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C A N C E R

ATM-phosphorylated SPOP contributes to 53BP1 
exclusion from chromatin during DNA replication
Dejie Wang1,2†, Jian Ma3,4†, Maria Victoria Botuyan1†, Gaofeng Cui1, Yuqian Yan1, Donglin Ding1, 
Yingke Zhou1, Eugene W. Krueger1, Jiang Pei5, Xiaosheng Wu6, Liguo Wang7, Huadong Pei8,9, 
Mark A. McNiven1,10, Dingwei Ye3,4*, Georges Mer1,10,11*, Haojie Huang1,10,12*

53BP1 activates nonhomologous end joining (NHEJ) and inhibits homologous recombination (HR) repair of DNA 
double-strand breaks (DSBs). Dissociation of 53BP1 from DSBs and consequent activation of HR, a less error-prone 
pathway than NHEJ, helps maintain genome integrity during DNA replication; however, the underlying mecha-
nisms are not fully understood. Here, we demonstrate that E3 ubiquitin ligase SPOP promotes HR during S phase 
of the cell cycle by excluding 53BP1 from DSBs. In response to DNA damage, ATM kinase–catalyzed phosphoryl
ation of SPOP causes a conformational change in SPOP, revealed by x-ray crystal structures, that stabilizes its in-
teraction with 53BP1. 53BP1-bound SPOP induces polyubiquitination of 53BP1, eliciting 53BP1 extraction from 
chromatin by a valosin-containing protein/p97 segregase complex. Our work shows that SPOP facilitates HR re-
pair over NHEJ during DNA replication by contributing to 53BP1 removal from chromatin. Cancer-derived SPOP 
mutations block SPOP interaction with 53BP1, inducing HR defects and chromosomal instability.

INTRODUCTION
DNA double-strand breaks (DSBs) are deleterious DNA lesions 
that have been linked to chromosomal translocations and cancer. 
DSBs are repaired through the two main pathways of nonhomologous 
end joining (NHEJ) and homologous recombination (HR) (1). The 
DNA damage response (DDR) protein 53BP1 (2) regulates these DSB 
repair pathways. 53BP1 (p53-binding protein 1) promotes NHEJ by 
facilitating the long-range joining of broken DNA ends (3), while it 
antagonizes HR by inhibiting DNA end resection that generates 
3′ single-stranded DNA (ssDNA) overhangs necessary for the search 
of homologous templates (4, 5). Dependent on the ATM-H2AX-
NBS1-MDC1-RNF8-RNF168 DSB signaling axis, 53BP1 localizes 
to chromatin by binding dimethylated lysine-20 on histone H4 
(H4K20me2) and monoubiquitinated lysine-15 on histone H2A 
(H2AK15ub) through its tandem Tudor domain and ubiquitination-
dependent recruitment (UDR) motif, respectively (6, 7). At DSBs, 
53BP1 suppresses DNA end resection through interaction with 
PTIP and RIF1, with RIF1 recruiting to break sites the ssDNA-binding 

shieldin complex (REV7, SHLD1, SHLD2, and SHLD3) that pro-
tects ssDNA from degradation by end-resection nucleases (8–13).

Extensive effort has been focused on understanding how the 
chromatin recruitment of 53BP1 in response to DSBs is facilitated 
or prevented. Many regulatory mechanisms have been uncovered, 
which include chromatin extraction or degradation of L3MBTL1, 
JMJD2A, and MBTD1, three proteins that compete with 53BP1 for 
binding H4K20me2 (14–16); TIP60-mediated acetylation of histone 
H4 at lysine-16 (H4K16ac) and H2A lysine-15 (H2AK15ac), two 
posttranslational modifications that inhibit the association of 53BP1 
with chromatin (17,  18); and direct interaction of 53BP1 tandem 
Tudor domain with TIRR, which blocks the H4K20me2 binding 
surface of 53BP1 (19, 20). These different mechanisms have impli-
cations for DNA repair pathway selection, HR versus NHEJ, before 
53BP1 recruitment to chromatin. A switch from error-prone NHEJ 
to the more accurate HR pathway occurs in chromatin-bound 53BP1 
during DNA replication when sister chromatids direct the repair 
process. As cells transition through S phase of the cell cycle, dilution 
of H4K20me2 contributes to the reduction of 53BP1 foci in post-
replicative chromatin (21). In parallel, BRCA1 interacts with 
H4K20me0 via its obligate partner BARD1 and is thereby recruited 
to postreplicative chromatin (5, 22). Additional mechanisms con-
trolling the removal of 53BP1 from chromatin must exist given that 
a large portion of H4K20me2 remains in S phase.

The SPOP gene is frequently mutated in human cancers such as 
prostate and endometrial cancers (23, 24). It encodes a substrate-
binding adaptor of the Cullin3 (CUL3)–RING-box 1 (RBX1) E3 
ubiquitin ligase (CRL) complex. Biochemical and mouse genetic 
studies have identified a number of prostate cancer–relevant proteins 
as the degradation substrates of SPOP, such as androgen receptor, 
BMI1, SRC3, TRIM24, and BRD4 (25–28). Speckle-type POZ pro-
tein (SPOP) is also implicated in regulating genomic stability (29–31); 
however, how SPOP controls genomic stability is unclear. In the 
present study, we show that SPOP functions as an E3 ubiquitin li-
gase that binds to 53BP1 primarily during S phase and catalyzes 
K29-linked polyubiquitination of 53BP1. SPOP-dependent 53BP1 
polyubiquitination triggers the eviction of 53BP1 from chromatin, 
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which promotes DNA repair by HR over NHEJ. We demonstrate 
“post commitment” selection of HR over NHEJ in the context of chro-
matin-engaged 53BP1.

RESULTS
SPOP recognizes the focus-forming region of 53BP1
To determine how SPOP regulates DNA repair, we examined 
whether SPOP F133V, one of the most frequent SPOP mutants in 
patients with prostate cancer, would affect the expression of several 
NHEJ and HR pathway proteins. SPOP F133V did not appreciably 
change the expression of these proteins in prostate cancer cell line 
PC-3 and benign prostate cell line BPH1, whether the cells were 
exposed to ionizing radiation (IR) (Fig. 1A). Similar results were 
obtained in SPOP knockdown cells, but with a moderate decrease in 
expression of RAD51 HR recombinase (fig. S1A). These observations 
agree well with studies done in other prostate cancer cell lines (31). 
We further explored the influence of SPOP F133V on the repair 
pathway choice using various methods including reporter genes, 
53BP1 IR-induced foci (IRIF) formation and live cell imaging. Dif-
ferent from the effect of SPOP wild type (WT), expression of SPOP 
F133V mutant or SPOP knockout (KO) inhibited HR, increased NHEJ, 
and prolonged 53BP1 retention at DNA damage sites (Fig. 1, B to G, 
and fig. S1, B to N), suggesting that SPOP controls 53BP1 retention 
in chromatin at DSB sites. Consistent with this hypothesis, ectopi-
cally expressed SPOP bound to 53BP1 but not to the other DNA 
repair proteins that we examined (Fig. 1H and fig. S1O) and colo-
calized with 53BP1 and -H2AX foci after IR treatment (fig. S1P). 
The SPOP-53BP1 interaction was confirmed at the endogenous level 
in different cell lines (Fig. 1I and fig. S1Q) and was markedly en-
hanced after induction of DNA damage by IR or camptothecin (CPT) 
(Fig. 1, H and I, and fig. S1, O, Q, and R).

To define which region in 53BP1 mediates its interaction with 
SPOP, we transfected 293T cells with a series of plasmids expressing 
hemagglutinin (HA)–tagged C-terminally truncated mutants of 53BP1. 
Coimmunoprecipitation (co-IP) assays demonstrated that the focus-
forming region (FFR; residues 1220 to 1712) was required for 53BP1 
binding to SPOP (Fig. 1, J and K). 53BP1 FFR directly bound to 
SPOP in vitro (Fig. 1L). Therefore, 53BP1 FFR is necessary and suf-
ficient for direct binding of 53BP1 to SPOP.

