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ABSTRACT

We have recently identified lens epithelium-derived
growth factor (LEDGF/p75, also known as PSIP1)
as a component of the homologous recombination
DNA repair machinery. Through its Pro-Trp-Trp-Pro
(PWWP) domain, LEDGF/p75 binds to histone marks
associated with active transcription and promotes
DNA end resection by recruiting DNA endonucle-
ase retinoblastoma-binding protein 8 (RBBP8/CtIP)
to broken DNA ends. Here we show that the struc-
turally related PWWP domain-containing protein,
hepatoma-derived growth factor-related protein 2
(HDGFRP2), serves a similar function in homologous
recombination repair. Its depletion compromises the
survival of human U2OS osteosarcoma and HeLa
cervix carcinoma cells and impairs the DNA damage-
induced phosphorylation of replication protein A2
(RPA2) and the recruitment of DNA endonuclease
RBBP8/CtIP to DNA double strand breaks. In con-
trast to LEDGF/p75, HDGFRP2 binds preferentially
to histone marks characteristic for transcriptionally
silent chromatin. Accordingly, HDGFRP2 is found
in complex with the heterochromatin-binding chro-
mobox homologue 1 (CBX1) and Pogo transposable
element with ZNF domain (POGZ). Supporting the
functionality of this complex, POGZ-depleted cells
show a similar defect in DNA damage-induced RPA2
phosphorylation as HDGFRP2-depleted cells. These
data suggest that HDGFRP2, possibly in complex
with POGZ, recruits homologous recombination re-

pair machinery to damaged silent genes or to active
genes silenced upon DNA damage.

INTRODUCTION

Potentially lethal DNA double strand breaks (DSBs) are
mostly repaired by non-homologous end joining or ho-
mologous recombination (1,2). Non-homologous end join-
ing ligates DSB ends with no or limited processing, while
homologous recombination involves extensive and energy-
consuming DNA end resection and uses sister chromatids
as templates to ensure error-free repair. Non-homologous
end joining can occur throughout the cell cycle, whereas ho-
mologous recombination is restricted to S and G2 phases
of the cell cycle when sister chromatids are available. The
choice of this repair process during S- and G2-phases of the
cell cycle depends on the chromatin context in which the
DNA DSB occurs, with histone marks of active transcrip-
tion units being crucial for the recruitment of the homolo-
gous recombination repair machinery preferentially to these
sites (3,4). We have recently shown that this process is facili-
tated by PC4 and SFRS1 interacting protein 1 (PSIP1; also
known as LEDGF/p75), which interacts with H3K36me3
and other methyl-lysine histone marks associated with
active transcription via its N-terminal Pro-Trp-Trp-Pro
(PWWP) domain, and enhances the recruitment of the
resection-promoting DNA endonuclease retinoblastoma-
binding protein 8 (RBBP8/CtIP) to these sites (4).

LEDGF/p75 and its alternatively spliced isoform
LEDGF/p52 belong to the hepatoma-derived growth
factor (HDGF) related protein (HDGFR) family (5).
All family members share a highly conserved N-terminal
region termed ‘homologous to the amino terminus of
HDGF’ (HATH), which contains a PWWP domain of
70 amino acids (6). The PWWP domain belongs to the
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Tudor domain ‘Royal family’ and has been described as a
potential histone methylation reader (7). It is implicated
in various nuclear processes such as epigenetic regulation
(8,9), chromatin structure modulation (10,11) and DNA
repair (12,13). HDGFRP2 (also known as HRP-2) is the
only other HDGFRP family member sharing both N-
terminal PWWP domain and C-terminal integrase-binding
domain (IBD) with LEDGF/p75. Both LEDGF/p75 and
HDGFRP2 have been extensively studied for their ability
to tether the HIV integrase (IN) to active transcription
units (14–16). LEDGF/p75 binds to IN via its IBD and
promotes HIV integration in the body of genes, most likely
mediated by binding of its PWWP domain to methylated
histones associated with actively transcribed genes (17).
HDGFRP2, however, has been shown to have a substan-
tially lower binding affinity towards HIV integrase (8) but
still compensates for depletion of LEDGF/p75 and helps
to redirect integration to active transcription units (18).

