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ABSTRACT 

The 53BP1-dependent end-joining pathway plays a 

critical role in double-strand break (DSB) repair. 
Ho we ver, the regulator s of 53BP1 in chromatin re- 
main incompletely characterized. In this study, we 

identified HDGFRP3 (hepatoma-derived growth fac- 
tor related protein 3) as a 53BP1-interacting pro- 
tein. The HDGFRP3–53BP1 interaction is mediated 

by the PWWP domain of HDGFRP3 and the Tudor 
domain of 53BP1. Importantly, we observed that the 

HDGFRP3–53BP1 complex co-localizes with 53BP1 

or �H2AX at sites of DSB and participates in the re- 
sponse to DNA damage repair. Loss of HDGFRP3 im- 
pairs classical non-homologous end-joining repair 
(NHEJ), curtails the accumulation of 53BP1 at DSB 

sites, and enhances DNA end-resection. Moreover, 
the HDGFRP3–53BP1 interaction is required for cN- 
HEJ repair, 53BP1 recruitment at DSB sites, and in- 
hibition of DNA end resection. In addition, loss of 
HDGFRP3 renders BRCA1-deficient cells resistant 
to PARP inhibitors by facilitating end-resection in 

BRCA1 deficient cells. We also found that the interac- 
tion of HDGFRP3 with methylated H4K20 was dramat- 
ically decreased; in contrast, the 53BP1-methylated 

H4K20 interaction was increased after ionizing ra- 
diation, which is likely regulated b y pr otein phos- 
phorylation and dephosphorylation. Taken together, 
our data reveal a dynamic 53BP1-methylated H4K20–
HDGFRP3 complex that regulates 53BP1 recruitment 
at DSB sites, pr o viding new insights into our under - 
standing of the regulation of 53BP1-mediated DNA 

repair pathway. 

INTRODUCTION 

DNA double-strand breaks (DSBs) are highly toxic lesions 
that form when both strands of the DNA duplex are dis- 

rupted sim ultaneousl y. Generall y, DSBs ar e r epair ed by two 

major pathways: non-homologous end joining (NHEJ) and 

homologous recombination (HR) ( 1 ). Studies show that 
BRCA1 or BRCA2 dysfunction profoundly sensitize cells 
to poly-ADP ribose polymerase (PARP) inhibitors (PARPi) 
due to HR repair defects in BRCA1 or BRCA2-deficient 
cancer cells ( 2–5 ). Unexpectedly, the loss of 53BP1 renders 
BRCA1-deficient cancer cells resistant to PARPi and ion- 
izing radiation (IR) treatment ( 6 , 7 ), indicating that loss of 
53BP1 expression is at least one determinant for how ther- 
apeutic resistance may arise in BRCA-mutated cancers. 

53BP1 is an important mediator and effector of the DSB 

response ( 8 ). It contains 28 N-terminal SQ / TQ sites, a mid- 
dle tandem Tudor domain, a ubiquitination-dependent re- 
cruitment (UDR) motif, and C-terminal BRCA1 carboxyl- 
terminal (BRCT) repeats ( 9 ). Recent studies demonstrated 

that 53BP1 is a key determinant of DSB repair pathway 

choice ( 6 , 7 ). Although 53BP1 has no apparent enzymatic 
activity, it contains interaction surfaces for numerous DSB- 
responsi v e proteins. We and others recently reported that 
mechanistically 53BP1 acts as an adaptor protein that con- 
trols two downstream sub-pathways: (i) one mediated by 

PTIP and Artemis ( 10 , 11 ); and (ii) the other mediated 

by RIF1 ( 12–16 ) and the downstream effectors MAD2L2 

( 17 , 18 ) / Shieldin complex ( 19–23 ), and the recently identi- 
fied ASTE1 ( 24 ), to coordinate DSB repair pathway choices 
in BRCA1-deficient cells. 

It is well known that the Tudor domain of 53BP1 inter- 
acts with H4K20me2, which is critical for 53BP1 recruit- 
ment to DSBs ( 25 , 26 ). Although the role of H4K20me2 in 

the recruitment of 53BP1 and the requirement of the 53BP1 

tandem Tudor domain are well established ( 27 , 28 ), the un- 
derlying mechanism is still unclear. Even though nucleo- 
somes are already highly dynamic structures that permit 
protein access e v en to buried sites of chromatin ( 29 ), the 
high abundance of H4K20me2 in cells indicates that this 
mark is usually not accessible to 53BP1 ( 30 ). One would as- 
sume that additional mechanisms must be responsible for 
exposure of H4K20me2. Indeed, Mallette et al. showed that 
RNF8-media ted degrada tion of JMJD2A is r equir ed to ex- 
pose H4K20me2 for the recruitment of 53BP1 to DNA 

* To whom correspondence should be addressed. Tel: +1 216 445 9652; Email: gongz@ccf.org 

&copy; The Author(s) 2023. Published by Oxford University Press on behalf of Nucleic Acids Research. 
This is an Open Access article distributed under the terms of the Creati v e Commons Attribution License (http: // creati v ecommons.org / licenses / by / 4.0 / ), which 
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited. 

https://orcid.org/0000-0003-0075-6871
https://orcid.org/0000-0002-8916-6650
https://orcid.org/0000-0002-8008-0615


Nucleic Acids Research, 2023, Vol. 51, No. 5 2239 

damage sites ( 31 ). In addition, RNF168 and RNF8 pro- 
mote VCP (the AAA-ATPase valosin-containing protein)- 
mediated displacement of L3MBTL1 to allow efficient 
binding of 53BP1 to H4K20me2 ( 32 , 33 ). Conversely, we 
and others r ecently r eported that TIRR (Tudor-Interacting 

R epair R egula tor) associa tes with and stabilizes 53BP1 and 

pre v ents 53BP1 localization to sites of DNA damage by 

blocking its H4K20me2-binding sites ( 34–38 ). 
In this study, we identified HDGFRP3 (hepatoma- 

deri v ed growth factor-related protein 3) as a 53BP1- 
associated protein in the chromatin fraction. HDGFRP3 

belongs to the hepatoma-deri v ed growth factor (HDGF) 
related protein (HDGFR) family ( 39 ). All HDGFR 

family members have a highly conserved PWWP do- 
main ( 40 ), which has been described as a potential his- 
tone methylation reader ( 41 ). It has been reported that 
HDGFRP3 is an endothelial growth factor, and acti- 
va tes the ERK pa thway in endothelial cells ( 42 ), while 
the receptors on endothelial cells are yet to be validated. 
Mor eover, HDGFRP3 incr eases the basal le v el of ERK 

phosphoryla tion / activa tion and enhances the duration of 
EGF-media ted activa tion of ERK1 / 2 in hepatocellular car- 
cinomas cells ( 43 ), suggesting that HDGFRP3 may serve as 
a novel molecular target for treatment of hepatocellular car- 
cinomas. Here, we investigated the functional significance 
of the HDGFRP3–53BP1 interaction in the DNA repair 
process. 

MATERIALS AND METHODS 

Cell culture and plasmids 

HEK293T, MCF10A, MDA-MB-231, ES2, and U2OS cells 
wer e pur chased from the American Type Culture Collec- 
tion (AT CC) and cultur ed under conditions specified by 

the manufacturer. DR-GFP-U2OS, EJ5-GFP-U2OS and 

EJ7-GFP-U2OS cell lines were obtained from Jeremy Stark, 
Beckman Research Institute of the City of Hope , Duarte , 
CA. The DIvA cell line was obtained from Gaelle Legube, 
CNRS-Uni v ersity of Toulouse, France. The 53BP1 and 

HDGFRP3 cDNAs were subcloned into pDONR201 as 
an entry vector and subsequently transferred to gateway- 
compa tible destina tion v ectors for the e xpression of the 
triple-epitope tag SFB (S protein, FLAG, and streptavidin- 
binding peptide), HA, Myc, MBP and GST epitope fusion 

proteins. All deletion or point mutants were generated by 

site-directed mutagenesis and verified by DNA sequencing. 