Structural basis for the interaction of 53BP1 with SPOP
SPOP harbors an N-terminal MATH domain that recognizes a 
SPOP-binding consensus sequence (SBC; --S-S/T-S/T where  
is a nonpolar residue and  is a polar residue) in SPOP client pro-
teins (32). There are two putative SBCs in the FFR region of 53BP1, 
1313HRTSS1317 and 1641ASSSS1645, of which only deletion of the latter 
diminished the SPOP-53BP1 interaction (Fig. 1, M to O). We next 
used nuclear magnetic resonance (NMR) spectroscopy to precise-
ly identify the SPOP-binding region of 53BP1. We expressed in 
Escherichia coli a segment of human 53BP1 from residues 1606 to 
1656 (53BP11606–1656) and assigned the associated 1H, 15N, and 13C 
backbone resonance signals (Fig. 2A). From the 1H, 1HN, 13C, 
13C, 13CO, and 15N chemical shift values (33), we determined that 
53BP11606–1656 is entirely disordered. Upon addition of unlabeled 
SPOP MATH domain to 15N-labeled 53BP11606–1656, there was sig-
nal broadening in the 1H-15N heteronuclear single quantum coher-
ence (HSQC) spectra from residues S1635 to T1648 (Fig. 2B), 
indicating that this region of 53BP1 is in contact with SPOP. Deletion 

of 1635SPATPTASSSSSTT1648 completely disrupted the basal level 
interaction between SPOP and 53BP1 and also blocked the DNA 
damage–enhanced interaction (Fig. 1, M and O). We have therefore 
identified a functional SPOP binding motif (SBM; residues 1635 to 
1648) in FFR that is required for the interaction of 53BP1 with 
SPOP. We note that the SBM is adjacent to the UDR (residues 1611 
to 1631) of 53BP1 (Fig. 1M). We also used NMR spectroscopy to 
map the 53BP1-binding site on the surface of SPOP. The 1H-15N 
HSQC NMR spectra of 15N-labeled SPOP MATH domain titrated 
with unlabeled 53BP11606–1656 showed chemical shift perturbations 
consistent with the peptide binding area detected in other structures 
of SPOP-peptide complexes (32, 34, 35), including Y87, W131, F133, 
and K134 (Fig. 2, C and D).

To understand how SPOP recognizes 53BP1, we determined x-ray 
crystal structures of SPOP MATH domain in the apo state and 
bound to a 53BP1 SBM peptide (residues 1636 to 1650) at resolu-
tions of 1.48 and 1.44 Å, respectively. The structural statistics are 
reported in table S1. In agreement with the solution NMR spectros-
copy data, 53BP1 interacts with a shallow cavity in SPOP composed 
mainly of residues R70, Y87, F102, M117, Y123, K129, D130, W131, 
G132, and F133. Eight 53BP1 residues (T1638 to S1645) could be 
modeled in the electron density map (Fig. 2, D and E, and fig. S2A). 
The hydrophobic side chain of 53BP1 A1641 ( in the SBC motif) 
is surrounded by the aromatic side chains of SPOP F102, Y123, 
W131, and F133. The carbonyl and hydroxyl groups of A1641 and 
Y123, respectively, are connected via hydrogen bonds mediated by 
a water molecule. 53BP1 S1642 ( in the SBC motif) is close in space 
to Y87, W131, and G132 of SPOP, with the amide and carbonyl groups 
of S1642 forming hydrogen bonds with the carbonyl and amide 
groups of G132. There is an extensive network of polar interactions 
at the SPOP-53BP1 interface involving four 53BP1 serine residues. 
The hydroxyl groups of S1642 and SPOP Y87 and the carbonyl of 
S1643 are bridged by three water-mediated hydrogen bonds. The 
hydroxyl group of S1643 forms hydrogen bonds with the carbonyl 
and carboxylate groups of SPOP D130. The amide group of S1644 is 
hydrogen-bonded to the carboxylate group of SPOP D130, while the 
hydroxyl group of S1644 forms hydrogen bonds with the carboxylate 
and guanidinium groups of SPOP D130 and R70, respectively. The 
carbonyl and hydroxyl groups of S1645 are hydrogen-bonded to 
SPOP K129. 53BP1 P1639 is in contact with SPOP M117.

SPOP promotes lysine-29–linked 53BP1 polyubiquitination 
and prostate cancer–derived SPOP mutants impair this 
process and enhance 53BP1 retention at DSB sites
SPOP being an E3 ubiquitin ligase, substrate-binding MATH do-
main (MATH), and CUL3-binding BTB (BTB) deletion mutants 
are nonfunctional for substrate ubiquitination. Ectopic expression 
of WT SPOP as well as MATH and BTB did not affect the steady-
state level of 53BP1 in 293T cells (fig. S2C), indicating that SPOP 
does not regulate ubiquitin-dependent degradation of 53BP1. Notably, 
SPOP expression induced a marked increase in 53BP1 polyubiquiti-
nation upon DNA damage after IR treatment (fig. S2D). KO of 
endogenous SPOP by CRISPR-Cas9 greatly attenuated 53BP1 poly-
ubiquitination, and this was reversed by restored expression of 
SPOP (fig. S2D), indicating that SPOP contributes to 53BP1 poly-
ubiquitination. CPT treatment enhanced SPOP-induced poly-
ubiquitination of 53BP1 (fig. S2E). SPOP specifically augmented 
K29-linked polyubiquitination of 53BP1 in cells under a DNA-damaging 
condition (fig. S2, F and G). SPOP expression also increased 53BP1 
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Fig. 1. SPOP binds a specific motif in 53BP1. (A) Western blot (WB) of DDR proteins in PC-3 and BPH1 cells transfected with empty vector (EV) or SPOP F133V mutant 
and/or treated with or without IR for 1 hour. SRC3, a known SPOP substrate. Endo., endogenous. HA, hemagglutinin. (B to E) PC-3 cells were transfected with HR or NHEJ 
reporter in combination with SPOP F133V or small interfering RNA (siRNA) for CtIP or 53BP1 followed by WB (B and D) and HR and NHEJ activity measurement (C and E). 
Data are represented as means ± SD of three biological replicates. *P < 0.05. GFP, green fluorescent protein. (F and G) Live cell imaging (F) and quantification (G) of 
GFP-53BP1 foci in PC-3 cells transfected with EV or SPOP F133V at indicated time points after IR (4 Gy). Data are represented as means ± SD of 10 live cells. (H and I) PC-3 cells 
either transfected with Myc-SPOP (H) or untransfected (I) were treated with IR for 1 hour followed by coimmunoprecipitation (co-IP) and WB. (J) Schematic of 53BP1 do-
main structure and constructs. IgG, immunoglobulin G. (K) 293T cells transfected with indicated constructs were treated with IR for 1 hour and harvested for co-IP and WB. 
(L) Glutathione S-transferase (GST) pull-down assay using in vitro transcribed and translated SFB-SPOP protein and GST-tagged recombinant proteins. Asterisk, the ex-
pected protein. (M) Diagram showing two putative SPOP-binding consensus motifs (in pink and red) in 53BP1-FFR. aa, amino acids. (N and O) 293T cells transfected with 
indicated constructs were treated with IR for 1 hour followed by co-IP and WB.
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Fig. 2. Structural basis for the interaction of 53BP1 with SPOP and SPOP phosphorylated at serine-119. (A) Backbone NMR signal assignments of 53BP11606–1656. 
Shown is the 1H-15N heteronuclear single quantum coherence (HSQC) spectrum of 15N- and 13C-labeled 53BP1 (residues 1606 to 1656) with assigned signals. In blue are 
residues remaining from the expression plasmid (G3, H4, and M5) and two C-terminal residues (G57 and W58) added for protein quantification by ultraviolet light absorp-
tion. (B) Representative 1H-15N HSQC spectra of the interaction of 15N-labeled 53BP1 (residues 1606 to 1656) with unlabeled SPOP MATH domain. The 53BP1:SPOP molar 
ratio is 1:2. The spectra were recorded at 4°C. (C) Representative 1H-15N HSQC spectra of the interaction of 15N-labeled SPOP MATH domain with nonlabeled 53BP1 (resi-
dues 1606 to 1656). The SPOP:53BP1 molar ratio is 1:6. The spectra were recorded at 25°C. (D) Surface and cartoon representation of the x-ray crystal structure of the SPOP 
MATH domain in complex with a 53BP1 SBM synthetic peptide (residues 1636 to 1650). SPOP residues for which NMR signals are affected by 53BP1 binding (see C) are 
highlighted in red. (E) Details of the SPOP-53BP1 interface in the crystal structure. The blue spheres represent water molecules. The yellow dashes represent hydrogen 
bonds. (F) Comparison of the SPOP-53BP1 and SPOP S119D-53BP1 crystal structures highlighting the change in conformation in SPOP S119D that brings D119 in contact 
with 53BP1. SPOP WT and S119D are shown in gray and blue, respectively. Key residues in the vicinity of S119 and D119 in the two structures are labeled. Hydrogen bonds 
involving S119 and D119 are shown as yellow dashes. (G) Effects of S119D and S119N mutations on SPOP structure. Shown are the 1H-15N HSQC spectra of SPOP MATH 
mutants S119D and S119N overlaid to that of WT SPOP MATH.
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FFR polyubiquitination, and this effect was enhanced by CPT treatment 
(fig. S2H). However, SBM deletion abolished SPOP-mediated poly-
ubiquitination of 53BP1 FFR in cells in the presence or absence of 
DNA damage and prolonged 53BP1 retention at DNA damage sites 
(fig. S2, H and I). Therefore, SPOP binding to SBM promotes K29-
linked polyubiquitination of 53BP1.