Whereas the cellular function of HDGFRP2 has so far
not been addressed, we could recently demonstrate an es-
sential role of LEDGF/p75 in DNA DSB repair by ho-
mologous recombination (4). The determining step in path-
way choice after DNA DSB formation is DNA end resec-
tion, which commits the cell to homologous recombina-
tion. A complex of Mre11, Rad50 and Nbs1 (MRN) to-
gether with DNA endonuclease RBBP8/CtIP performs the
initial resection (19,20), followed by long-range resection
of up to 10 kb from the initial DNA DSB mediated by
EXO1 in concert with DNA2 and BLM helicase (21,22).
The resulting single stranded DNA is rapidly covered by
replication protein A 32 kDa subunit (RPA2, also known
as RP-A p32), which in turn is phosphorylated by the
ataxia-telangiectasia and Rad3-related (ATR). A BRCA1-
dependent exchange of phosphorylated RPA2 with Rad51
then initiates strand invasion and thereby subsequent DNA
resolvase- and ligase-mediated completion of homologous
recombination. We showed earlier that LEDGF/p75 via
its PWWP domain associates with transcriptionally active
units of the genome and upon DNA damage, binds to
RBBP8/CtIP and promotes its recruitment to DNA DSBs
(4). Since LEDGF/p75 and HDGFRP2 share both the
PWWP domain and the IBD, we hypothesized a similar in-
volvement of HDGFRP2 in DNA DSB repair and investi-
gated its role in this process.

MATERIALS AND METHODS

Cell culture and treatments

All cells were grown in Dulbecco’s Modified Eagle Medium
supplemented with 6% fetal calf serum, 25 U.I./ml peni-
cillin and 25 �g/ml streptomycin. U2OS DR-GFP and
U2OS-GFP-RBBP8/CtIP cells were selected with 5 �g/ml
puromycin.

Cells were treated with 1 �M camptothecin (Sigma) for 1
h, washed and incubated to recover for the indicated times.
Ionizing radiation was performed in an X-ray generator
(Yxlon, Y.Smart 160E/1.5, 160 kV).

Transfections

Forward or reverse transfections of siRNAs were done with
20 or 30 nM siRNA using RNAiMax (Invitrogen). The
following siRNA sequences (sense, 5′-3′) were used in this
study:

Control siRNA (C): sequence not available (Qiagen, All-
Stars Negative Control siRNA)

PSIP1 (L): GCAAUGAGGAUGUGACUAA
HDGFRP2 #3 (H3): GAGAUCAAGUUUGCCCUAA
HDGFRP2 #4 (H4): GACUCAGACUCAGACAAGA
HDGFRP2 #6 (H6): CCGUGAAGGUGGAGCGGAC
RBBP8: GCUAAAACAGGAACGAAUC
POGZ #1 (P1): GGUGUUACAGGCGAAAAUAGC
POGZ #2 (P2): GACAGUUGGAGUUCCACAA
POGZ #3 (P3): CAGGUACCCAGUUUGUUAA
POGZ #4 (P4): GUCAUGCCGGCCACUCUUA
pFlag-HDGFRP2 plasmid (23) was kindly provided by

Eric Poeschla (Mayo Clinic College of Medicine, Rochester,
MN, USA). H4 siRNA-resistant Flag-HDGFRP2 con-
struct Flag-HDGFRP2* was established by introducing
three point mutations (C528T A531G C534T; NCBI
reference sequence NM 001001520.1) to pFlag-HDGFRP2
using QuikChange Lightening Site-directed Mutagenesis
kit (Agilent Technologies, # 210518) according to the
manufacturer’s instruction. The mutagenic primers used
were 5′-GGATGGAGAGCGACTCAGATTCGGAT
AAGAGTAGCGACAACAGTG-3′ (forward) and 5′-
CACTGTTGTCGCTACTCTTATCCGAATCTGAGTC
GCTCTCCATCC-3′ (reverse). The resulting M13 mutant
plasmid was verified by DNA sequencing using primer
sequence 5′-AGGACCTGTTCCCCTACGAC-3′.