Antibodies 

The 53BP1 antibody we generated was described previ- 
ously ( 11 , 15 ). The anti-FLAG M2 (#F3165), anti-RPA32 

(#SAB1406400), anti- �H2AX (#05-636), anti-Histone H3 

(#04-928), and anti- �-actin (#A5411) antibodies were pur- 
chased from MilliporeSigma. The anti-HDGFRP3 an- 
tibody was obtained from Assay Biotech (#C30644) 
and Proteintech (#12380-1-AP). The anti- � tubulin an- 
tibody (#2144S), anti-H2AX (#2595S), anti-GST anti- 
body (#2625S), anti-H4K20me1 antibody (#9724SS), anti- 
H4K20me3 antibody (#5737S), anti-PP2A antibody sam- 
ple kit (#9780T) and anti-53BP1 antibody (#4937S) were 
obtained from Cell Signaling Technology. The anti-CtIP 

antibody (#61141) was purchased from Acti v e motif. 
The anti-GAPDH antibody (#sc-47724) and anti-53BP1 

antibody (#sc-517281) were obtained from Santa Cruz. 
The anti-MBP antibody (#906901), anti-Rat 53BP1 anti- 
bod y (#933002), anti-Ra t Flag antibod y (#637301), Alexa 

Fluor ® 488 anti-PCNA (#307909), and Alexa Fluor ®
488 anti- �H2AX (#613405) wer e pur chased from BioLe- 
gend. The anti-HA antibody (#PI26183) was obtained from 

Thermo Fisher Scientific. The anti-H4K20me2 antibody 

was purchased from Diagenode (#C15200220). 

Immunofluorescence staining 

Cells grown on coverslips were mock-treated or irradiated 

with a JL Shepherd Cs137 and allowed to recover for differ- 
ent time points. Cells were pre-extracted for 5 min with CSK 

buffer (100 mM NaCl, 300 mM sucrose , 10 mM Pipes , pH 

6.8, 3 mM MgCl 2 ) with 0.5% Triton X-100, and then fixed 

in 4% paraformaldehyde solution for 10 min. Cells were in- 
cubated with primary antibodies diluted in 5% goat serum 

at room temperature for 2 h. Coverslips were washed and in- 
cubated with secondary antibodies for 1 h at room tempera- 
tur e. Cells wer e then stained with DAPI to visualize nuclear 
DNA. The coverslips were mounted onto glass slides with 

anti-fade solution and visualized using the Nikon Eclipse 
E800 fluorescence microscope. 

Co-immunoprecipitation and western blotting 

Cells were lysed with NTEN buffer (20 mM Tris–HCl, pH 

8.0, 100 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40) con- 
taining protease inhibitors, phosphatase inhibitors, 2 mM 

MgCl 2 and Benzonase at 4 

◦C for 30 min. Cleared cell lysates 
were incubated with either Pr otein A agar ose bead coupled 

with anti-HDGFRRP3 antibody, anti-53BP1 antibody, or 
streptavidin sepharose beads for 3 h at 4 

◦C. Beads were then 

washed and boiled in 2x Laemmli buffer and separated by 

SDS-PAGE. PVDF membranes were blocked in 5% milk in 

TBST buffer and then probed with the indicated antibodies. 

Isolation of chromatin fraction 

Cells were washed twice with PBS before resuspending in 

NTEN buffer supplemented with protease inhibitors and 

incubated on ice for 30 min. By centrifuging at 8,000 rpm 

for 5 min at 4 

◦C, nuclei were isolated, washed four times 
with low salt buffer (10 mM Tris, pH 7.4, 0.2 mM MgCl 2 ) 
and subsequentl y l ysed in chromatin extraction buffer (50 

mM Tris, pH 8.0, 300 mM NaCl, 1% NP40, 1 mM DTT) 
with protease inhibitors, and the cell suspension was soni- 
cated on ice. After ultracentrifugation, the supernatant was 
transferred to a new tube as the chromatin fraction. 

Recombinant protein production 

The GST proteins expressed in Esc heric hia coli were puri- 
fied by Glutathione Sepharose 4B beads and eluted by glu- 
ta thione buf fer (20 mM L -glutha thione, 50 mM Tris–HCl, 
pH 9.0). The MBP proteins expr essed in E. coli wer e puri- 
fied by amylose resin and eluted by maltose buffer (10 mM 

maltose; 20 mM Tris–HCl, pH 7.4; 200 mM NaCl; 1 mM 

EDTA; 10 mM �-mercaptoethanol). 
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Pull-down assays using bacterially expressed fusion proteins 

GST or MBP fusion proteins were expressed in E. coli and 

purified. GST-HDGFRP3 protein (10 �g) was immobilized 

on 20 �l glutathione Sepharose 4B beads in 500 �l NTEN 

buffer containing protease inhibitors, 2 mM MgCl 2 and 500 

U / ml Benzonase for 1 h a t 4 

◦C . The beads were collected 

by centrifugation and washed 3 times with NTEN buffer. 
MBP-53BP1 Tudor domain protein (10 �g) or lysates pre- 
pared from cells tr ansiently tr ansfected with plasmids en- 
coding the indicated proteins in NTEN buffer containing 

2 mM MgCl 2 and 500 U / ml Benzonase were added and 

incubated with beads for 3 h at 4 

◦C. The supernatant was 
removed, and the beads were washed 6 times with NTEN 

buffer. The resulting samples were subjected to SDS-PAGE 

and analyzed by western blotting. 

Peptide pull-down assays 

The biotinylated histone H4K20me peptide was incu- 
bated with bacterially expressed and purified protein of 
MBP-53BP1 Tudor domain, GST-HDGFRP3 or MBP- 
HDGFRP3 PWWP in TNB buffer [50 mM Tris–HCl (pH 

8.0), 150 mM NaCl, 0.05% NP40, 0.1% BSA]. After 4 h 

a t 4 

◦C , str eptavidin beads wer e added, and incubation was 
continued for 30 min at 4 

◦C. Beads were washed 6 times 
with TNB buffer, and boiled in 2x Laemmli buffer, and pro- 
teins were separated by SDS-PAGE. 

In situ proximity ligation assay (PLA) 

U2OS cells were cultured on coverslips, fixed with 4% 

paraf ormaldehyde f or 10 min and permeabilized with 0.5% 

Triton X-100 for 5 min, followed by 1 h in blocking buffer. 
For the visualization of protein interactions, samples were 
incubated with the primary antibodies for 1 h at room tem- 
perature. In situ PLA was performed according to the man- 
ufacturer’s protocol (Duolink ® Proximity Ligation Assay, 
Sigma) using PLA probe anti-mouse MINUS and PLA 

probe anti-rabbit PLUS. 
In order to visualize the protein co-localization at 

DSB sites, a combined PLA and immunofluorescence 
was performed. Briefly, the slides were incubated with an 

anti-rat 53BP1 antibody concomitantly with anti-rabbit 
HDGFRP3 and anti-mouse 53BP1 antibodies (for PLA). 
After washing, the slides were then incubated with an 

appropria te secondary antibod y, chicken anti-ra t-Alexa 

Fluor-488, concurrently with the PLA probes. Due to lack 

of host species for �H2AX other than rabbit and mouse, 
the Alexa-Fluor 488 (AF488) mouse �H2AX was used in 

the reaction to directly visualize the �H2AX foci coupled 

with PLA signals. 

CRISPR–cas9 gene-editing approach to generate 
HDGFRP3 knockout cells 

Sequence designs were chosen to target the HDGFRP3 

gene in the first few exons and were tested for obvious 
potential off-targets by bioinformatics analysis. Plasmids 
expressing short-guide RN As (sgRN As) were constructed 

by inserting a pair of annealed oligonucleotides encod- 
ing the corresponding sgRNA into the PX330-mCherry 

vector (Addgene). MCF10A, MDA-MB-231 or ES2 cells 
were transfected with PX330-based plasmid vectors ex- 
pressing HDGFRP3 sgRNA, the Cas9 nuclease, and the 
mCherry protein. Cells were then sorted and seeded as sin- 
gle colonies in 96-well plates b y fluorescence-activ ated cell 
sorting (FACS). After 2 weeks, clones were selected based 

on Western blotting with the HDGFRP3 antibody. In ad- 
dition, genomic DNA was extracted from cell lines arising 

from single clones. PCR reactions to amplify targeted loci 
were performed, and agarose gel electrophoresis was used 

to confirm the correct size of PCR pr oducts. PCR pr oducts 
were then cloned into the pCR2.1-TOPO vector and trans- 
formed into DH5 � competent cells. Plasmid DNA was iso- 
lated from multiple colonies obtained from each transfor- 
mation and sequenced to ensure frameshift mutations in the 
targeted region. 

The sequence information for sgRNAs used for 
HDGFRP3 knockout cell generation is as follows: 

• HDGFRP3 sgRNA1: GCGGCCCCGCGAGTACAA 

AG; 
• HDGFRP3 sgRNA2: GAAGGGCTA CCCGCA CTG 

GC; 

siRNA or sgRNA-mediated knockdown 

siRNAs targeting HDGFRP3 were transfected to DR- 
GFP-U2OS, EJ5-GFP-U2OS or EJ7-GFP-U2OS cells us- 
ing Lipofectamine 3000 (Life Technologies) according 

to the manufacturer’s instructions. For the PARPi re- 
sistance assay, pLentiCRISPR v2 vector-based sgRNA 

constructs together with packaging vectors psPAX2 and 

pMD2.G were used for lentiviral production. The indi- 
cated cells were infected with lentivirus for 48 h and then 

selected with medium containing puromycin (2 �g / ml). 
The knockdown efficiency was confirmed by western blot 
analysis. 