Similar to SPOP MATH, eight SPOP MATH domain mutants 
frequently detected in prostate cancer—Y87C, F102C, S119N, 
F125V, K129E, W131G, F133V, and F133L (36)—failed to interact 
with 53BP1 even in cells exposed to IR (fig. S2, J to L). Like SPOP 
MATH or BTB, which are nonfunctional for ubiquitination, the 
patient-derived SPOP mutants also failed to promote 53BP1 poly-
ubiquitination even after IR treatment (fig. S2, M and N). Expres-
sion of these mutants had little or no influence on 53BP1 protein 
level in 293T cells (fig. S2O).

Most of the SPOP mutants detected so far are hemizygous, and 
they act in a dominant negative fashion (23, 28, 36, 37). To recapit-
ulate the pathophysiological conditions of patients, we introduced 
the mutated allele of SPOP into prostate cancer cell lines PC-3 and 
U2OS (a cell model commonly used for IRIF analysis) that do not 
harbor any endogenous SPOP mutant. While introduction of SPOP 
hotspot mutants F102C and F133V into PC-3 and U2OS cells had 
no impact on the recruitment of 53BP1 at 1 hour after IR, their ex-
pression prolonged 53BP1 retention at 4 to 8 hours after IR (fig. S3, 
A to G). Thus, prostate cancer–derived SPOP mutations impair the 
SPOP-53BP1 interaction and 53BP1 polyubiquitination and pro-
mote 53BP1 retention at DSB sites.

We also examined whether SPOP affects the roles of 53BP1 in 
class switch recombination (CSR), inhibition of HR in BRCA1-
deficient cells, and checkpoint/p53 function. We found that while, 
as expected, 53 bp1 KO inhibited the CSR in CH12F3-C2 murine 
B cells (38), Spop KO had no effect on CSR in the presence or ab-
sence of 53 bp1 deletion (fig. S3, H to J), suggesting that SPOP 
does not affect 53BP1 regulation of CSR. As expected, 53BP1 KO 
induced HR in BRCA1-deficient U2OS-DR cells (39). Expression of 
SPOP WT also increased HR in these cells, but no further increase 
was observed in 53BP1 KO cells (fig. S3, K and L), suggesting that 
SPOP and 53BP1 regulate HR through the same pathway. Similar to 
the results reported previously (40), 53BP1 KO decreased p21 ex-
pression and increased cell number in S phase in U2OS cells in re-
sponse to DNA damage (fig. S3, M and N). Expression of SPOP 
F133V mutant resulted in a greater reduction in p21 expression and 
higher induction of cells in S phase compared with 53BP1 KO, and 
similar results were obtained in cells expressing both sg53BP1 and 
SPOP F133V (fig. S3, M and N). These data indicate that the effect 
of SPOP mutation on cell cycle checkpoint/p53 function is very 
complex and that it could be mediated through 53BP1-dependent 
and 53BP1-independent mechanisms.

Phosphorylation of SPOP serine-119 by ATM kinase 
augments SPOP-mediated 53BP1 polyubiquitination 
and 53BP1 retention at DSB sites
Several protein kinases are activated in response to DNA damage 
and mediate DNA repair signaling by phosphorylating target pro-
teins. To determine whether phosphorylation contributes to DNA 
damage–enhanced SPOP-53BP1 interaction and 53BP1 polyubiq-
uitination, we used cell lysates treated or not with  protein phos-
phatase in pull-down assays with recombinant glutathione 
S-transferase–53BP1 FFR purified from E. coli. Phosphatase treatment 

abolished DNA damage–enhanced SPOP-53BP1 interaction (Fig. 3A), 
suggesting that phosphorylation of SPOP is important for optimal 
interaction with 53BP1 under DNA damage conditions.

To define which kinases mediate SPOP phosphorylation in response 
to DNA damage, we exposed 293T cells to IR and subsequently 
treated them with small-molecule inhibitors specific for kinases in-
volved in the DDR or cell cycle regulation. Only ATM kinase inhib-
itor treatment attenuated the SPOP-53BP1 interaction in IR-treated 
cells (Fig. 3B). Reciprocal co-IP assays showed that SPOP interacts 
with ATM at the endogenous protein level in 293T cells (Fig. 3C). 
In in  vitro kinase assays, SPOP was only phosphorylated by WT 
ATM but not the kinase-dead mutant purified from IR-treated cells 
(Fig. 3D). There are three serine/threonine-glutamine (S/T-Q) sites 
(T25-Q, S119-Q, and T319-Q) in SPOP that match the consensus 
phosphorylation sequence of ATM. Only the S119A mutation in the 
MATH domain, but not T25A or T319A, abolished ATM-mediated 
phosphorylation of SPOP in vitro (Fig. 3D). SPOP was phosphory-
lated by ATM in 293T cells treated with IR, but this effect was abol-
ished by the S119A mutation (Fig. 3E). Our data indicate that ATM 
phosphorylates SPOP primarily at S119 in vitro and in cells.

Like  phosphatase treatment (Fig. 3A), ATM knockdown decreased 
SPOP-53BP1 interaction in IR-treated 293T cells (Fig. 3F). More-
over, the phosphomimicking S119D and S119E mutants augmented 
SPOP-53BP1 interaction and 53BP1 polyubiquitination even in cells not 
exposed to IR (Fig. 3, G and H). In contrast, the phosphorylation-
resistant S119A mutation of SPOP prevented IR-augmented SPOP-
53BP1 interaction and blocked IR-enhanced polyubiquitination 
of 53BP1 (Fig. 3, G and H). Using x-ray crystallography (table S1) 
and NMR spectroscopy, we verified that the S119A mutation does 
not alter the three-dimensional (3D) structure of SPOP MATH, 
highlighting the key role of phosphorylation in enhancing 53BP1 
polyubiquitination. Using in vitro ubiquitination assays, we showed 
that ATM enhanced WT SPOP-mediated polyubiquitination of 53BP1 
FFR, but polyubiquitination was abrogated by the S119N mutation 
(Fig. 3I). SPOP S119N is a prostate cancer–associated mutant that, like 
S119A (Fig. 3G), diminishes the interaction of SPOP with 53BP1 in cells 
(fig. S2L). The S119A and S119N mutations significantly increased 
the number of 53BP1 IRIF at 4 and 8 hours after IR (Fig. 3, J to L). 
In contrast, phosphomimetic mutants S119D and S119E significantly 
reduced the number of 53BP1 IRIF at 4 hours after IR (Fig. 3, J to L). 
Our data show that ATM-mediated phosphorylation of SPOP at 
S119 enhances SPOP interaction with 53BP1 and 53BP1 poly-
ubiquitination and decreases 53BP1 retention at DSB sites.