Immunoblotting

Cells were lysed in 1× Laemmli sample buffer (for CoIPs
and peptide pulldown: 2× Laemmli sample buffer). Pro-
teins were separated using sodium dodecyl sulphate-
polyacrylamide gel electrophoresis, transferred on a nitro-
cellulose membrane, incubated with designated primary
and appropriate secondary antibodies (Dako, Agilent)
and incubated with ECL detection reagents (ECL Plus:
Amersham, GE Healthcare Life Sciences) before analy-
sis using the imaging system ImageQuant LAS-4000 (GE
Healthcare Life Sciences). The following primary antibod-
ies were used for immunoblotting: �-actin (Sigma, A2228),
CBX1 (Merck Millipore, mab3448), CHK2 (Santa Cruz, sc-
17747), CHK1 (Santa Cruz, sc-8408), CHK1 (P-S317) (Cell
Signalling, 2344P), CHK2 (P-T68) (Cell Signaling 2661),
Cyclin A2 (Santa Cruz, sc-751), �H2AX (Abcam, ab2893),
GAPDH (Serotec AbD, MCA4740), HDGFRP2 (Santa
Cruz sc-55223), LEDGF (Bethyl, A300–848), POGZ
(Santa Cruz, sc-102062), RPA2 (Abcam, ab2175), RPA2
(P-S4/S8) (Bethyl A300–245A) and RBBP8/CtIP (Bethyl,
A300–488A).

Immunocytochemistry

For confocal microscopy, an LSM-510 META (Carl
Zeiss Microimaging Inc.) coupled with an upright Zeiss-
Axioimager and equipped with an oil immersion objective
(Plan-Apochromat 40×/1.3 and 63×/1.4) was used. Dual
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colour confocal images were acquired with lines 488 and
543 nm for excitation of Alexa Fluor 488 and Alexa Fluor
594 dyes and band-pass filters 505–530 nm and 560–615
nm, respectively. Image acquisition and analysis were car-
ried out with LSM-ZEN software. Briefly, cells were op-
tionally pre-extracted by incubation for 5 min at 4 C in
CSK buffer (25 mM Hepes pH7.4, 50 mM NaCl, 1 mM
EDTA, 3 mM MgCl2 300 mM Sucrose and 0.5% Triton-
X-100), followed by fixation in 3.7% formaldehyde for 12
min and staining with appropriate primary and accord-
ing secondary antibodies. The following primary antibodies
were used for immunocytochemistry: Cyclin A2 (Abcam,
ab16 726), �H2AX (Abcam, ab2893), HDGFRP2 (Santa
Cruz sc-55 223 and ProteinTech 15 134–1-AP), LEDGF
(Bethyl, A300–848), RPA2 (Abcam, ab16 850) and POGZ
(Santa Cruz Biotechnology, sc-102 062). Secondary anti-
bodies AlexaFluor488 donkey anti-rabbit, AlexaFluor488
donkey anti-mouse, AlexaFluor594 donkey anti-rabbit and
AlexaFluor594 donkey anti-mouse were from Invitrogen,
Molecular Probes.

Immunoprecipitation

Cells were grown as subconfluent monolayer in 10 cm cell
culture dishes, lysed and nuclear extracts were prepared es-
sentially following the instructions for the Nuclear Complex
CoIP kit (Active Motif), but diluted in RIPA lysis buffer
(50 mM TRIS HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA,
1% NP-40, 0.25% sodium deoxycholate, 0.1% sodium do-
decyl sulphate (SDS), 2 mM MgCl2). Extracts were pre-
cleared and afterwards incubated with the designated pri-
mary antibodies: IgG (rabbit, Agilent Technologies/Dako),
HDGFRP2 (rabbit, Proteintech) on a rotator for 4 h at 4◦C.
Anti-rabbit magnetic beads (Life Technologies, Dynabeads
M-280 anti-rabbit IgG) were added and incubated for 2 h
at 4◦C. Bead-bound protein complexes were washed three
times in RIPA wash buffer (50mM TRIS HCl (pH 7.4), 150
mM NaCl, 1 mM EDTA, 0.5% NP-40, 0.25% sodium de-
oxycholate), boiled in 2× Laemmli sample buffer and anal-
ysed by immunoblotting.