• HDGFRP3 siRNA1: GAUUGUGGGAAAUAGAAA 

A; 
• HDGFRP3 siRNA2: CUGCAUUUCUAGGUCCCA 

A. 

DSB repair assays 

The well-established DR-GFP U2OS and EJ5-GFP-U2OS 

reporter cell lines ( 44 , 45 ) were used to measure HR and 

NHEJ, respecti v ely. In brief, both r eporter cell lines wer e 
transfected with siRNAs for control or HDGFRP3 for 24 

h, then transfected with pCBASceI vector and pcDNA3.1- 
mCherry at 9:1 ratio for another 48 h. The GFP+ and 

mCherry+ cell population was quantitated and the NHEJ 
or HR repair rate represented as GFP+ / mCherry+. 

Classical NHEJ (c-NHEJ) repair assay 

EJ7-GFP U2OS r eporter cells wer e de v eloped to detect dis- 
tal end joining without indels on DSB ends ( 46 ). The GFP 
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coding sequence at the GGC codon was inserted as a 46- 
nucleotide spacer between the GG bases and the C base. 
Two sgRNAs, 7a and 7b, target Cas9-induced DSBs to ex- 
cise the 46-nt spacer. In brief, EJ7-GFP U2OS reporter cells 
were transfected with siRNAs for control or HDGFRP3 

for 24 h, then transfected with mCherry and two sgRNAs, 
7a and 7b at 1:9 ratio for another 48 h. The GFP+ and 

mCherry+ cell population was quantitated and the cNHEJ 
repair rate represented as GFP+ / mCherry+. 

Random plasmid integration assay 

Assays were performed as previously described ( 47 ) with 

minor modifications. Briefly, MDA-MB-231 and its deriva- 
ti v e HDGFRP3 KO cells were transfected with BamHI- 
XhoI linearized pEGFP-C1 (Clontech). The following day, 
transfected cells were trypsinized and seeded in 10 cm dishes 
a t dif ferent densities f or colon y f ormation. Selection was ini- 
tiated the f ollowing da y with 0.5 mg / ml G418. The cells on 

a plate lacking G418 were fixed to assess transfection effi- 
ciency. Colonies were then stained and counted. Random- 
plasmid integration e v ents were normalized to transfection 

and plating efficiencies. 

Clonogenic survival assays 

An ionizing radiation (IR) sensitivity assay was carried out 
as described previously ( 48 ). Briefly, a total of 800 cells were 
seeded onto 60-mm dishes in triplicate and treated with IR 

or DNA damaging agents the next day. Cells were then incu- 
bated for 14 days. Resulting colonies wer e fix ed and stained 

with Coomassie Blue. Colony numbers were counted, and 

r esults wer e summarized as the mean of data obtained from 

three independent experiments. 

DNA end resection assay 

Briefly, DIvA cells wer e tr eated with 600 nM 4- 
Hydro xytamo xifen (4-OHT) for 4 h or mock-treated. 
Genomic DNA was extracted. The genomic DNA sample 
( ∼400 ng) was subjected to an RNase H treatment for 15 

min before mock digestion or digestion with the restriction 

enzyme BsrGI (DSB, chromosome 1) or HindIII (No 

DSB, chromosome 22) at 37 

◦C overnight. Samples were 
hea t-inactiva ted a t 65 

◦C for 10 min and were used as 
templates for qPCR. To quantify the extent of resection, 
the digested or mock-digested samples were amplified by 

qPCR using primers that are described in Supplemental 
Table S1. The percentage of ssDN A (ssDN A %) generated 

by resection at selected sites was calculated based on the 
following equation: ssDNA % = 1 / (2 

( � Ct – 1) + 0.5) × 100. 
� Ct was calculated by subtracting the Ct value of the 
mock-digested sample from the Ct value of the digested 

sample. At least three biological repeats were performed. 

Cell cycle analysis 

The indicated cells were collected and fixed with 75% 

(v ol / v ol) ethanol at -20 

◦C overnight and then resuspended 

in PBS containing RNase A (100 �g / ml) at 37 

◦C for 15 min. 
200–400 �l of PI (final concentration 50 �g / ml) was added 

to the cells. Cell cycle distribution was analyzed by flow cy- 
tometry. Data were collected from 25,000 e v ents per sample. 

Tandem affinity purification 

293T cells were transfected with plasmids encoding the 
SFB-53BP1 IRIF (ionizing radiation-induced foci) region 

or SFB-HDGFRP3. Cell lines stably expressing tagged pro- 
teins were selected, and the expression of exogenous pro- 
teins was confirmed by immunoblotting and immunostain- 
ing. For tandem affinity purification, 293T cells stably ex- 
pressing the SFB-53BP1 IRIF region or SFB-HDGFRP3 

were collected and lysed with NTEN buffer on ice for 20 

min. Crude lysates were removed by centrifugation, and the 
pellets were suspended in nuclease buffer (10 mM HEPES, 
pH 7.4, 10 mM KCl, 0.5 mM MgCl 2 , 2 mM CaCl 2 and 

1 �g / ml of each of pepstatin A and aprotinin) supple- 
mented with 150 U / ml micrococcal nuclease S7 and in- 
cubated in a 37 

◦C water bath for 5 min until the suspen- 
sion turned cloudy. Then the chromatin fraction was col- 
lected by centrifugation, and the supernatants were incu- 
bated with streptavidin-conjugated beads for 3 h at 4 

◦C. The 
immunocomplex es wer e washed thr ee times with the NTEN 

buffer and then bead-bound proteins were eluted twice with 

NTEN buffer containing 1 mg / ml biotin. The eluates were 
incubated with S protein beads. The immunocomplexes 
were again washed three times with NTEN buffer and sub- 
jected to SDS-PAGE. Protein bands were excised, digested 

and the peptides were analyzed by mass spectrometry (per- 
formed by the Taplin Biological Mass Spectrometry Facil- 
ity, Harvard University). 

Statistical analysis 

The reported values are the mean and S.E. of three inde- 
pendent experiments. Statistical analysis was performed us- 
ing Student’s t -test and one-way ANOVA test. P < 0.05 was 
considered as statistically significant. 

RESULTS 

HDGFRP3 is a novel 53BP1-associated protein 

The ionizing radiation (IR)-induced Foci (IRIF) region 

of 53BP1 is composed of the Tudor domain and the 
ubiquitination-dependent recruitment (UDR) motif, which 

ar e r equir ed for the accumulation of 53BP1 at DNA dam- 
age sites ( 49 , 50 ). To understand how 53BP1 is regulated 

at DNA break sites after DNA damage, we performed 

tandem af finity purifica tion (TAP) using chroma tin frac- 
tions deri v ed from HEK293T cells stab ly e xpressing the 
SFB (S protein, FLAG, and streptavidin-binding peptide)- 
tagged IRIF region of 53BP1. Mass spectrometry analy- 
sis re v ealed that HDGFRP3 is a nov el 53BP1-associated 

protein (Figure 1 A). HDGFRP3 is a 203 amino acids pro- 
tein containing a PWWP domain with unknown function in 

DNA damage r esponse. Furthermor e, we r epeatedly iden- 
tified 53BP1 as a HDGFRP3-associated pr otein thr ough 