Structural basis for enhanced interaction of 53BP1 
with serine-119–phosphorylated SPOP
To understand how phosphorylation of SPOP at S119 increases its 
interaction with 53BP1, we determined the x-ray crystal structure of 
SPOP MATH S119D phosphomimetic mutant in complex with 
53BP1 SBM at 3.0-Å resolution (Fig.  2F, fig. S2B, and table S1). 
While SPOP S119 is stabilized by intramolecular hydrogen bonds 
with the amide and carbonyl groups of F102 and does not contact 
53BP1 or any other SPOP-binding peptides characterized in com-
plex with SPOP, the S119D mutation causes a marked local confor-
mational change in SPOP that brings D119  in close proximity to 
53BP1 (Fig. 2F). In the structure of SPOP S119D bound to 53BP1, 
the carboxylate group of D119 points toward 53BP1 and is in prox-
imity of the amide groups of 53BP1 T1640 and A1641 and carbonyl 
groups of T1638 and T1640 (Fig. 2F). In addition, the carboxylate of 
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Fig. 3. Phosphorylation of SPOP by ATM kinase enhances its binding to 53BP1. (A) GST pulldown using  phosphatase–treated lysate from 293T cells transfected with 
FLAG-SPOP. Asterisk, the GST-53BP1 FFR protein. Phosphorylated RB, monitoring phosphatase efficacy. IB, immunoblotting. (B) Co-IP and WB in 293T cells transfected 
with indicated plasmids and pretreated with inhibitors of kinases followed by IR treatment for 1 hour. DMSO, dimethyl sulfoxide; MEK1/2, mitogen-activated protein 
kinase kinase 1/2. (C) Reciprocal co-IP of endogenous ATM and SPOP in 293T cells 1 hour after IR. (D) 293T cells transfected with indicated constructs were treated with IR 
for 1 hour. Immunoprecipitated FLAG-ATM proteins were incubated with GST-SPOP proteins purified from E. coli for in vitro kinase assay followed by WB. (E and F) 293T 
cells were transfected with indicated plasmids and treated with IR for 1 hour followed by WB. (G and H) co-IP (G) or in vivo polyubiquitination assay (H) in 293T cells trans-
fected with indicated plasmids and treated with IR (4 Gy) for 1 hour. (I) In vitro ubiquitination assay using the substrate GST-53BP1-FFR and indicated proteins immuno-
precipitated from 293T cells treated with IR for 1 hour. (J to L) PC-3 cells transfected with indicated constructs were treated with IR followed by immunofluorescent 
cytochemistry (IFC) of 53BP1 at the indicated time points after IR (J). Scale bar, 10 M. The average 53BP1 foci number (K) and foci density (L) in each cell were quantified. 
Data are presented as means ± SEM of more than 300 cells from three biological replicates. n.s., not significant, ***P < 0.001.
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D119 is hydrogen-bonded to the hydroxyl group of SPOP Y123, 
which is also close in space to the carbonyl group of T1648. The 
SPOP (S119D)–53BP1 structure explains why an aspartate can mimic 
a phosphoserine. It is expected that like D119, a phosphoserine at 
position 119 would point toward 53BP1 and would strengthen the 
SPOP-53BP1 interaction even more in comparison to an aspartate. 
The hydroxyl group of T1638 points toward the carboxylate group 
of D119 and would likely be hydrogen-bonded to a phosphoserine 
at position 119 (Fig. 2F). The crystallography data suggest that in 
addition to the SBC segment of 53BP1 SBM (residues 1641 to 1645) 
that binds SPOP, SPOP S119 phosphorylation creates a new bind-
ing surface that is recognized by the N terminus of SBM (residues 
1638 to 1640) (Fig. 2, E and F). No other known SPOP substrates 
recognize a phosphate group. This additional binding mode is sup-
ported by co-IP data showing that DNA damage only enhanced 
SPOP interaction with 53BP1 but not with other known substrates 
examined (fig. S3O). It is noteworthy that phospho-dependent 
protein-protein interactions usually involve recognition of a flexible 
phosphorylated protein segment (e.g., a phosphopeptide) by a well-
ordered or folded receptor domain, for example, a BRCT domain 
(41). Here, phosphorylation is in the receptor domain (SPOP), not 
in the flexible motif (53BP1).

SPOP MATH S119D had slightly higher affinity for the 53BP1 
peptide than WT SPOP MATH with respective dissociation con-
stants (Kds) of 42.5 ± 4.4 and 60.7 ± 8.1 M determined using iso-
thermal titration calorimetry (ITC) (fig. S3P). These Kd values are 
of the same order of magnitude as those measured for other 
SPOP-peptide interactions (35, 42). While the difference in affinity 
is small, in the context of full-length proteins in cells, the effect of 
S119 phosphorylation may be amplified. Both SPOP MATH-BTB 
and 53BP1 FFR are dimeric proteins (20, 32). It is expected that the 
two MATH domains in a SPOP dimer simultaneously bind the two 
SBMs in a 53BP1 dimer already bound to the nucleosome. The 
avidity effect of such multivalent interaction of SPOP and 53BP1 
may result in an enhanced affinity difference in comparison to a 
monomeric MATH domain binding a short 53BP1 peptide. Further-
more, this effect may be further enhanced by protein autoassocia-
tions and phase separation in cells, processes in which SPOP (43) 
and 53BP1 (44) participate.

Thermal melt assays showed that with an estimated melting tem-
perature (Tm) of 43°C, SPOP S119D MATH domain is less stable than 
WT SPOP MATH for which the Tm is estimated to be 50°C (fig. S3Q). 
The lower stability of SPOP S119D was expected as the conforma-
tional changed caused by this mutation (and presumably phosphoryl
ation) disrupts hydrogen bonds involving the amide nitrogen atom 
and hydroxyl group of serine-119 with the carbonyl group and amide 
nitrogen atom of Phe102, respectively (Fig. 2F).

Like S119D, the prostate cancer–associated S119N mutation likely 
causes a change in SPOP MATH conformation as suggested by NMR 
spectroscopy (Fig. 2G). While S119D (and S119 phosphorylation) 
facilitates SPOP binding to 53BP1, S119N markedly diminishes this 
interaction in cells. The conformational change in SPOP S119N must 
differ from that associated with S119D, which might explain differences 
in signal perturbations in the NMR spectra of S119D and S119N (Fig. 2G).

SPOP interacts with and mediates 53BP1 polyubiquitination 
primarily during S phase
A temporal analysis in different cell types revealed that 53BP1 IRIF 
were most prominent during G1 phase of the cell cycle and progressively 

decreased in intensity when cells transited from early to late S 
phases (5). We sought to determine whether SPOP regulates 53BP1 
polyubiquitination in a cell cycle–dependent manner using PC-3 
cells synchronized by release from nocodazole treatment (Fig. 4A). 
In these cells, the level of SPOP protein expression varied during the 
cell cycle with the highest expression occurring in S phase 
(Fig. 4, A and B). Similar results were obtained in Hela cells (45). As 
we anticipated, SPOP predominantly interacted with 53BP1 in 
S-phase cells (Fig. 4, A and B), and the interaction was enhanced 
under DNA damage conditions (fig. S4A). In agreement with these 
observations, 53BP1 was highly polyubiquitinated in S-phase cells 
(Fig. 4, A and C). Subcellular fractionation assays showed that the 
level of chromatin-bound polyubiquitinated 53BP1 was decreased 
in SPOP WT-overexpressing cells compared to that of empty 
vector–expressing control cells (fig. S4B). Accordingly, we showed that 
expression of SPOP WT in PC-3 cells decreased retention of 53BP1 
at DSB sites at 4 to 8 hours after IR (Fig. 4, D to F). In contrast, in-
troduction of SPOP F102C and F133V, two hotspot mutants derived 
from patients with prostate cancer, largely impaired 53BP1 IRIF in 
S-phase cells at 4 to 8 hours after IR although their expression had 
no obvious effect on 53BP1 retention at DSB sites at 1 hour after IR 
(Fig. 4, D to F). Similar results were obtained in U2OS cells (fig. S4, 
C to E). These observations indicate that SPOP primarily interacts 
with and promotes 53BP1 polyubiquitination during S phase 
(Fig. 4, A and B).

SPOP regulates 53BP1 retention at DSB sites by controlling 
53BP1 interaction with the valosin-containing protein/p97 
cofactor NPL4
The adenosine triphosphatase valosin-containing protein (VCP/p97) 
segregase complex has been implicated in ubiquitin conjugation-
dependent removal of DNA damage regulatory proteins from DSB 
sites (15, 46). Because SPOP mutations significantly prolong 53BP1 
retention at DSB sites (figs. S1, H to N, and S3, A to G), we asked 
whether 53BP1 is a SPOP-dependent target of VCP/p97. We first 
examined whether 53BP1 interacts with p97 and/or its cofactors. 
Co-IP assays showed that 53BP1 specifically interacted with NPL4, 
but not other cofactors of p97 in PC-3 and 293T cells and that their 
interaction was enhanced by SPOP (Fig. 5, A and B). However, none 
of the eight high-frequency prostate cancer–derived SPOP mutants 
could promote 53BP1-NPL4 interaction to a level approaching that 
of WT SPOP (Fig. 5C). These data suggest that SPOP-enhanced 
NPL4-53BP1 interaction is abolished by prostate cancer–derived 
SPOP mutations.

