2-KO PC-3 cells stably expressing EV, HIPK2-WT, or mutants, treated with etoposide (75 �g/ml) for 24 h.The phosphorylated
form of HP1� (p-HP1� ) was detected by phos-tag SDS-PAGE using an anti-HP1� antibody. (D) Western blot of WCL from SPOP-KO PC-3 cells stably
expressing EV, SPOP-WT, or mutants, treated with etoposide (75 �g/ml) for 24 h. The phosphorylated form of HP1� (p-HP1� ) was detected by phos-tag
SDS-PAGE using an anti-HP1� antibody. (E) Parental and HIPK2-KO PC-3 cells were treated with etoposide (75 �g/ml) for 24 h, then the treatment
media is removed and replaced with fresh media for indicated times. The WCL were prepared for co-IP with anti-histone H3K9me3 antibody. The WCL
and co-IP samples were detected by western blot. (F) Parental and HIPK2-KO PC-3 cells stably expressing EV, HIPK2-WT, or mutants were treated
with etoposide (75 �g/ml) for 24 h, then the treatment media is removed and replaced with fresh media for 6 h. The WCL were prepared for co-IP with
anti-histone H3K9me3 antibody. The WCL and co-IP samples were detected by western blot. The DMSO-treated cells were used as a control (–). (G)
Parental and SPOP-KO PC-3 cells stably expressing EV, SPOP-WT, or mutants were treated with etoposide (75 �g/ml) for 24 h, then the treatment media
is removed and replaced with fresh media for 6 h. The WCL were prepared for co-IP with anti-histone H3K9me3 antibody. The WCL and co-IP samples
were detected by western blot. The DMSO-treated cells were used as a control (–). (H) Schematic of the proposed mechanism through which SPOP mutants
trigger the genomic instability in SPOP-mutated prostate cancer.
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tors to DNA lesions, whereas other studies have reached the
opposite conclusion (42). The signaling pathway that con-
trols for spatial localization and temporal dynamics of HP1
upon DNA damage remains poorly understood. Upon sub-
lethal UV irradiation, HIPK2 is activated to phosphorylate
HP1� , which causes the dissociation of HP1� at damaged
DNA sites (29). Our results suggest that SPOP or HIPK2
is also required for HP1� phosphorylation and subsequent
DDR in chemotherapy drug-treated prostate cancer cells.

The protein level and activity of HIPK2 is dynamically
regulated by various post-transcriptional modifications un-
der various environmental stresses (28). HIPK2 protein lev-
els are regulated by the degradative ubiquitination path-
way, involving at least five reported E3 ubiquitin ligases–
Siah1, Siah2, Fbx3, WSB1 and Mdm2 (28). Previous stud-
ies have shown that when the ubiquitination of HIPK2 is
suppressed, HIPK2 becomes stabilized and triggers p53-
dependent apoptosis upon lethal DNA damage (36,43).
However, in at least two p53-deficient prostate cancer cell
lines, we did not observe that a lethal dose of ETO treat-
ment affected HIPK2 protein levels. These discrepancies
may be due to the cellular systems and experimental con-
ditions used in different studies. To our knowledge, we are
first to report here that HIPK2 activity is regulated by non-
degradative ubiquitination. Different Ub-linkage types and
ubiquitin attachment sites may determine the various cel-
lular fates of modified HIPK2. Our results show that si-
multaneous mutations at five lysine residues in the kinase
domain of HIPK2 completely abolishes SPOP-mediated
HIPK2 ubiquitination. However, Siah1 or Siah2 -mediated
HIPK2 ubiquitination was largely unaffected. In contrast
to degradative ubiquitination that usually displays promis-
cuity at multiple ubiquitination sites, non-degradative ubiq-
uitination typically modulates protein structure, dynamics,
and function, and these ubiquitin attachment sites may
be confined to specific lysines that are crucial to molec-
ular functions. The molecular mechanisms underlying the
enhancement of HIPK2 activity by SPOP-mediated ubiq-
uitination remain unclear. We suspected that this kind
of ubiquitination may lead to a conformational change,
which facilitates HIPK2 auto-phosphorylation and subse-
quent activation (44). Another possibility is that the ubiq-
uitin chain may also act as a platform for recruiting var-
ious scaffold and accessory proteins, such as Han11 and
Pin1, to control the threshold, amplitude, and kinetics of
HIPK2-triggered signaling transduction (44,45). Neverthe-
less, the exact mechanisms by which ubiquitination modu-
lates HIPK2 activity remain to be elucidated in future work.

Notably, the regulatory role of SPOP in response to DNA
damage may not be solely attributed by its activity to-
ward HIPK2. Known substrates degraded by SPOP, such
as BRD4, have been reported to function in DDR. BRD4
depletion results in a relaxed chromatin structure, rapid
cell-cycle checkpoint recovery, and enhanced survival after
DNA damage (46). However, we did not find changes in
protein level of BRD4 in ETO-treated PC-3/DU145 cells
(data not shown). This could be due to Ser119 phosphory-
lation in SPOP enhancing its binding affinity towards a sub-
set of substrates, such as HIPK2, but not all substrates. An
alternative explanation is that only a small pool of SPOP is
phosphorylated and activated upon DNA damage. There-

fore, the changes in protein levels of degradative substrates
are minimal. Nevertheless, there remains a possibility that
SPOP modulates DDR through other known or unidenti-
fied substrates.

The post-translational modification of SPOP is poorly
understood. A recent report revealed that CDK4/6-
mediated SPOP phosphorylation increases the interaction
of SPOP with 14–3-3� , which protects SPOP from Cdh1-
mediated proteasomal degradation (14). Our results sug-
gest that the ATM-mediated SPOP phosphorylation at
Ser119, which is located in the substrate-binding MATH
domain, alters the binding affinity between SPOP and
HIPK2. Ser119 phosphorylation likely causes a conforma-
tional change in the MATH domain of SPOP to potentiate
HIPK2 binding, although this conjecture remains to be ex-
perimentally validated in future structural biology study.
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