TAP, using lysates deri v ed from HEK293T cells that sta- 
b ly e xpr essing SFB-tagged human HDGFRP3 (Figur e 1 A). 
In addition, we confirmed that the HDGFRP3–53BP1 in- 
teraction occurs between endogenous proteins (Figure 1 B) 
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Figure 1. HDGFRP3 is a novel 53BP1-associated protein. ( A ) A List of 53BP1 IRIF / HDGFRP3- associated proteins identified in the chromatin frac- 
tions by mass spectrometric anal ysis. ( B ) Endo genous HDGFRP3 interacts with 53BP1. 293T cell lysates wer e pr epar ed and immunoprecipitated with 
HDGFRP3 (Proteintech, upper panel) or 53BP1 (Santa Cruz, lower panel) antibodies followed by immunoblotting with the 53BP1 (Cell Signaling Technol- 
ogy) and HDGFRP3 (Proteintech) antibodies. The bands marked by an asterisk r epr esent non-specific bands. ( C ) PLA detection of the HDGFRP3–53BP1 
interaction. U2OS cells were subjected to PLA using the 53BP1 (MilliporeSigma) and HDGFRP3 (Proteintech) antibodies, shown as distinct fluorescent 
dots (upper panel). Negati v e controls used one of these two antibodies. Scale bar, 10 �m. ( D ) Quantification of the results in (C). PLA dots per nucleus were 
quantified in 100 cells for each experiment (lower panel). Data ar e r epr esented as the mean ± S.E. ( n = 3). ** P < 0.01. ( E ) The 53BP1–HDGFRP3 interac- 
tion is regulated by DNA damage and ATM by GST pulldown assay. HEK293T cells with expressed HA-53BP1 were either left untrea ted, irradia ted with 
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fusion protein were incubated, respecti v ely, with cell lysates containing exogenously expressed HA-53BP1. Immunoblotting experiments were carried out 
using the indicated antibodies. Similar results were obtained from three biolo gicall y independent experiments. ( F ) The 53BP1–HDGFRP3 interaction is 
dependent of both DNA damage and ATM as determined by the PLA assay. U2OS cells were either left untrea ted, irradia ted with 10 Gy or treated with 
ATMi (KU-60019) for 1 h prior to irradiation with 10 Gy. One hour later, a PLA assay was performed using the 53BP1 (MilliporeSigma) and HDGFRP3 
(Proteintech) antibodies, shown as distinct fluorescent dots (left panel). Scale bar, 10 �m. ( G ) Quantification of the results in (F). PLA dots per nucleus 
were quantified in 100 cells for each experiment (right panel). Data ar e r epr esented as the mean ± S.E. ( n = 3). ** P < 0.01. ( H ) The 53BP1–HDGFRP3 
interaction is regulated by ATM-mediated 53BP1 phosphorylation. HEK293T cells expressing wild-type (WT), 28SA or 30SA mutants of HA-53BP1 were 
either left untreated or irradiated with 10 Gy. One hour later, beads coated with bacterially expressed GST-HDGFRP3 fusion protein were incubated, 
respecti v ely, with cell lysates containing exogenously expressed WT, 28SA or 30SA mutants of HA-53BP1. Immunoblotting experiments were carried out 
using the indicated antibodies. Three biolo gicall y independent experiments were performed, with similar results obtained. 
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with immunoprecipitation of the specific HDGFRP3 anti- 
body (Supplemental Figure S1A) and the 53BP1 antibody, 
respecti v ely, suggesting that these two proteins indeed asso- 
ciate with each other in vivo . 

The in situ proximity ligation assay (PLA) allows direct 
visualization, as well as quantification of in situ interac- 
tions (two proteins that are in close vicinity) in fixed cells. 
PLA detection of the HDGFRP3–53BP1 interaction was 
visualized as distinct fluorescent dots in U2OS cells (Fig- 
ure 1 C, D). This interaction was specific, since only very 

few PLA signals were observed when the HDGFRP3 and 

53BP1 antibodies were used alone or when 53BP1 was de- 
pleted (Figure 1 C, D, Supplemental Figure S1B–D). To fur- 
ther characterize the interaction between HDGFRP3 and 

53BP1, we investigated other conditions that might regu- 
late this interaction. We performed the PLA assay in U2OS 

cells subjected to IR, found that the HDGFRP3–53BP1 in- 
teraction was enhanced following IR (Supplemental Figure 
S1E-S1F). We also performed TAP using damaged chro- 
matin fraction. Mass spectrometry analysis re v ealed an in- 
creased number of peptides for HDGFRP3 and 53BP1 in a 

reciprocal purification (Supplemental Figure S1G), further 
confirming that the HDGFRP3–53BP1 interaction is en- 
hanced following DNA damage. Howe v er, the HDGFRP3– 

53BP1 interaction was not affected when the extracts were 
treated with the Benzonase nuclease, suggesting that the in- 
teraction was not mediated by DNA (Supplemental Figures 
S1H, S12A). 

We ne xt inv estigated how the HDGFRP3–53BP1 interac- 
tion may be regulated after DNA damage. In this regard, a 

GST pull-down assay was performed in the HEK293T cells 
expressing HA-53BP1 either left untrea ted, trea ted with IR 

or with ATMi prior to IR. We found that the interaction 

of GST-HDGFRP3 with HA-53BP1 was induced by DNA 

damage, and it was mainly dependent on ATM kinase (Fig- 
ure 1 E, Supplemental Figure S11A). In agreement with the 
pulldown experiment, this IR-induced increased interac- 
tion is pre v ented if cells were treated with the ATM in- 
hibitor (ATMi) as determined by the PLA assay (Figure 1 F, 
G). 53BP1 undergoes ATM-dependent phosphorylation at 
28 S / T-Q sites at its N terminus, which is important to 

r egulate the DSB r epair function of 53BP1 ( 10 ). In addi- 
tion, S1778-53BP1 is known to be a substrate of ATM and 

DNA-PKcs ( 51 , 52 ) and S1317-53BP1 is phosphorylated by 

AMPK ( 53 ), which are required to promote 53BP1 recruit- 
ment and NHEJ repair. A GST pulldown experiment was 
performed (Figure 1 H, Supplemental Figure S11B). Com- 
paring the increased interaction of HDGFRP3 with wild- 
type (WT) 53BP1, the interaction of HDGFRP3 with a mu- 
tant with all these 28 S / T phosphorylation sites mutated to 

A (designated as the 28SA mutant), or a mutant contain- 
ing S1317AS1778A double mutant in addition 28SA mu- 
tant (designated as the 30SA mutant) of 53BP1 is decreased 

following IR. Moreover, the 30SA mutant of 53BP1 did not 
further decrease its binding to HDGFRP3 after IR, indicat- 
ing that the two phosphorylation residues (S1317, S1778) 
are not important for the HDGFRP3–53BP1 interaction 

following DNA damage. Taken together, these data indicate 
that DNA damage-induced and ATM-dependent phospho- 
rylation of 53BP1 likely control the 53BP1–HDGFRP3 

interaction. 

The HDGFRP3–53BP1 interaction is mediated by the 
PWWP domain of HDGFRP3 and the tudor domain of 
53BP1 

HDGFRP3 belongs to the HDGFR famil y, w hich has 
a commonly conserved N-terminal PWWP domain (Fig- 
ure 2 A). The PWWP domain contains se v eral highly con- 
served amino acids and mainly mediates pr otein-pr otein 

interactions. Thus, we constructed se v eral mutations in 

the PWWP domain of HDGFRP3 and performed co- 
immunoprecipitation (Co-IP) experiments. As shown in 

Figure 2 B, none of these HDGFRP3 mutants interact 
with 53BP1, demonstra ting tha t the PWWP domain of 
HDGFRP3 is critical for its binding to 53BP1. Next, we 
sought to define the HDGFRP3 binding region on 53BP1, 
so we generated a series of 53BP1 mutants (Figure 2 C). Of 
note, previous studies have demonstrated that the D1521R 

mutant disrupts the function of the Tudor domain, and the 
L1619A mutation abolishes the function of the UDR mo- 
tif ( 50 , 54 ), By performing a Co-IP experiment, we observed 

that deletions of either the IRIF region or the Tudor do- 
main of 53BP1 led to a dramatic decrease in the 53BP1– 

HDGFRP3 interaction (Figure 2 D). Moreover, mutation 

of the D1521 residue within the Tudor domain disrupted 

the 53BP1–HDGFRP3 interaction, whereas the L1619A 

mutation within the UDR motif had no effect on the 
53BP1–HDGFRP3 interaction (Figure 2 D, Supplemental 
Figure S2A, B). These findings indica te tha t the Tudor do- 
main of 53BP1 is responsible for the 53BP1–HDGFRP3 

interaction. 
To further confirm the specificity of the HDGFRP3– 

53BP1 interaction, the PLA assay was performed in U2OS 

cells. In agreement with the Co-IP, the HDGFRP3–53BP1 

interaction was also detected in situ by PLA (Figure 2 E– 

H). Moreover, a significantly lower number of PLA dots 
per nucleus was observed with the Y22AW25A mutant 
of HDGFRP3, compared to cells transfected with WT 

HDGFRP3 (Figure 2 E, F, Supplemental Figure S2C). In 

addition, cells transfected with a 53BP1 fragment ( � IRIF) 
displayed much fewer dots per nucleus (Figure 2 G-H, Sup- 
plemental Figure S2D), showing the specific involvement 
of the IRIF domain in the interaction of HDGFRP3 

and 53BP1. No difference in transfection efficiency or im- 
munofluorescence intensity of these transfected plasmids 
was observed (Supplemental Figure S2E, F). Taken to- 
gether, these data suggest that HDGFRP3 interacts with 

53BP1, and that the HDGFRP3–53BP1 interaction is me- 
diated by the PWWP domain of HDGFRP3 and the Tudor 
domain of 53BP1. To confirm that this interaction was in- 
deed direct, a GST pulldown approach was used. Using a 

bacterially expressed and purified GST-fused HDGFPR3 

protein and MBP-fused 53BP1 Tudor domain protein, 
we show that the GST-HDGFRP3 binds to the MBP- 
53BP1 Tudor domain in vitro (Figure 2 I, J), indicating that 
HDGFRP3 directly binds to the 53BP1 Tudor domain. 