Next, we examined how SPOP-regulated 53BP1-NPL4 interaction 
affects 53BP1 occupancy at DSB sites. We could not completely 
knock out NPL4 in PC-3 cells but were able to significantly reduce 
endogenous NPL4 level (Fig. 5D). Decreased expression of NPL4 
substantially delayed the initial recruitment of 53BP1 to DSB sites at 
1 hour of IR exposure (Fig. 5, D to G). This is likely due to impaired 
NPL4-mediated removal of L3MBTL1 from DSBs because L3MBTL3 
is an H4K20me2 reader that blocks 53BP1 recruitment (15). How-
ever, at longer time points after IR (4 and 8 hours), NPL4 depletion 
significantly prolonged the retention of 53BP1 IRIF compared to 
control sgRNA (single guide RNA) (sgControl) cells (Fig. 5, D to G), 
suggesting that NPL4 also influences 53BP1 retention at DSB sites. 
We made similar observations in cells expressing cancer-associated 
SPOP hotspot mutant F133V alone or in combination with NPL4 
depletion at 4 to 8 hours after IR, but no such defect was detected in 
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Fig. 4. SPOP interaction of 53BP1 and 53BP1 K29-linked polyubiquitination are elevated in the S phase. (A and B) PC-3 cells were synchronized with nocodazole 
(100 ng/ml) for 12 hours and released into the cell cycle. At the indicated time points, cells were harvested for cell cycle (A) and co-IP and WB analysis (B). (C) PC-3 cells 
were transfected with HA-Ub-K29 construct and released from nocodazole. Cells were harvested for IP at indicated time points. (D to F) PC-3 cells were infected with 
lentivirus expressing EV, SPOP WT, or mutants F102C and F133V. Representative 53BP1 foci in S-phase cells are shown (D). Cyclin A–positive staining indicated the cells 
are in S phase. The average 53BP1 foci number (E) and foci density (F) in S-phase cells were quantified. Scale bars, 10 M. Data are presented as means ± SEM of more than 
300 cells from three biological replicates. *P < 0.05, **P < 0.01, and ***P < 0.001. DAPI, 4′,6-diamidino-2-phenylindole.
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Fig. 5. SPOP regulates 53BP1 interaction with the p97-NPL4 complex and 53BP1 retention at DSB sites. (A and B) PC-3 (A) and 293T (B) cells transfected or not with 
Myc-SPOP were treated with 1 M CPT for 3 hours and harvested for co-IP and WB. (C) Co-IP and WB of 293T cells transfected with indicated plasmids and treated with 
1 M CPT for 3 hours. (D to G) sgControl or sgNPL4 stable PC-3 cells were infected with lentivirus expressing EV, SPOP WT, or mutant F133V followed by WB (D) and IFC (E). 
The average 53BP1 foci number (F) and foci density (G) in each cell were quantified. Scale bar, 10 M. Data are presented as means ± SEM of more than 300 cells from three 
biological replicates. *P < 0.05 and ***P < 0.001. (H to K) L3MBTL1 was depleted by a pool of siRNAs in sgControl or sgNPL4 stable PC-3 cells infected with lentivirus ex-
pressing EV and SPOP WT or mutant F133V. Cells were subjected to WB (H) and IFC (I). The average 53BP1 foci number (J) and foci density (K) in each cell were quantified, 
respectively. Scale bar, 10 M. Data are presented same as aforementioned. (L and M) Lysate of PC-3 cells treated with IR (4 Gy for 1 hour) was immunodepleted with 
preimmune sera or antibodies for L3MBTL1 (L) or 53BP1 (M) five times followed by WB.
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cells expressing SPOP WT (Fig. 5, D to G). These data suggest that 
NPL4 and SPOP act in the same pathway in regulating 53BP1 DSB 
site retention.

Combined with previous data (15), our work suggests that NPL4 
facilitates 53BP1 recruitment indirectly through L3MBTL1 extraction 
and shortens 53BP1 retention time directly by contributing to 
53BP1 removal from DSB sites. Consistent with this hypothesis, we 
observed that in NPL4-deficient cells the numbers of 53BP1 IRIF 
were comparable at both short and long time points after IR 
(Fig. 5, D to G). We further tested this hypothesis in L3MBTL1-
depleted cells. We knocked down endogenous L3MBTL1 in PC-3 
cells using two independent gene-specific small interfering RNAs 
(siRNAs). As expected, L3MBTL1 knockdown increased 53BP1 
IRIF formation specifically at 20 min but not at longer time points 
(1, 4, and 8 hours) after IR (fig. S4, F to I). Depletion of NPL4 no 
longer affected 53BP1 recruitment to DSB sites at earlier time points 
(20 min and 1 hour) but was still able to prolong 53BP1 retention at 
DSB sites in L3MBTL1-deficient PC-3 cells at 4 to 8 hours after IR, 
and a similar effect was observed for SPOP F133V mutant but not 
SPOP WT (Fig. 5, H to K). In agreement with the time point–
dependent differential influence of NPL4 on chromatin occupancy 
of L3MBTL1 and 53BP1, immunodepletion showed that approxi-
mately 33% of NPL4 bound to L3MBTL1, but much less (approxi-
mately 10%) NPL4 bound to 53BP1 at the early time point (1 hour) 
of IR (Fig. 5, L and M). Together, our data suggest that SPOP regu-
lates 53BP1 retention at DSB sites by promoting 53BP1 interaction 
with the VCP/p97 cofactor NPL4.

Prostate cancer–derived SPOP mutants impair DSB end 
resection and promote chromosomal instability
Consistent with the prolonged retention of 53BP1 at DSB sites in 
SPOP-mutated cells, expression of SPOP mutants F102C and F133V 
significantly increased the number of IRIF for SHLD2, a compo-
nent of the shieldin complex (Fig. 6, A to C) (11–13). In contrast, 
the numbers of RPA2, BRCA1, 5-bromo-2′-deoxyuridine (BrdU), 
and RAD51 IRIF were markedly reduced in SPOP-mutated cells 
(Fig. 6, D to I, and fig. S5, A to F), suggesting that SPOP mutations 
inhibit DSB end resection by increasing the DSB site occupancy of 
53BP1 and associated factors like the shieldin complex.

In a large cohort of patients with prostate cancer (36), mutations 
in the SPOP gene and in other HR pathway genes, such as in BRCA1, were 
mutually exclusive (fig. S5G), which is consistent with our data 
showing that SPOP is an HR-promoting factor. Analysis of another 
whole-genome sequencing dataset that we generated from patients 
with prostate cancer (47) showed that tumors with SPOP mutations 
displayed higher overall copy number alteration (CNA) burden and 
nonsynonymous single-nucleotide variations than WT SPOP tumors 
(Fig. 6J). Notably, SPOP mutations correlated with intrachromo-
somal structural variations (e.g., deletions, inversions, and tandem 
duplications) but not with interchromosomal structure variations 
such as balanced interchromosomal rearrangements (Fig. 6K). 
Similar results were obtained in the large The Cancer Genome Atlas 
cohort of patients with prostate cancer (fig. S5, H and I). In agreement 
with these data from patients, CPT treatment of SPOP F133V-
expressing benign prostatic epithelial BPH1 cells led to a marked 
increase in the number of intrachromosomal breaks per cell, which 
was largely reversed by 53BP1 co-KO (Fig. 6, L and M, and fig. S5, 
J and K). Therefore, prostate cancer–associated SPOP mutations 
impair DSB end resection and promote chromosomal instability.

DISCUSSION
A lot is understood about the role of 53BP1 in DNA repair pathway 
selection—NHEJ versus HR before 53BP1 chromatin recruitment 
(fig. S6)—through shieldin complex–dependent antagonization of 
DNA end resection and inhibition of HR (8, 11–13, 31). The mecha-
nisms underlying posttranslational modification–mediated recruit-
ment of 53BP1 to DSB sites are also well understood (6, 7). Notably, 
53BP1 is excluded from DSB sites during the G1-S transition of the 
cell cycle, while BRCA1 recruitment is elevated (5), implying a tem-
poral NHEJ-to-HR switch after chromatin engagement of 53BP1. 
H4K20 methylation level and status affect 53BP1 binding and direct 
the choice of repair pathway (21, 22). However, the molecular 
mechanism underlying this transition from NHEJ to HR had not been 
fully elucidated. In the present study, we demonstrate that SPOP 
interacts with 53BP1 at the endogenous level. We further show that 
SPOP-53BP1 interaction is enhanced in response to DNA damage 
by ATM-dependent phosphorylation of SPOP that creates a new 
binding interface with 53BP1. Our data also reveal that SPOP binds 
to 53BP1 primarily in S phase of the cell cycle and that their inter-
action promotes K29-linked polyubiquitination of 53BP1. Modified 
53BP1 interacts with the ubiquitin-recognizing protein NPL4 that 
leads to 53BP1 extraction from DSB sites by the VCP/p97-NPL4 
segregase complex, resulting in the selection of HR over NHEJ after 
chromatin engagement of 53BP1 (i.e., postcommitment choice of 
HR, a less error-prone repair pathway than NHEJ) (fig. S7). Given 
its nondegradable nature, whether K29-linked polyubiquitinated 
53BP1 can be recycled warrants further investigation. Thus, our find-
ings provide a mechanistic explanation as to how SPOP functions as 
a pro-HR factor that likely fosters genomic stability by minimizing 
the transmission of DNA lesions from parental to daughter cells during 
DNA replication. We show that cancer patient–derived SPOP mu-
tations impair DNA end resection and induce chromosomal insta-
bility, strongly suggesting that genomic instability in SPOP-mutated 
cells results from lack of selection of HR due to inefficient exclusion 
of 53BP1 from DSB sites during S phase (fig. S7).