Laser micro-irradiation

UV laser micro-irradiation was performed essentially as de-
scribed (24,25). U2OS-GFP-RBBP8/CtIP were transfected
with indicated siRNAs for 72 h. For the last 24 h, the culture
medium was supplemented with 10 �M BrdU to sensitize
the cells to DSB generation by UVA laser (� = 337 nm).
Micro-irradiated cells were followed by real-time confocal
microscopy for 15 minutes, after which stripe-forming cells
were counted.

Histone peptide pulldown

Biotin-conjugated histone 3 (H3) peptides (Eurogentech)
were immobilized on streptavidin magnetic beads (Life
Technologies, Dynabeads M-280 Streptavidin) and incu-
bated with nuclear extracts prepared as in the immunopre-
cipitation procedure but resolved in binding buffer (150 mM
Hepes-KOH (pH7.6), 200 mM KCl, 1 mM MgCl2, 1 mM
EDTA, 10% Glycerol, 0.5% NP-40, 1 mM DTT + Protease

Inhibitors) for 2 h at 4◦C. Bound proteins were washed five
times in binding buffer, boiled in 2× SDS sample buffer and
analysed by immunoblotting.

Homologous recombination assay

The homologous recombination assay was performed es-
sentially as described previously (26). U2OS cells express-
ing the integrated homologous recombination reporter DR-
GFP were transfected with indicated siRNAs for 48 h, an I-
SceI expression vector (pCBA-I-SceI) and a vector express-
ing monomeric red fluorescent protein (pCS2-mRFP) were
transfected in a 2:1 ratio for 24 h. Cells were harvested,
fixed and subjected to flow cytrometric analysis to quan-
tify GFP positive and transfected (RFP positive) cells (BD
Biosciences, FACSVerse). The threshold for GFP positivity
was set to 1% background level in control cells not trans-
fected with I-SceI. The percentage of double positive cells
of all RFP positive cells was used as the measure of ho-
mologous recombination, and that value in control siRNA-
transfected cells was set to 100% in each experiment.

Cell viability assays

Cells were transfected with indicated siRNA for 48 h,
washed and incubated with PrestoBlue reagent according to
the manufacturer’s instructions (Thermo Fisher Scientific).
The fluorescence was measured in a microplate reader at 571
nm and at the reference wavelength of 610 nm. Values were
corrected for background fluorescence and normalized to
the transfection control. Total cell count was determined
by staining the cells with Hoechst-33342 and using Celigo
cytometer (Brooks Life Science Systems, measuring at 461
nm) and its software to analyse the data. Values of total
cell count were normalized to the transfection control per-
formed in triplicate parallel to each experiment.

Proximity ligation assay (PLA)

After indicated treatments, U2OS cells (14 000 cells/well
in Falcon tissue culture slides) were fixed and permeabi-
lized using 4% paraformaldehyde and 0.5% Triton X-100,
blocked with 3% bovine serum albumin and incubated
with primary antibodies including rabbit anti-HDGFRP2
(Proteintech; 15 134–1-AP), goat anti-HDGFRP2 (Santa
Cruz; sc-55 223), murine anti-POGZ (Sigma-Aldrich;
SAB1407181), rabbit anti-H3K9me3 (Abcam, ab8898) and
murine anti-CtIP (GeneTex, GTX70264). Protein–protein
interactions were analysed using Duolink-based in situ
proximity ligation assay (PLA) (Sigma-Aldrich) according
to the manufacturer’s instructions. Signals were quantified
using a confocal LSM-780 microscope and the Duolink Im-
ageTool. The quantification of the PLA signals is shown as
median and presented as floating-bar plots.