HDGFRP3 is recruited to DSB sites 

To visualize whether HDGFRP3 is present at sites of DNA 

damage, we performed the PLA assay in fixed cells af- 
ter irradiation. As shown in Figure 1 F, G, Supplemental 
Figure S1E, F, the PLA assay re v ealed accumulation of 
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Figure 2. The HDGFRP3–53BP1 interaction is mediated by the PWWP domain of HDGFRP3 and the Tudor domain of 53BP1. ( A ) Schematic r epr esen- 
tation of the WT and mutants of HDGFRP3 used in this study. ( B ) The PWWP domain of HDGFRP3 is r equir ed for the HDGFRP3–53BP1 interaction. 
HEK 293T cells were transfected with plasmids encoding HA-tagged 53BP1 along with plasmids encoding the WT or mutants of SFB-tagged HDGFRP3. 
Immunopr ecipitation (IP) r eactions wer e conducted with str eptavidin beads and subjected to western blotting with the indica ted antibodies. ( C ) Schema tic 
r epr esentation of the WT and mutants of 53BP1 used in this study. ( D ) The Tudor domain of 53BP1 is responsible for its interaction with HDGFRP3. 
HEK293T cells were transfected with plasmids encoding SFB-tagged HDGFRP3 along with plasmids encoding the WT or mutants of HA-tagged 53BP1. 
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of the two antibodies. Scale bar, 10 �m. ( F ) Quantification of the results in (E). PLA dots per nucleus were quantified in 100 cells for each experiment. 
Data ar e r epr esented as the mean ± S.E. ( n = 3). ** P < 0.01. ( G ) PLA detection of the interaction between SFB-53BP1 and endogenous HDGFRP3. 
U2OS cells were transfected with SFB-53BP1 WT and the � IRIF mutant. The PLA assay was performed using the HDGFRP3 (Proteintech) and FLAG 
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0.01. ( I ) Analysis of the interaction between HDGFRP3 and the 53BP1 tudor domain using a GST pull-down assay. Bacterial purified MBP-53BP1 tudor 
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performed, with similar results obtained. ( J ) Analysis of the interaction between HDGFRP3 and the 53BP1 Tudor domain using a GST pull-down assay. 
Bacterial purified MBP-53BP1 Tudor protein was mixed with bacterial purified GST or GST–HDGFRP3 protein. The bound proteins were pulled down 
using Glutathione Sepharose 4B and eluted before analysis using SDS–PAGE. The gel was stained with Coomassie blue. Three biolo gicall y independent 
experiments were performed, with similar results obtained. 
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HDGFRP3 at DNA damage sites through its association 

with 53BP1 in response to irradiation. 
We failed to observe HDGFRP3 f oci f ormation after 

IR using the HDGFRP3 antibody we generated and the 
commercial antibodies (data not shown). Thus, we applied 

a combined immunofluorescence and in situ PLA to in- 
vestigate the co-localization of PLA signals (HDGFRP3– 

53BP1 interaction) with the DSB marker �H2AX or 53BP1 

at sites of DSB. As shown in Figure 3 A, we indeed ob- 
served co-localization of PLA signals with �H2AX or 
53BP1 at sites of DSB following IR. To further charac- 
terize the kinetics of co-localization of �H2AX with the 
HDGFRP3–53BP1 interaction, we performed the com- 
bined imm unofluorescence–PLA a pproach in U2OS cells 
subjected to IR followed by recovery at the indicated time 
points. We found that the co-localization of �H2AX with 

the HDGFRP3–53BP1 interaction was enhanced at the 
early time-point (0.5 and 1 h) following IR (Figure 3 B), in- 
dicating kinetic changes of the HDGFRP3–53BP1 interac- 
tion at the site of DSB following DNA damage. 

Because HDGFRP3 is recruited to DSB sites, we hypoth- 
esized that HDGFRP3 loss would lead to IR sensitivity. 
To this end, we generated HDGFRP3 knockout (KO) cells 
by CRISPR / Cas9 in MDA-MB-231 breast cancer (Fig- 
ure 3 C) and ES2 ovarian cancer cells (Figure 3 D). Indeed, 
cell survival following the IR treatment of the MDA-MB- 
231 and ES2 cell lines with KO of HDGFPR3 demon- 
stra ted tha t loss of HDGFRP3 resulted in increased sensi- 
tivity to IR (Figure 3 C, D). Mor eover, r econstitution of WT 

HDGFRP3 decreased cell sensitivity to IR, howe v er recon- 
stitution with the Y22AW25A mutant of HDGFRP3 failed 

to do so (Figure 3 E). Similar results were obtained from 

cells treated with a topoisomerase inhibitor Camptothecin 

(CPT) (Figure 3 F). These da ta indica ted tha t the PWWP 

domain of HDGFRP3, which is r equir ed for its interaction 

with 53BP1, is important for the function of HDGFRP3 in 

response to DNA damage and its DNA repair. 

HDGFRP3 participates in DNA damage and repair 

The HDGFR family members, e.g. HDGFRP2 and PSIP1, 
are involved in DNA damage and repair ( 55 , 56 ), highlight- 
ing the possible participation of HDGFRP3 in this process. 
To investigate this, cells were subjected to IR treatment, and 

western blotting was performed to detect the �H2AX sig- 
nal. The �H2AX signal determined by immunoblotting de- 
clined markedly between 8 h and 24 h following IR in WT 

MCF10A (Figure 4 A, Supplemental Figure S11C), whereas 
the kinetics of �H2AX loss was slower in two different 
MCF10A deri vati v e HDGFRP3 KO cell lines at 8 and 24 

h post IR (Figure 4 A, Supplemental Figure S11C). Sim- 
ilar r esults wer e obtained from MDA-MB-231-deri vati v e 
HDGFRP3 KO cells (Supplemental Figures S3A, S12B). 
These da ta indica te tha t the DN A repair ca pacity is se v erely 

impaired in HDGFRP3 KO cells after DNA damage. Con- 
sistent with the �H2AX immunoblotting signal, the num- 
ber of immunofluorescent �H2AX foci declined in WT 

MDA-MB-231 cells at 8 h and 24 h after irradiation. The 
HDGFRP3 loss did not affect the initial formation of 
�H2AX foci, but drastically a ttenua ted the resolution of 
�H2AX foci at all time-points compared to control cells fol- 

lowing IR (Figure 4 B, C). In addition, at 8 and 24 h after 
irradiation, 40% and 31% of �H2AX foci wer e r esolved in 

HDGFRP3 KO cells, while 49% and 62% of �H2AX foci 
r esolved in MCF10A cells, r espectively. Similar r esults wer e 
obtained in ES2 HDGFRP3 KO ovarian cancer cells (Sup- 
plemental Figure S3B). Thus, the changes in the kinetics of 
the �H2AX signal indica tes tha t HDGFRP3 is involved in 

DNA damage and repair. To further assess whether the ob- 
served defect in persistence of �H2AX is associated with 

the defect of the 53BP1–HDGFRP3 interaction, MDA- 
MB-231-deri vati v e HDGFRP3 KO cells were reconstituted 

with sgRNA-resistant WT or Y22AW25A of SFB-tagged 

HDGFRP3. No difference in fluorescence intensity of 
FLAG signals, or infection efficiency of these plasmids was 
observed (Supplemental Figure S3C). As shown in Supple- 
mental Figure S3D-S3E, the expression of WT HDGFRP3 

reduced the persistence of �H2AX foci in HDGFRP3 KO 

cells, whereas the expression of HDGFRP3 Y22AW25A 

sho wed slo w resolution of �H2AX foci in HDGFRP3 KO 

cells. Moreover, at 8 and 24 h after irradiation, 52% and 

69% of �H2AX foci wer e r esolved in HDGFRP3 KO cells 
reconstituted with WT HDGFRP3, while 34% and 46% of 
�H2AX foci resolved in HDGFRP3 KO cells reconstituted 

with HDGFRP3 Y22AW25A, respecti v ely. These results in- 
dica te tha t a defect in the HDGFRP3–53BP1 interaction 

leads to persistence of �H2AX foci after DNA damage. 
To explore the functional significance of HDGFRP3 in 

DSB repair, we analyzed the activity of the two DSB re- 
pair pathways, HR and NHEJ, using the previously de- 
scribed DR-GFP and EJ5-GFP r eporter systems, r espec- 
ti v ely ( 44 , 45 ). As shown in Figure 4 D and E, knock- 
down of HDGFRP3 in the EJ5-GFP reporter containing 

cells caused a significant reduction of the GFP-positi v e 
compared with the control cells, whereas knockdown of 
HDGFRP3 exhibited increased HR repair activity when as- 
sessed using the DR-GFP system (Figure 4 D, E). Impor- 
tantly, knockdown of HDGFRP3 does not affect cell cy- 
cle progression, transfection efficiency or I-SceI expression 