It has been reported that endogenous SPOP binds ATM and that 
this interaction is enhanced in response to DNA damage (29). It was, 
however, not known whether SPOP was a phosphorylation substrate 
of ATM, and if so, which residues were phosphorylated by ATM 
(29). We showed that SPOP is phosphorylated by ATM at S119 in 
the MATH domain. We discovered that conversion of S119 to as-
partate (S119D) altered the conformation of SPOP, resulting in 
strengthened SPOP-53BP1 interaction and enhanced 53BP1 poly-
ubiquitination to a level comparable to that induced by DNA damage. 
Similar results were obtained for S119E, another phosphomimetic 
residue. Furthermore, the S119D or S119E mutations facilitated 
53BP1 displacement from DSB sites. Conversely, mutation of S119 
to the uncharged asparagine residue (S119N), which often occurs in 
patients with prostate cancer, promoted 53BP1 retention at DSB 
sites. To our knowledge, this finding is an unprecedented example 
where phosphorylation of the substrate-binding domain of an E3 
ubiquitin ligase, or a receptor domain in general, regulates its bind-
ing with a substrate.

The ubiquitin-selective segregase VCP/p97 is known to associate 
with monoubiquitin or K29-, K63-, and K48-linked polyubiquitin 
chains through various cofactors including NPL4, UDF1, and p47 
(48). Previous studies had shown that VCP/p97-NPL4 promotes 
initial DSB recruitment of 53BP1 at 1 hour after DNA damage via 
NPL4-dependent removal of L3MBTL1 that blocks 53BP1 binding 
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Fig. 6. SPOP mutants impair DNA end resection and chromosomal stability. (A to I) PC-3 cells infected with EV or lentivirus expressing SPOP mutant F102C or F133V 
were treated with IR. At each time point after IR, the cells were harvested for IFC with antibodies for SHLD2 (B), RPA2 (D), and BRCA1 (G). The average 53BP1 foci number 
(B, E, and H) and foci density (C, F, and I) in each cell were quantified. Scale bars, 10 M. Data are presented as means ± SEM of more than 300 cells from three biological 
replicates. ***P < 0.001. (J and K) Comparison of CNA burden and nonsynonymous single-nucleotide variation (nsSNV) frequencies per genome between SPOP mutant 
patients (red bars) and SPOP WT patients (green bars) (J). Comparison of frequencies of structural variations between SPOP mutant patients (red bars) and SPOP WT pa-
tients (green bars) (K). P values were calculated using two-sided Wilcoxon rank sum test. (L and M) Control (sgControl) or 53BP1 KO (sg53BP1) BPH1 cells infected with 
lentivirus expressing EV or SPOP F133V mutant were treated with vehicle (DMSO) (L) or CPT (1 M) for 24 hours (M). Cells were harvested for karyotyping, and chromo-
some breaks of more than 300 cells from three biological replicates in each group were counted and quantified.
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to chromatin (49). In agreement with these findings, we also ob-
served that NPL4 deficiency decreased initial recruitment of 53BP1 
at DSB sites. To our surprise, decreased expression of NPL4 para-
doxically increased 53BP1 occupancy at DSB sites during the repair 
stage of DNA damage, implying that NPL4 plays a dual role in reg-
ulating both 53BP1 initial recruitment and retention at DSB sites. In 
NPL4-deficient cells, the numbers of 53BP1 IRIF were comparable 
at both short and long time points after IR. We further showed that 
NPL4 knockdown increased 53BP1 retention but did not decrease 
53BP1 initial recruitment at DSB sites in L3MBTL1-depleted cells. 
Furthermore, we uncovered that NPL4 preferentially binds L3MBTL1 
over 53BP1 at the acute phase of DNA damage, suggesting that less 
amount of NPL4 is available for 53BP1 binding during the initial 
stage of DNA repair. In contrast, more NPL4 is available for 53BP1 
binding and eviction at the late stage of DNA repair when L3MBTL1 
has been removed. On the basis of our findings, we envision a model 
where SPOP promotes K29-linked polyubiquitination of 53BP1, 
which triggers 53BP1 interaction with NPL4 and subsequent evic-
tion of 53BP1 from DSB sites by the VCP/p97-NPL4 complex at the 
late stage of DNA repair when more NPL4 proteins are available 
(fig. S7). Our model is also consistent with reports that the zinc finger 
motif (NZF) in NPL4 and other related proteins is a ubiquitin-binding 
domain that specifically recognizes K29- and K33-linked ubiquitin 
chains (50).

In summary, our work reveals a hitherto unrecognized role of 
SPOP in mediating postcommitment choice of the less error-prone 
DNA repair route by favoring HR through induction of 53BP1 
polyubiquitination and exclusion from DSB sites. We show that 
SPOP is abundantly expressed and has the highest-level interaction 
with 53BP1 during S phase, which correlates with increased K29-
linked polyubiquitination and extraction of 53BP1 at this stage of 
the cell cycle. Our study introduces SPOP as an HR-promoting fac-
tor and provides a molecular mechanism for how 53BP1 is excluded 
from damaged chromatin in S phase, thereby promoting HR DSB 
repair. These findings suggest that akin to patients with cancer harbor-
ing mutations in other HR pathway genes like BRCA1 (51), those 
with SPOP mutations may also benefit from DNA repair defect–targeted 
therapies including poly(adenosine diphosphate ribose) polymerase 
(PARP) inhibition.

MATERIALS AND METHODS
Antibodies and chemicals
The following antibodies were used: SPOP (ab137537, Abcam), 
SPOP (16750-1-AP, Proteintech), SRC3 (611104, BD Biosciences), 
BRD4 (13440S, Cell Signaling Technology), DEK (13962S, Cell Sig-
naling Technology), Myc (9E10, Sigma-Aldrich), Myc (sc-40, Santa 
Cruz Biotechnology), FLAG (M2, Sigma-Aldrich), HA (MM5-101R, 
Convance), His (sc-8036, Santa Cruz Biotechnology), 53BP1 
(MAB3804, Millipore), 53BP1 (ab36823, Abcam), CtIP (sc-271339, 
Santa Cruz Biotechnology), PTIP (sc-293322, Santa Cruz Bio-
technology), Ku80 (2753S, Cell Signaling Technology), BRCA1 
(sc-642, Santa Cruz Biotechnology), RPA2 (ab2175, Abcam), RAD51 
(ab88572, Abcam), SHLD2 (PA5-39363, Thermo Fisher Scientific), 
BrdU (ab6326, Abcam), -H2AX (9718S, Cell Signaling Technology), 
-H2AX (80312S, Cell Signaling Technology), phospho-RB (9301S, Cell 
Signaling Technology), phosphor-S/T (612548, BD), -tubulin 
(2128S, Cell Signaling Technology), ATM (sc-135663, Santa Cruz 
Biotechnology), L3MBTL1 (sc-166905, Santa Cruz Biotechnology), 

NPL4 (sc-365796, Santa Cruz Biotechnology), p47 (sc-365215, Santa 
Cruz Biotechnology), FAF1 (sc-393965, Santa Cruz Biotechnology), 
DVC1 (sc-377265, Santa Cruz Biotechnology), p97 (sc-133212, 
Santa Cruz Biotechnology), cyclin A (sc-271682, Santa Cruz Bio-
technology), cyclin B (sc-245, Santa Cruz Biotechnology), cyclin E 
(ab7959, Abcam), p53 (SC-126, Santa Cruz Biotechnology), and p21 
(2946, Cell Signaling Technology). The following chemicals were used: 
KU-55933 (ATM inhibitor), VE-822 (ATR inhibitor), AZD7762 
(CHK1 inhibitor), and GSK1120212 [mitogen-activated protein kinase 
kinase 1 (MEK1)/MEK2 inhibitor] from Selleckchem; MK-1775 
(WEE1 inhibitor) from BioVision; nocodazole from Sigma-Aldrich; 
CPT from MP Biomedicals LLC; and MG132 (proteasome inhibitor) 
from EMD Chemicals.

Plasmids and mutagenesis
Expression vectors for SPOP-WT or mutants were described previously 
(25, 28). The HA-53BP1 construct was obtained from Z. Lou (Mayo 
Clinic). The green fluorescent protein (GFP)–53BP1 construct was 
purchased from Addgene (no. 60813). HA-53BP1 mutants were 
generated using the KOD Plus Mutagenesis Kit (TOYOBO) and 
following the manufacturer’s instructions. LenticrisprV2 plasmid 
(no. 52961) was purchased from Addgene (USA).