Cell cycle analysis

U2-OS cells were reverse transfected with 20 �M siR-
NAs using Lipofectamine R© RNAiMAX, treated with 0.04
�g/ml nocodozale or DMSO 24 h later, and washed in
phosphate buffered saline, fixed with methanol on ice for 15
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min 48 h after the transfection. The fixed cells were resus-
pended in FxCycle PI/RNase Staining Solution (Thermo
Fischer Scientific) and analysed by a BD FACSVerse and
FlowJo software.

Statistical analysis

P-values were calculated with the two tailed student’s t-test
except for the PLAs where the Mann–Whitney U test was
used.

RESULTS

HDGFRP2 depletion induces cell death

Prompted by the recently identified role of chromatin-
binding LEDGF/p75 in the DNA DSB repair and cell sur-
vival (4), we hypothesized a similar nuclear role for the
structurally related HDGFRP2. In line with their analo-
gous chromatin- and DNA-binding domains (Figure 1A),
both LEDGF/p75 and HDGFRP2 displayed punctate
and strictly nuclear localization in interphasic U2OS (Fig-
ure 1B) and HeLa (data not shown) cells. Contrary to
LEDGF/p75, which remained tightly bound to the chro-
matin during mitosis, HDGFRP2 dissociated partly from
condensed chromosomes in mitotic cells (Figure 1B).

To investigate the consequences of HDGFRP2 depletion
on cell survival, we treated U2OS cells with siRNAs target-
ing the HDGFRP2 encoding HDGFRP2 gene (Figure 1C).
Akin to an siRNA targeting the LEDGF encoding PSIP1
gene, treatment of cells with HDGFRP2 siRNAs for 72 h led
to an increase in cell death as demonstrated by cell counting
(Figure 1D), PrestoBlue cell viability assay (Figure 1E) and
light microscopy (Figure 1F). HDGFRP2 depletion was as-
sociated with spontaneous DNA damage as indicated by
appearance of �H2AX foci in the absence of DNA damag-
ing agents (Figure 1G), but altered neither the proportion of
replicating cells in normal growth conditions nor progres-
sion through G1 and S phases of cell cycle when the pro-
gression through mitosis was inhibited by nocodazole treat-
ment (Figure 1H). HDGFRP2 depletion induced a similar
cell death phenotype in HeLa cells (Figure 1I–K). Taken to-
gether, these data suggest that the reduced cell number upon
HDGFRP2 depletion is due to the induction of cell death
rather than disturbances in cell cycle progression.

HDGFRP2 depletion impairs DNA repair by homologous re-
combination

To study whether the pro-survival effect of HDGFRP2 re-
flected its role in DNA DSB repair, we made use of an
assay directly measuring homologous recombination effi-
ciency in U2OS cells carrying an integrated GFP-based
homologous recombination reporter construct (DR-GFP)
(26). This construct codes for an inactive GFP harbour-
ing the restriction site for the I-SceI endonuclease, and a
truncated wild-type GFP that can serve as a template dur-
ing recombination (Figure 2A). Following I-SceI-mediated
cleavage of the restriction site, recombination events will re-
sult in restored and active GFP, which can be used as a di-
rect measure of recombinational DNA repair efficiency. In

this model system, knockdown of HDGFRP2 by six inde-
pendent siRNAs reduced homologous recombination effi-
ciency, four of them reducing it to a level comparable to that
observed in cells depleted for RBBP8/CtIP or LEDGF/p75
(Figure 2B and Supplementary Figure S1).