(Supplemental Figure S4A–D). Because classical NHEJ 
(cNHEJ) r epr esents the pr edominant DSB r epair pathway 

in mammalian cells, involves no or limited DNA end pro- 
cessing ( 57 ), we speculated that HDGFRP3 may be re- 
quir ed for cNHEJ r epair. Thus, we performed EJ7-GFP 

reporter assay ( 46 ) and found that HDGFRP3 inactiva- 
tion caused a significant decrease in distal end joining, 
indica ting tha t HDGFRP3 plays a role in cNHEJ repair 
(Figure 4 F, Supplemental Figure S4E, F). To further con- 
firm that HDGFRP3 participates in NHEJ repair, a ran- 
dom plasmid integration assay was used. Consistent with 

the NHEJ reporter assay (Figure 4 D), HDGFRP3 de- 
pleted cells displayed reduced NHEJ repair as assessed by 

the plasmid-based integration assay (Figure 4 G). To as- 
sess whether the HDGFRP3–53BP1 interaction is critical 
for HDGFRP3 in NHEJ and cNHEJ repair. EJ5-GFP- 
U2OS cells or EJ7-GFP-U2OS wer e r econstituted with 

siRNA-resistant WT or Y22AW25A mutant of SFB-tagged 

HDGFRP3, to e xpress e xo genous HDGFRP3 w hen the en- 
dogenous HDGFRP3 is depleted by siRNA. Reconstitu- 
tion of WT HDGFRP3 r estor es NHEJ and cNHEJ repair 
activity, while the Y22AW25A mutant of HDGFRP3 failed 

to do so, indicating that a defect in the HDGFRP3–53BP1 
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biolo gicall y independent experiments. ( B ) Loss of HDGFRP3 impairs DN A repair. Anal ysis of the kinetics of IR-induced �H2AX foci in MDA-MB- 
231 or MDA-MB-231-deri vati v e HDGFRP3 KO cells treated with IR (2 Gy) followed by recovery at the indica ted time points. Representa ti v e images of 
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another 48 h. The GFP+ and mCherry+ cell population was quantitated and the cNHEJ rate r epr esented as GFP+ / mCherry+. Data ar e r epr esented as 
the mean ± S.E. ( n = 3). * P < 0.05. 
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interaction impairs NHEJ and cNHEJ r epair (Figur e 4 H- 
I, Supplemental Figure S4G–J). These results indicate that 
HDGFRP3 is r equir ed for efficient r epair of DSBs specifi- 
cally through the cNHEJ pathway. 

HDGFRP3 regulates 53BP1 recruitment at sites of DNA 

breaks 

As knockdown of HDGFRP3 decreases NHEJ activity 

(Figure 4 D), we next tested whether HDGFRP3 regulates 
the presence of the NHEJ factor 53BP1 at sites of DNA 

break. 53BP1 foci were detected in MDA-MB-231 and 

its deri vati v e HDGFRP3 KO cells following IR exposure 
(Figure 5 A, B). W hereas irradia ting MDA-MB-231 cells 
triggered efficient 53BP1 focus formation, the number of 
53BP1 foci per cell decreased at the early timepoint (1 and 

2 h) in two different HDGFRP3 KO cell lines (Figure 5 A, 
B, Supplemental Figure S5A, B). Moreover, we did not 
observe a significant difference in the number of 53BP1 

foci / per cell between the MDA-MB-231 and the deriva- 
ti v e HDGFRP3 KO cells at 4, 8, and 24 h after irradia- 
tion (Figure 5 A-B, Supplemental Figure S5A, B). Similar 
r esults wer e obtained in ES2 HDGFRP3 KO ovarian can- 
cer cells (Supplemental Figure S5C). The observed decrease 
in 53BP1 foci formation upon HDGFRP3 deficiency sug- 
gests that loss of HDGFRP3 curtails 53BP1 recruitment 
at DSBs. To assess whether the HDGFRP3–53BP1 inter- 
action is critical for 53BP1 recruitment at sites of DSB, 
MDA-MB-231-deri vati v e HDGFRP3 KO cells were recon- 
stituted with sgRNA-resistant WT or Y22AW25A mutant 
of SFB-tagged HDGFRP3. As shown in Figure 5 C-D, re- 
constitution of WT HDGFRP3 rescues the 53BP1 recruit- 
ment at DSB site. In contrast, the Y22AW25A mutant 
of HDGFRP3 did not rescues the 53BP1 recruitment at 
DSB sites, indica ting tha t indeed defect in the HDGFRP3– 

53BP1 interaction impairs 53BP1 recruitment at DSB site. 
We next examined the IR-induced accumulation of 

53BP1 protein on chroma tin. Chroma tin-bound 53BP1 

signals was decreased in two different MDA-MB-231- 
deri vati v e HDGFRP3 KO cell lines at 1 h following IR (Fig- 
ure 5 E, Supplemental Figure S11D). Additionally, there 
was a decrease in the recruitment of 53BP1 to chromatin 

in MCF10A-deri vati v e HDGFRP3 KO and ES2-deri vati v e 
HDGFRP3 KO cells compared with controls at 1 h fol- 
lowing IR (Supplemental Figures S5D, E, S12C, D). Loss 
of HDGFRP3 in both MCF10A and MDA-MB-231 cell 
lines did not affect cell cycle progression with or without 
IR (Supplemental Figure S5F). Collecti v ely, these data sug- 
gest that HDGFRP3 impacts the DNA damage response by 

acting upstream of 53BP1 and affecting its accumulation at 
sites of DSB. 

HDGFRP3 negatively regulates DNA end resection 

Gi v en that 53BP1 r estrains DNA end r esection to pro- 
mote NHEJ repair, we examined whether HDGFRP3 is 
involved in DSB resection. To this end, we performed a 

quantitati v e DNA resection assay based on the DIvA sys- 
tem ( 58 ). Briefly, DIvA cells pr etr eated with indicated siR- 
NAs were incubated with 4-Hydro xytamo xifen (4-OHT). 
Genomic DNA was extracted and digested with BsrGI (Fig- 
ure 6 A). The percentage of ssDNA intermediates at indi- 

cated sites was quantified by qPCR (Figure 6 B). An irrele- 
vant site that spans a HindIII restriction site was included 

as a negati v e control. Notab ly, deficiency of HDGFRP3 re- 
producibly led to increased abundance of ssDNA interme- 
diates (Figure 6 B), results that are in line with the role of 
HDGFRP3 in limiting DSB resection. We next asked if the 
loss of HDGFRP3 affected DNA end resection by inves- 
tigating RPA32 foci formation using immunofluorescence. 
Indeed, RPA32 foci formation was enhanced in two dif- 
ferent MDA-MB-231-deri vati v e HDGFRP3 KO cell lines 
and was further increased after IR in HDGFRP3 KO 

cells (Figure 6 C, D). Similar results were obtained in ES2 

HDGFRP3 KO ovarian cancer cells, in which the num- 
ber of RPA32 foci per cell was increased, and markedly 

further increased after IR exposure (Supplemental Figure 
S6A). Further corroborating these findings, we found that 
the loss of HDGFRP3 upregulated RPA32 protein lev- 
els on the chromatin in HDGFRP3 KO cells, and fur- 
ther increased accumulation of RPA32 protein on the chro- 
matin in response to IR, compared with WT MDA-MB- 
231, MCF10A and ES2 cells (Figure 6 G, H, Supplemental 
Figure S11E, F). 

DSB resection is initiated by CtIP, together with the 
MRN comple x. Gi v en the effect of HDGFRP3 on DNA 

end resection, we wondered if HDGFRP3 functions at the 
le v el of CtIP. Examining the recruitment of CtIP at DSB 

sites, we found that CtIP foci formation was increased in 

two different MDA-MB-231-deri vati v e HDGFRP3 KO cell 
lines and was markedly increased after IR in HDGFRP3 

KO cells (Figure 6 E, F). Additionally, similar results were 
obtained in ES2 HDGFRP3 KO cells after IR (Supplemen- 
tal Figure S6B). In accordance with this, we next exam- 
ined the accumulation of CtIP protein on the chromatin in 

these cells. Loss of HDGFRP3 resulted in elevated CtIP lev- 
els in HDGFRP3 KO cells and exhibited largely increased 

CtIP protein on the chromatin following IR, compared with 

WT MDA-MB-231, MCF10A, and ES2 cells (Figure 6 G, 
H, Supplemental Figure S11E, F). Taken together, these re- 
sults demonstra te tha t HDGFRP3 promotes NHEJ repair 
by negati v el y regulating DN A end resection. 