Cell culture, transfection, and lentivirus infection
PC-3, U2OS, and 293T cells were obtained from the American Type 
Culture Collection. BPH1 cells were provided by S. Hayward. 293T 
and U2OS cells were maintained in Dulbecco’s modified Eagle’s 
medium with 10% fetal bovine serum (FBS), while PC-3 and BPH1 
cells were maintained in RPMI medium with 10% FBS. Cells were 
transiently transfected using Lipofectamine 3000 (for plasmid 
transfection) or Lipofectamine RNAiMAX (for siRNA transfection) 
(Thermo Fisher Scientific) according to the manufacturer’s instructions. 
pTsin-HA-SPOP-F133V mutant expression or lenticrisprV2-53BP1 
or lenticrisprV2-NPL4 and virus packing constructs were transfected 
into 293T cells. Virus supernatant was collected 48 hours after 
transfection. PC-3, U2OS, and BPH1 cells were infected with viral 
supernatant in the presence of polybrene (8 g/ml) and were then 
selected in growth media containing puromycin (1.5 g/ml). All the 
cell lines used have been tested and authenticated by karyotyping, 
and prostate cancer cell lines have also been authenticated by exam-
ining SPOP mutation status. Plasmocin (InvivoGen) was added to 
cell culture media to prevent mycoplasma contamination. Mycoplasma 
contamination was tested regularly using the LookOut Mycoplasma 
PCR Detection Kit from Sigma-Aldrich.

RNA interference and sgRNA-mediated gene deletion
Nonspecific control siRNA and siRNAs for CtIP, 53BP1, and 
L3MBTL1 were purchased from GE Dharmacon. The sequences of 
siRNA oligos are as follows: si-CtIP#1 5′-GCUAAAACAGGAAC-
GAAUC-3′ and si-CtIP#2 5′-UCCACAACAUAAUCCUAAU-3′; 
si-53BP1#1 5′-GAGCUGGGAAGUAUAAAUU-3′ and si-53BP1#2 
5′-GGACUCCAGUGUUGUCAUU-3′; and si-L3MBTL1#1 
5′-GUGGAGGACCAUCGGAUAA-3′ and si-L3MBTL1#2 
5′-AAUCAUACCAGAACGUCUA-3′.

siRNA transfection of cells was performed following the manu-
facturer’s instructions. The sequences of sgRNAs are as follows: 
sgSPOP#1 5′-CACCGCAAGCTTACCCTCTTCTGCG-3′ and 
sgSPOP#2 5′-CACCGGTCATCAGGGAGAAGCCCGT-3′; 
sg53BP1#1 5′-CACCGTCCAATCCTGAACAAACAGC-3′ and 
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sg53BP1#2 5′-CACCGGGGGAGCAGATGGACCCTAC-3′; sgNPL4#1 
5′-CACCGGTACTTATACGGACGGTACA-3′ and sgNPL4#2 
5′-CACCGTTTAGATAGTCCTCATCGAA-3′; sgBRCA1#1 
5′-CACCGTGGTCACACTTTGTGGAGAC-3′ and sgBRCA1#2 
5′-CACCGTGCTAGTCTGGAGTTGATCA-3′; sgSpop#1 5′-CACCGT
GCCGGTTGGCAGATGAGTT-3′ and sgSpop#2 5′-CACCGTTC-
GTGCAAGGCAAAGACTG-3′; and sg53bp1#1 5′-CACCGTGACGCG 
GGTGACGAGTGTA-3′ and sg53bp1#2 5′-CACCGCAGAT-
GTTTATTATGTGGAT-3′.

Coimmunoprecipitation
To immunoprecipitate the ectopically expressed FLAG- or HA-tagged 
proteins, transfected cells were lysed 24 hours after transfection in 
BC100 buffer. The whole-cell lysates were immunoprecipitated 
with the monoclonal anti-FLAG antibody-conjugated M2 agarose 
beads (Sigma-Aldrich) or HA primary antibody plus protein A/G 
beads at 4°C overnight. After three washes with lysis buffer, followed 
by two washes with BC100 buffer, the bound proteins were eluted 
using FLAG-Peptide (Sigma-Aldrich) prepared in BC100 for 3 hours 
at 4°C or boiled in 1× LDS (lithium dodecyl sulfate) sample buffer. 
The eluted protein sample was resolved by SDS–polyacrylamide gel 
electrophoresis (PAGE). To immunoprecipitate the endogenous 
proteins, cells were lysed with 1× cell lysis buffer (Cell Signaling 
Technology), and the lysate was centrifuged. The supernatant was 
precleared with protein A/G beads (Sigma-Aldrich) and incubated 
with indicated antibody and protein A/G beads at 4°C overnight. 
Beads were washed five times with lysis buffer and resuspended in 
sample buffer and analyzed by SDS-PAGE.

In vivo ubiquitination assay
For in vivo ubiquitination assay, 293T cells transfected with plasmids 
for HA-Ub or FLAG-Ub, FLAG-53BP1, or HA-53BP1 and other 
indicated constructs. Cells were harvested and lysed with lysis buffer 
[50 mM tris-HCl (pH 7.5), 150 mM NaCl, 1% NP-40, 0.5% sodium 
deoxycholate, and 1× protease inhibitor cocktail]. The lysate was sub-
jected to co-IP using anti-FLAG–conjugated agarose beads or HA 
primary antibody plus protein A/G beads as described in co-IP assay. 
For analysis of chromatin-bound ubiquitinated 53BP1, cells were lysed 
using a subcellular protein fractionation kit purchased from Thermo 
Fisher Scientific. Cell lysates were subjected to IP and Western 
blot analysis.

Western blot
Cell lysates or immunoprecipitant was subjected to SDS-PAGE, and 
proteins were transferred to nitrocellulose membranes (GE Healthcare 
Sciences). The membranes were blocked in tris-buffered saline (TBS; 
pH 7.4) containing 5% nonfat milk and 0.1% Tween 20, washed twice in 
TBS containing 0.1% Tween 20, and incubated with primary antibody 
overnight at 4°C, followed by secondary antibody for 1 hour at room 
temperature. The proteins of interest were visualized using an enhanced 
chemiluminescence system (Thermo Fisher). Densitometry analysis of 
protein bands was performed using the Gel-Pro Analyzer software.

HR and NHEJ reporter assay
Cells were transfected with siControl, siCtiP or si53BP1, Tsin-HA 
vector, or Tsin-HA-SPOP-F133V separately, and with combina-
tions of HR (pDR-GFP)– or NHEJ (pPEM1-Ad2-EGFP)–reporter 
constructs and an expression vector for the restriction enzyme I-Sce 
I. All plasmids used in the GFP-reporter assay were a gift of Z. Lou 

(Mayo Clinic). U2OS cells integrated with a DR-GFP cassette as re-
ported previously (39) were used to analyze chromosomal HR effi-
ciency. The GFP expression induced by the positive control plasmid 
was used to normalize the electroporation efficiency. Cells were grown 
for 48 hours and processed for further flow cytometry analysis.

CSR assay
CH12F3-C2 murine B cell line was provided by X. Wu from Mayo 
Clinic (38). Cells were treated with purified anti-murine CD40 Ab 
(2 mg/ml; BD Biosciences), recombinant murine interleukin-4 
(10 ng/ml; R&D Systems), and recombinant human transforming 
growth factor– (1 ng/ml; R&D Systems) for 72 hours. Cells were 
stained with PE (phycoerythrin)-conjugated anti-murine immunoglobu-
lin A (IgA) clone 1144-2 (12-5994-82 from eBioscience) and fluorescein 
isothiocyanate–conjugated anti-murine IgM (11-5890-82 from 
eBioscience) using Cytofix/Cytoperm buffer and washed with 
permeabilization/wash buffer (BD Biosciences) before analyzed by 
flow cytometry.

Immunofluorescent chemistry and foci quantification
Cells were seeded on 13-mm glass coverslips. The samples were 
washed once in ice-cold phosphate-buffered saline (PBS) and fixed 
with 4% formaldehyde in PBS for 15 min at room temperature. The 
samples were permeabilized in 0.5% Triton in PBS for 15 min be-
fore incubation with primary antibodies for 1 to 2 hours depending 
on the antibody. The samples were subsequently incubated with 
secondary fluorescence-coupled antibodies for 1 hour. The covers-
lips were washed at least three times after antibody incubation. In-
cubations with antibodies were done in 3% bovine serum albumin 
in PBS-T (0.01% Tween 20 in PBS), and all washes were performed 
with PBS-T. Samples were stained with 4′,6-diamidino-2-phenylindole 
at 10 mg/ml for 5 min before being mounted on glass slides and 
visualized using a fluorescence microscope. Depending on the ex-
periment, DNA damage foci were either counted manually or quan-
tified using the Image-Pro software. For each cell line analyzed with 
Image-Pro, 10 randomly picked photographs that included more 
than 200 cells were used to standardize foci counting and integra-
tion of optical density. This approach was used to analyze approxi-
mately 300 cells for each series of experiments. Cyclin A–positive 
53BP1 foci were selected and analyzed using Image-Pro.