Together with other DNA repair factors, including
BRCA1 and MRN complex, RBBP8/CtIP catalyses an ini-
tial 5′-3′ DNA resection of the broken DNA ends gener-
ating 3′ single-stranded DNA (ssDNA) overhangs, which
are rapidly coated by the heteromeric ssDNA-binding RPA
complex (27–29). The RPA-coated ssDNA then triggers as-
sembly of the homologous recombination repair signalling
machinery governed by Serine/threonine-protein kinase
ATR, which leads to the phosphorylation of multiple target
proteins, including the RPA2 subunit of RPA (30). In order
to assess the role of HDGFRP2 in the initial steps of ho-
mologous recombination, we first monitored the phospho-
rylation of RPA2 at S4/S8, a site whose phosphorylation
depends on ssDNA-induced activation of ATR (31). U2OS
cells depleted for HDGFRP2 had a clearly reduced capac-
ity to phosphorylate this site in response to DNA dam-
age induced by irradiation or inhibition of topoisomerase
I by camptothecin (Figure 2C and D). On the contrary,
the irradiation-induced ATR-mediated phosphorylation of
CHK1 at S317, which does not depend on ssDNA (32), as
well as the serine-protein kinase ATM-mediated phospho-
rylation of CHK2 at T68, were not affected by the lack
of HDGFRP2. Importantly, the reduced camptothecin-
induced RPA phosphorylation in HRP2 depleted cells was
effectively reverted by the expression of a siRNA-resistant
HDGFRP2 mutant (Figure 2E). Thus, HDGFRP2 appears
to regulate DNA DSB repair by homologous recombina-
tion without affecting the activities of ATR and ATM ki-
nases.

HDGFRP2 depletion inhibits the recruitment of
RBBP8/CtIP to DNA DSB sites

We next tested whether HDGFRP2 regulates homologous
recombination in a manner similar to LEDGF/p75, which
binds RBBP8/CtIP and promotes its recruitment to the
sites of DNA DSBs (4). For this purpose, we depleted U2OS
cells that express GFP-RBBP8/CtIP for HDGFRP2 and
followed GFP-RBBP8/CtIP recruitment to laser micro-
irradiated DNA DSB tracks. Depletion of HDGFRP2 by
two independent siRNAs led to a significant reduction in
the GFP-RBBP8/CtIP stripe formation that was compa-
rable to that observed in cells depleted for LEDGF/p75
(Figure 3A). Because DNA repair by homologous recom-
bination takes place preferentially in S and G2 phase
cells, altered cell cycle progression could affect this as-
say. To ensure that this was not the case, we repeated the
assay and calculated the proportion of micro-irradiated
GFP-RBBP8/CtIP stripes in cells expressing cyclin A2,
whose expression increases in S phase and peaks in G2
phase. As expected, GFP-RBBP8/CtIP stripes formed al-
most exclusively in cyclin A2 positive cells and depletion of
HDGFRP2 clearly reduced their formation and intensity
in micro-irradiated, cyclin A2 positive cells (Figure 3B). It
should also be noted that HDGFRP2 depletion did not af-
fect the cell cycle distribution or the expression of cyclin A2,
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LEDGF/p75, RBBP8/CtIP or RAD51 in U2OS cells (Fig-
ure 3B; Supplementary Figure S1). These data suggest that
HDGFRP2 promotes the recruitment of RBBP8/CtIP to
the sites of DNA DSBs.

HDGFRP2 associates with heterochromatin-binding pro-
teins and binds heterochromatin-associated histone marks

Prompted by the necessity of HDGFRP2 for the ef-
fective recruitment of RBBP8/CtIP to DNA damage
sites, we next investigated whether HDGFRP2 associ-
ated with RBBP8/CtIP. Indeed, RBBP8/CtIP antibod-
ies repeatedly detected small amounts of RBBP8/CtIP
in complex with HDGFRP2 as demonstrated by im-
munoblotting of proteins that co-immunoprecipitated with
endogenous HDGFRP2 (Figure 4A). Further analysis
of co-immunoprecipitated proteins confirmed the pre-
viously reported interaction between HDGFRP2 and
heterochromatin-associated pogo transposable element de-
rived protein with zinc finger domain (POGZ) (33,34).
The heterochromatin-binding protein, chromobox homo-
logue 1 (CBX1; or heterochromatin protein 1 homologue
ß) was also identified as an HDGFRP2-associated pro-