Establishing the role of HDGFRP3 in limiting DNA 

end resection, we next tested whether the HDGFRP3– 

53BP1 interaction is important for its anti-resection func- 
tion. We r e-expr essed HDGFRP3 WT and the Y22AW25A 

mutant in HDGFRP3 KO cells and then examined RPA32 

and CtIP foci. As shown in Supplemental Figure S6C-S6F, 
the HDGFRP3 WT, but not the HDGFRP3 Y22AW25A 

mutant, inhibited RPA32 and CtIP foci following DNA 

damage. Moreov er, the e xpression of WT HDGFRP3 re- 
duced the chromatin-bound RPA32 and CtIP protein le v el 
in HDGFRP3 KO cells. In contrast, the expression of 
HDGFRP3 Y22AW25A mutant increased the chromatin- 
bound RPA32 and CtIP protein le v el in HDGFRP3 KO 

cells (Supplemental Figures S6G, S12E), indicating that the 
HDGFRP3–53BP1 interaction is critical for inhibition of 
DNA end resection. 

HDGFRP3 regulates DNA repair pathway choice 

Because HDGFRP3 promotes NHEJ repair and r epr esses 
DNA end resection, we specula ted tha t HDGFRP3 may 

r egulate DNA r epair pathway choice. Indeed, HDGFRP3 
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Figure 5. HDGFRP3 regulates 53BP1 recruitment at sites of DNA breaks. ( A ) Loss of HDGFRP3 impairs 53BP1 recruitment at DSB sites. Analysis of 
IR-induced 53BP1 foci kinetics in MDA-MB-231 and MDA-MB-231-deri vati v e HDGFRP3 KO cells treated with IR (10 Gy) followed by recovery at the 
indica ted time points. Representa ti v e images are shown by immunofluorescent staining. Scale bar, 10 �m. ( B ) Quantification of the results in (A). 53BP1 
foci in these cells were quantified (at least 100 cells were counted for each of three independent experiments). Data are represented as the mean ± S.E. 
( n = 3). ** P < 0.01; ns: not significant. ( C ) A defect in the interaction between 53BP1 and HDGFRP3 impairs 53BP1 recruitment at DSBs following IR. 
HDGFRP3 KO MDA-MB-231 cells were reconstituted with sgRNA-resistant WT or Y22AW25A mutant of SFB-tagged HDGFRP3. These cells were 
mock-tr eated or tr eated with IR (10 Gy). Immunofluorescence was performed using the 53BP1 antibody ( 11 , 15 ) at 1 h after IR. Representati v e images are 
shown by immunofluorescent staining. Scale bar, 10 �m. ( D ) Quantification of the results in (C). 53BP1 foci in these cells were quantified (at least 100 cells 
were counted for each of three independent experiments). Data are represented as the mean ± S.E. ( n = 3). **, P < 0.01. ( E ) HDGFRP3 is r equir ed for 
53BP1 chromatin loading following IR. MDA-MB-231 or MDA-MB-231-deri vati v e HDGFRP3 KO cells were harvested at 1 h after IR treatment (10 Gy). 
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with similar results obtained. 
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depletion r ender ed BRCA1-deficient U2OS cells r esistant 
to PARP inhibition (Figure 7 A, B). Similar results were 
shown for HDGFRP3 deficiency that conferred PARPi re- 
sistance in BRCA1 depleted MDA-MB-231 cells (Supple- 
mental Figure S7A, B). RPA32 binding to resected DNA 

ends is a key step in HR r epair, ther efor e the formation 

of RPA32 foci can be used as a key indicator. As shown 

in Figure 7 C, D, IR-induced RPA32 foci were reduced in 

BRCA1-depleted U2OS cells, but they were re-established 

in BRCA1 / HDGFRP3 co-depleted U2OS cells, indicating 

that similar to 53BP1, co-depletion of HDGFRP3 together 
with BRCA1 promotes DNA end resection and HR repair. 
Furthermore, RPA32 foci were also restored in the absence 
of HDGFRP3 and BRCA1 in both U2OS and MDA-MB- 
231 cells after treatment with PARPi (Supplemental Figure 
S7C–F), indica ting tha t HDGFRP3 antagonizes BRCA1 to 

regulate DSB repair pathways. 

HDGFRP3 and 53BP1 differ entially inter act with methy- 
lated H4K20 following DNA damage 

The PWWP domains have been suggested to function as 
methyl-lysine histone-binding modules ( 55 ). To analyze the 
binding of HDGFRP3 PWWP domain to specific histone 
marks, biotin-conjuga ted methyla ted histone H4 peptides 
were incubated with bacterially expressed GST-HDGFRP3 

or MBP-HDGFRP3 PWWP, immobilized on streptavidin 

beads, and analyzed by immunoblotting. As shown in 

Figure 8 A, Supplemental Figure S11G, HDGFRP3 or 
HDGFRP3 PWWP had a high affinity for biotinylated 

histone H4K20me2, and less affinity for H4K20me1 and 

H4K20me3 peptides in vitro . 53BP1 has been shown to rec- 
ognize mono-methylated and di-methylated histones via its 
Tudor domain, which is vital for its recruitment to DSB 

sites ( 27 , 28 , 59 ). Indeed, the Tudor domain of 53BP1 pref- 
erentially interacted with H4K20me2, and to a lesser extent 
with H4K20me1 and H4K20me3 (Figure 8 B, Supplemen- 
tal Figure S11H). We ne xt e xamined the functional signif- 
icance of HDGFRP3 and 53BP1 binding to H4K20me2 

before and after DNA damage. We performed a biotin- 
H4K20me2 peptide pulldown assay and showed that the in- 
teraction between HDGFRP3 and H4K20me2 peptide de- 
creased after DNA damage. In contrast, the binding affinity 

of H4K20me2 with 53BP1 was increased after IR (Figure 
8 C, Supplemental Figure S11I), suggesting that HDGFRP3 

and 53BP1 differentially interact with H4K20me2 follow- 
ing DNA damage. To further determine the regulation of 
methylated H4K20 with HDGFRP3 and 53BP1 in vivo , im- 
munopr ecipitation (IP) r eactions wer e conducted in chro- 
matin fraction with anti-53BP1 or anti-HDGFRP3 an- 
tibodies, followed by immunoblotting with antibodies to 

methylated H4K20. We observed that the interaction be- 
tween 53BP1 and methylated H4K20 increased after IR 

tr eatment (Figur e 8 D, Supplemental Figur e S11J). 53BP1 

is phosphorylated on its 28 S / TQ sites at its N terminus 
by ATM. An IP reaction was performed in chromatin frac- 
tion with a phospho-53BP1 (Ser25) antibody, followed by 

immunoblotting with antibodies to methylated H4K20. We 
observed that the interaction between phospho-53BP1 and 

methylated H4K20 further increased after IR treatment in 

MCF10A and its deri vati v e HDGFRP3 KO cells (Figure 

8 E, Supplemental Figures S11K, S8A, S12F), indicating 

that HDGFRP3 loss has no effect on the increased inter- 
action between phospho-53BP1 and methylated H4K20 af- 
ter IR treatment. In addition, IP reactions were performed 

in chromatin fractions with an anti-HDGFRP3 antibody, 
followed by immunoblotting with antibodies to methylated 

H4K20. Interestingly, we observed that HDGFRP3 disso- 
ciated from methylated H4K20 after IR treatment (Fig- 
ure 8 F, Supplemental Figure S11L). To further confirm 

the specificity of the 53BP1–H4K20me2 and HDGFRP3– 

H4K20me2 interaction following DNA damage, the PLA 

assay was performed in U2OS cells. In agreement with the 
results from endogenous IP (Figure 8 D, F), a significantly 

higher number of PLA dots per nucleus was observed with 

the H4K20me2-53BP1 interaction following DNA dam- 
age (Supplemental Figure S8B, C). In addition, the cells 
used for detection of the H4K20me2–HDGFRP3 interac- 
tion displayed much fewer dots per nucleus after treatment 
with IR (Supplemental Figure S8D, E). 