Cell synchronization
For synchronization, PC-3 cells were treated with nocodazole 
(100 ng/ml) for 12 hours and were released into regular medium. 
At the indicated time points after releasing, cells were harvested for 
cell cycle profiling, Western blot, and co-IP analyses.

Karyotype analysis
BPH1 cells were treated with 1 M CPT for 24 hours and colcemid 
for 45 min before harvest. Cells were washed two times in PBS and then 
resuspended in 0.075 M KCl at 37°C for 8 min. Cells were fixed with 
fixative (3:1 methanol:glacial acetic acid) twice, for 15 min each time. 
Small drops of cell suspension were dropped onto slide surface and stained 
with Diff-Quik staining for 1 min. About 100 cells with well-spread 
chromosomes were photographed, analyzed, and counted for breaks.

Protein and peptide preparation and purification
SPOP-MATH (residues 28 to 164) WT and S119D, S119A and 
S199N mutants and 53BP1 (residues 1606 to 1656) were cloned in a 
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pET-based expression vector with an N-terminal His6 tag cleavable 
by PreScission protease. Two extra residues, Gly and Trp, were in-
cluded at the C terminus of 53BP1 for protein quantification by ultra-
violet light absorbance. The five proteins were expressed in BL21 
(DE3) cells grown in appropriate media (LB media, 15N-enriched 
M9 media, or 13C-,15N-enriched 9 media) at 37°C to OD600 (optical 
density at 600 nm) 0.6 and then at 15°C for 16 hours following in-
duction with isopropyl--d-thiogalactoside (final concentration, 
0.5 mM). The harvested cells were lysed with a microfluidizer (Avestin 
Emulsiflex C5). The proteins were purified by Ni2+–nitrilotriacetic 
acid agarose chelation chromatography (QIAGEN) and incubated 
with PreScission protease overnight at 4°C to cleave the His6 tag. 
The proteins were further purified by size exclusion chromatogra-
phy using a HiLoad 16/60 Superdex 75 column (GE Healthcare). 
The 53BP1 SBM synthetic peptide (residues 1636 to 1650) was pu-
rified by reversed-phase chromatography using a Jupiter 5-m C18 
300 preparative column (Phenomenex).

NMR spectroscopy
All NMR spectra were recorded using a 700-MHz Bruker Avance III 
spectrometer equipped with a cryogenically cooled triple-resonance 
probe. NMR samples were prepared in 10 mM Na2HPO4/1.76 mM 
KH2PO4 (pH 6.0), 50 mM NaCl, 2.7 mM KCl, and 5 mM dithiothreitol 
(DTT). A 0.9 mM 13C-, 15N-labeled 53BP11606–1656 sample was used 
for the backbone resonance assignments. Assignments were obtained 
from a series of standard NMR experiments including 2D 1H-15N 
HSQC, 3D HBCACB, 3D CBCA(CO)NH, 3D HNCO, 3D HN(CA)
CO, 3D HBHA(CO)NH, and 3D 15N-NOESY. For NMR-based 
titration assays, 15N-labeled 53BP11606–1656 and 15N-labeled SPOP 
MATH were at a concentration of 0.2 mM. The unlabeled protein 
stock solutions used for the titrations were at concentrations of 6 mM 
(53BP11606–1656) and 5.4 mM (SPOP MATH). The titrations of 
15N-labeled 53BP11606–1656 and 15N-labeled SPOP MATH were done 
at 4° and 25°C, respectively. The NMR data were processed with 
NMRpipe (52) and analyzed with NMRViewJ (53).

X-ray crystallography
Crystals were grown by the hanging drop method, mixing 2 l of the 
protein sample in 20 mM tris-HCl (pH 7.6), 150 mM NaCl, 5 mM 
DTT, and 2 l of the reservoir solution for the drop. The reservoir 
solution was 0.5 ml. Crystallization plates were kept at 22°C. Crystals of 
apo SPOP MATH were obtained using protein sample (24 mg/ml) 
and reservoir solution 1 [0.1 M sodium citrate tribasic dihydrate 
(pH 5.6), 0.2  M (NH4)2SO4, and 1  M Li2SO4]. Crystals of SPOP 
MATH-53BP1 peptide complex were obtained using a protein sam-
ple (24 mg/ml) with a 1:5 protein:peptide molar ratio, and reservoir 
solution 1. For the SPOP MATH and SPOP MATH-53BP1 peptide 
structures, we used a D140G mutation in SPOP that facilitates crys-
tallization (32). Crystals of SPOP MATH S119D-53BP1 peptide 
complex were obtained using protein solution (20 mg/ml) contain-
ing peptide with a 1:5 protein:peptide molar ratio, and reservoir 
solution 2 [2 M (NH4)2SO4]. Crystals of SPOP MATH S119A were 
obtained using protein solution (20 mg/ml) and reservoir solution 3 
[0.2 M (NH4)2SO4, 0.1 M bis-tris (pH 6.5), and 25% (w/v) polyethylene 
glycol, molecular weight 3350]. Crystals of SPOP MATH S119A 
were cryoprotected with 30% (v/v) glycerol, while all other crystals 
were cryoprotected with 25% (w/v) xylitol, prepared from the re-
spective reservoir solutions, and quick-frozen with liquid nitrogen. 
X-ray diffraction data were collected at the19-BM or 19-ID beamline of 

the Advanced Photon Source, Argonne National Laboratory, IL, us-
ing one crystal for each sample. For apo and 53BP1 peptide-bound 
SPOP crystals, the corresponding space groups were C 1 2 1 and C 
2 2 21, with one molecule or complex in the asymmetric unit. Crystals of 
53BP1 peptide-bound SPOP MATH S119D were in the P 41 21 2 
space group, with two complexes in the asymmetric unit. Crystals of 
SPOP MATH S119A were in the P61 2 2 space group with one mol-
ecule in the asymmetric unit. Diffraction data were indexed, inte-
grated, and scaled with HKL2000. Initial phases for the SPOP-53BP1 
peptide complex were obtained by molecular replacement using the 
atomic coordinates in Protein Data Bank entry 3HQM as a search 
model in PHENIX (54). Using the final coordinates of SPOP-53BP1 
above as search model for molecular replacement, the initial phases 
of SPOP S119D-53BP1 peptide complex was obtained. Using the 
same SPOP-53BP1 coordinates above but without the peptide chain 
as search model for molecular replacement, the initial phases of apo 
SPOP and S119A were obtained. Models were built and refined 
iteratively in COOT (55) and in PHENIX. Statistics of the final 
structures are shown in table S1. Molecular representations were 
generated with PyMOL (The PyMOL Molecular Graphics System, 
versions 1.8.0.6 and 2.1 Schrödinger LLC).

Isothermal titration calorimetry
The titrations were performed using a MicroCal iTC200 instrument 
(Malvern) with the SPOP MATH domain proteins (WT and mu-
tants) and 53BP1 peptide dissolved in 25 mM tris-HCl (pH 7.5), 
100 mM NaCl. Each ITC run was performed at 10°C with SPOP 
MATH in the reaction cell at a concentration of 100 M and the 
53BP1 peptide in the injection syringe at concentrations of 2 to 4 mM. For 
each run, there were 19 injections with a volume of 2 l and a dura-
tion of 4 s. Injection spacing was 3 min and the stirring speed rate 
was 750 rpm. Data were analyzed using a one-site model with 
Levenberg-Marquardt nonlinear regression programmed in the 
Origin 7.0 software (OriginLab).

Differential scanning fluorimetry with SYPRO Orange
The differential scanning fluorimetry measurements were carried 
out using a Bio-Rad CFX96 Touch Real-Time PCR system in 96-well 
plates and a reaction volume of 50 l. The SPOP MATH protein 
constructs (WT, S119A, and S119D) were at a concentration of 
30 M in 50 mM sodium phosphate buffer (pH 7.5), 300 mM NaCl. 
The SYPRO Orange dye (Sigma-Aldrich) was used at a concentra-
tion of 10×. The temperature was continuously increased from 25° 
to 95°C at 1°C/min. The fluorescence intensity was measured every 
minute. Three replicate measurements were performed.

Analysis of copy number variations, somatic mutations, 
and structure variations in prostate cancer 
patient specimens
Whole-genome high-throughput sequencing data from 65 paired 
tumors and matched adjacent benign tissues from primary prostate 
cancer patient samples reported previously (47) were analyzed as 
described for copy number variations (CNAs), somatic mutations, 
and structure variations.

Statistical analysis
All data are shown as mean values ± SD or mean values ± SEM for 
experiments performed with at least three replicates. The difference 
between two groups was analyzed using paired Student’s t test 
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unless otherwise specified. A P value less than 0.05 is considered 
statistically significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/25/eabd9208/DC1

View/request a protocol for this paper from Bio-protocol.
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