tein (Figure 4A). Furthermore, HDGFRP2 associated with
�HA2X, which marks DNA damage sites (Figure 4A).
Notably, the association of HDGFRP2 with both POGZ
and �HA2X was enhanced by 1 h camptothecin treatment,
whereas that of RBBP8/CtIP appeared unchanged (Figure
4A). PLA employing antibodies against HDGFRP2 and
RBBP8/CtIP verified the close proximity of HDGFRP2
and RBBP8/CtIP in nuclei of untreated cells, which was
significantly enhanced during 1 h camptothecin treatment
and up to 4 h of recovery (Figure 4B-D). Since it is un-
clear whether HDGFRP2 recruits RBBP8/CtIP to the site
of DNA damage or whether the two proteins are recruited
together (e.g. in response to changes in histone marks) we
next studied the association of HDGFRP2 with modified
histones.

Both POGZ and CBX1 have been reported to bind
strongly to histone marks characteristic of transcription-
ally repressed genes, e.g. H3K9me3 and H3K27me3 (34–
36). Similarly, HDGFRP2 had high affinity to biotinylated
histone H3K9me3 and H3K27me3 peptides in vitro (Fig-
ure 4E). Supporting the specificity of HDGFRP2 binding to
transcriptionally silent chromatin, binding to histone pep-
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tides characteristic for transcriptionally active units (e.g.
H3K4me3 and H3K36me3) was much weaker. In contrast,
LEDGF/p75 showed higher binding affinity to the his-
tone marks of active chromatin than those of silent chro-
matin (Figure 4E). In order to investigate the dynamics
of the association of HDGFRP2 with silent chromatin,
we performed PLA in untreated and camptothecin-treated
U2OS cells employing specific antibodies to endogenous
HDGFRP2 and H3K9me3. The nuclear proximity liga-
tion signal verified the close proximity of HDGFRP2 and
H3K9me3 in untreated cells, and a significant increase in
the signal upon camptothecin treatment suggested that co-
localization of these proteins was regulated by DNA dam-
age (Figure 4F and Supplementary Figure S2). These data
suggest that LEDGF/p75 and HDGFRP2 function in two
separate complexes.

POGZ binds to HDGFRP2 and is involved in DNA DSB re-
pair by homologous recombination

POGZ has been described as a modulator of the disso-
ciation of chromobox protein homologue 5 (CBX5, also
known as heterochromatin protein 1 homologue �) from
chromosome arms during mitosis (37), and has recently
been found to be in complex with three CBX isoforms
(CBX1, CBX3 and CBX5) as well as with HDGFRP2 in
human and mouse tissues (13,34). Because the two POGZ
binding partners, HDGFRP2 (Figures 2 and 3) and CBX1
(38,39), have been shown to regulate DNA DSB repair by
homologous recombination, we next investigated the role
of POGZ in this process. POGZ protein localized mainly
to nucleus of interphase U2OS cells but was distributed
more diffusely in mitotic cells, with only a small propor-
tion remaining localized close to the mitotic chromosomes
(Figure 5A). PLA employing specific antibodies against
POGZ and HDGFRP2 confirmed their co-localization in
the nuclei of untreated cells and revealed a significant in-
crease in this co-localization during the recovery phase af-
ter camptothecin treatment (Figure 5B). In order to test
the putative involvement of POGZ in the DNA damage
repair by homologous recombination, we investigated the
effect of POGZ depletion on RPA2 phosphorylation after
DNA DSB induction by camptothecin treatment in U2OS
cells. Four independent POGZ siRNAs reduced the level
of camptothecin-induced RPA2 phosphorylation consider-
ably as compared to control siRNA-treated cells (Figure
5C). Paralleling these observations, POGZ depletion greatly
impaired RPA2 foci formation after camptothecin treat-
ment (Figure 5D). Notably, the efficient siRNA-mediated
depletion of POGZ in U2OS cells did not alter the cell cy-
cle profiles (Figure 5E), even though POGZ has been re-
ported to be essential for correct mitotic progression (37).
These observations strongly suggest a novel role for POGZ
in DNA DSB repair by homologous recombination.