We ne xt e xamined whether phosphorylation of 
HDGFRP3 is mediated by IR and / or ATM. Using the 
bacterially expressed MBP-53BP1 tudor domain protein, 
w e show ed that its interaction with SFB-HDGFRP3 was 
increased after IR. Howe v er, it was not notab ly changed 

with combined IR and ATMi treatment (Supplemental 
Figures S8F, S12G), indicating that phosphorylation of 
HDGFRP3 and its association with 53BP1 may not be 
regulated by the ATM kinase. In addition, the biotin- 
H4K20me2 peptide pulldown assay showed that the 
dissociation of H4K20me2 with HDGFRP3 was not 
altered after ATMi treatment (Supplemental Figures 
S8G, S12H), suggesting that ATM kinase might not 
control the dissociation of HDGFRP3 with H4K20me2 

following DNA damage. To characterize the mechanism 

of dissociation of HDGFRP3 from H4K20me, whether 
it is regulated by phosphorylation and dephosphoryla- 
tion by rela ted phospha tases, we performed a TAP-MS 

assay to identify the phosphatase that dephosphorylates 
HDGFRP3 following DNA damage. The A subunit of 
PP2A complex was identified as a potential partner of 
HDGFRP3 (Supplementary Figure S1G). Therefore, we 
examined the interaction between HDGFRP3 and the 
subunits of PP2A, including PP2A-A, PP2A-B, with or 
without IR, by endogenous IP. Indeed, the interaction be- 
tween PP2A-A or B and HDGFRP3 was enhanced in these 
cells after IR (Figure 8 G, Supplemental Figure S11M), 
indica ting tha t, in response to DNA damage, PP2A-A or 
B may dephosphorylate HDGFRP3. In agreement with 

the results from endogenous IP (Figure 8 G, Supplemental 
Figure S11M), a significantly higher number of PLA dots 
per nucleus was observed with the PP2A-A or B and 

HDGFRP3 interaction following DNA damage (Supple- 
mental Figure S8H–K). Furthermore, we treated cells with 

a protein phosphatase PP2A inhibitor okadaic acid. As 
shown in Figure 8 F, the HDGFRP3-methylated H4K20 

interaction is increased following DNA damage upon 

treatment with okadaic acid, indicating that HDGFRP3 

dephosphorylation leads to the dissociation of HDGFRP3 

with methylated H4K20. Together, these data suggest a 

dynamic interplay of the HDGFRP3|H4K20me2–53BP1 

complex for the recruitment of 53BP1 at DSB sites, 
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which is likely regulated by protein phosphorylation and 

dephosphorylation. 

DISCUSSION 

DNA DSBs are potentially lethal lesions, which are pri- 
marily r epair ed by NHEJ or HR. 53BP1 plays a criti- 
cal role in the preservation of genomic integrity ( 60 ) and 

the recruitment of 53BP1 at sites of DNA damage re- 
presses DNA end resection, thereby favoring NHEJ ( 61 ). 
53BP1 is recruited to DSBs by recognizing H4K20me2 and 

H2AK15ub ( 62 , 63 ). 53BP1 has recently attracted particu- 
lar attention because of its role in the pathway choice be- 
tween NHEJ and HR and its relevance to PARPi treatment 
of BRCA1-mutant cancers. 

In this study, we identified HDGFRP3 as a 53BP1- 
binding protein. The interaction of HDGFRP3 with 53BP1 

is controlled by an ATM-dependent DNA damage response 
that r equir es 53BP1 phosphorylation. This regulation by 

ATM strongly r einfor ces the physiological importance of 
the 53BP1–HDGFRP3 interaction. Our data further re- 
vealed that the HDGFRP3–53BP1 interaction is mediated 

by the PWWP domain of HDGFRP3 and the Tudor do- 
main of 53BP1. As a member of the family of HDGF- 
related proteins, HDGFRP3 was shown to be frequently 

upregulated in human hepatocellular carcinoma cells ( 43 ) 
and to govern the development of neurons in the brain 

( 64 , 65 ). Howe v er, little is known about the function of 
HDGFRP3 in the DNA damage response and DNA repair. 
Her e, we r eport multiple lines of evidence that HDGFRP3 

is a novel component of the DSB repair machinery. First, 
we provide evidence that the HDGFRP3–53BP1 interac- 
tion is enhanced and localizes at sites of DSB following 

IR. Second, we show that HDGFRP3 participates in cN- 
HEJ repair. Third, we demonstra te tha t HDGFRP3 reg- 
ulates 53BP1 recruitment at DSB sites and inhibits DNA 

end resection. Lastly, we show that HDGFRP3 promotes 
NHEJ repair and antagonizes BRCA1-dependend HR re- 
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pair to regulate DNA repair pathway choice. Consequently, 
depletion of HDGFRP3 leads to both the accumulation of 
endogenous DSB and DNA damage hypersensitivity. Fur- 
thermore, the HDGFRP3–53BP1 interaction is required for 
cNHEJ r epair activity, 53BP1 r ecruitment at DSB sites, r es- 
olution of the �H2AX signal, and inhibition of DNA end 

resection. Taken together, our studies re v eal a ne w role of 
HDGFRP3 in facilitating DNA DSB repair. 

Clearly, the regulatory mechanism of 53BP1 binding to 

damaged chromatin is a complex process. 53BP1 accumula- 
tion at DSBs is affected by early responsi v e DNA repair fac- 
tors, such as the upstream regulator MDC1 ( 66 , 67 ). We ob- 
served that siRNA-mediated MDC1 knockdown dramat- 
ically decreased the 53BP1–HDGFRP3 interaction after 
IR by the PLA assay (Supplemental Figure S9A-S9C), in- 
dica ting tha t MDC1 regula tes 53BP1 recruitment and its 
interaction with HDGFRP3 at DNA damage sites. Fur- 
thermor e, the r ecruitment of 53BP1 at DSBs r equir es its 
binding to H4K20me2 via its Tudor domain ( 27 , 28 ). How- 
e v er, H4K20me is buried in stacked nucleosomes, and there- 
fore it is usually inaccessible to 53BP1 ( 30 ). JMJD2A and 

L3MBTL1 that also contain Tudor domains that bind to 

H4K20me2, are either degraded or removed by the E3 lig- 
ase RNF8 and RNF168 upon DNA damage, and thus allow 

exposure of H4K20 methylation for 53BP1 binding at DNA 

damage sites ( 31–33 ). Indeed, RNF8 is critical to expose 
H4K20me2 for the recruitment of 53BP1 to DNA damage 
sites (Supplemental Figure S9D-S9F). The PWWP domain 

is a methyl-lysine recognition motif that plays an important 
role in epigenetic regulation ( 68 , 69 ). Structural analysis re- 
vealed that the PWWP domain of S. pombe, Pdp1, binds 
to methylated H4K20me, which is r equir ed for Set9 chro- 
ma tin localiza tion ( 68 , 69 ). Here, we show tha t the PWWP 

domain of HDGFRP3 directly binds to methylated H4K20 

peptides, and we further observe that HDGFRP3 dissoci- 
ates from H4K20me following DNA damage. Moreover, 
the binding affinity of H4K20me with 53BP1 and phospho- 
53BP1 was increased following DNA damage, suggesting 

that HDGFRP3 and 53BP1 interact with H4K20me in a 

differential manner following DNA damage. Our current 
working model is that H4K20me2 is bound by HDGFRP3 

under normal conditions. The DNA damage triggers the 
dissociation of HDGFRP3–H4K20me2 to allow the expo- 
sure of H4K20me2 for binding of 53BP1, which is likely reg- 
ulated by protein phosphorylation and dephosphorylation 

(Figure 8 H). 
To explore the underlying mechanism for dissociation 

of HDGFRP3 from H4K20me following DNA damage, 
we investigated whether phosphorylation e v ents affect the 
binding affinity of HDGFRP3 to methylated H4K20. The 
re v ersib le phosphorylation of proteins, catalyzed by protein 

kinases and phosphatases, is a major mechanism for regu- 
lating DSB repair ( 70 ). The phosphorylation of HDGFRP3 

is not regulated by ATM kinase because the increased in- 
teraction of HDGFRP3 and 53BP1 and the dissociation 

of HDGFRP3 with H4K20me2 are not altered upon IR 

and ATMi treatment. PP2A is known to dephosphorylate 
man y substrates in volv ed in the cell cy cle ( 71 ). We show 

that the interaction between PP2A-A or B and HDGFRP3 

was enhanced in cells after IR. We further show that the 
HDGFRP3-methylated H4K20 interaction is increased fol- 
lowing IR upon treatment with okadaic acid (a PP2A in- 

hibitor), suggesting tha t dephosphoryla tion of HDGFRP3 

leads to the dissociation of HDGFRP3 with methylated 

H4K20 following IR. Thus, the impact of PP2A as po- 
tentially being responsible for HDGFRP3 dephosphoryla- 
tion needs further study, by examining its role in 53BP1 

interaction and on DNA damage persistence or genome 
(in)stability in the future. 

In summary, our results re v eal a dynamic interplay of the 
53BP1-methylated H4K20–HDGFRP3 complex for the re- 
cruitment of 53BP1 a t DSB sites. Da ta extracted from cBio- 
portal ( http://www.cBioportal.org ) show that 29 of 35 can- 
cer types exhibit HDGFRP3 gene amplification (Supple- 
mental Figure S10A). Moreover, we observed a significant 
positi v e correlation between HDGFRP3 and 53BP1 tran- 
script le v els in different cancer types (Supplementary Figure 
S10B). Future studies should be devoted to taking advan- 
tage of this knowledge and de v eloping strategies to design 

more efficient anti-cancer therapeutics to overcome thera- 
peutic resistance. 
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