DISCUSSION

We have earlier identified LEDGF/p75 as a key player
in the DNA end resection during DNA DSB repair by
homologous recombination, where it enhances the phos-
phorylation of RPA2 and the tethering of RBBP8/CtIP

to DNA DSBs (4). Here we show that a structurally re-
lated member of the HDGF family, HDGFRP2, performs
a similar function during homologous recombination re-
pair. This conclusion is based on ample data showing that
the siRNA-mediated depletion of HDGFRP2 results in (i)
significantly reduced homologous recombination repair ac-
tivity in cells carrying an integrated GFP-based homolo-
gous recombination reporter construct, (ii) reduced RPA2
phosphorylation after DNA damage induction by camp-
tothecin treatment or ionizing radiation, and iii) reduced
recruitment of GFP-RBBP8/CtIP to laser-generated DSB
tracks. The defective homologous recombination pheno-
type is likely to be a consequence of the specific deple-
tion of HDGFRP2 because several independent siRNAs
targeting HDFGFRP2 induce a similar phenotype and a
siRNA-resistant HDGFRP2 cDNA rescues the RPA2 phos-
phorylation defect in HDGFRP2 depleted cells. Hence,
LEDGF/p75 and HDGFRP2 appear to promote homol-
ogous recombination repair by a similar mechanism.

If the functions of LEDGF/p75 and HDGFRP2 in ho-
mologous recombination were identical, one would expect
the depletion of a single protein to result in only a moder-
ate phenotype. However, depletion of either protein alone
reduces the RBB8/CtIP recruitment by over 80% and the
homologous recombination activity by over 60%, suggest-
ing that the two proteins perform similar but not identical
functions. In line with this, there is a clear difference in chro-
matin association between HDGFRP2 and LEDGF/p75.
Whereas LEDGF/p75 preferentially binds to histone pep-
tides characteristic of active chromatin (e.g. H3K36me3)
in vitro (4), HDGFRP2 shows preferential binding to hi-
stone peptides characteristic of transcriptionally inactive
chromatin (e.g. H3K9me3 and H3K27me3). The physio-
logical relevance of the in vitro binding assay is supported
by the close cellular co-localization of HDGFRP2 and
H3K9me3 observed using the PLA as well as by the co-
immunoprecipitation of heterochromatin-associated pro-
teins, CBX1 and POXZ1 (34–36), with HDGFRP2. Thus,
LEDFG/p75 and HDGFRP2 might be functionally redun-
dant in DNA DSB repair but act in separate regions of
chromatin, i.e. euchromatin and heterochromatin, respec-
tively. It could be advantageous for the cell to utilize two
different proteins for active transcription units and hete-
rochromatin as these areas have different repair kinetics.
Whereas actively transcribed chromatin quickly responds
to DNA damage with signalling events like histone ubiq-
uitination and subsequent initiation of recombinational re-
pair, DSBs in heterochromatin are thought to first move
outside of a CBX3 domain to complete repair by homolo-
gous recombination (40). The global effect of HDGFRP2
depletion on DNA damage-induced RPA phosphoryla-
tion as well as the requirement of HDGFRP2 for the re-
pair of a CMV promoter-driven actively transcribed GFP
gene argue, however, against the heterochromatin-restricted
role for HDGFRP2. Instead, the binding of HDGFRP2
complex to histone marks of silent chromatin may recruit
HDGFRP2 to genes silenced around the sites of DNA dam-
age, a phenomenon that has recently been found to be es-
sential for efficient DNA repair of damaged active genes
(41–44). In such a scenario, LEDGF/p75 and HDGFRP2
could serve spatially and kinetically distinct complemen-
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Figure 5. POGZ depletion impairs DNA DSB repair by homologous recombination. (A) Representative confocal images of U2OS cells, fixed and stained
for POGZ and DNA (Hoechst). Cells transfected with control and POGZ (P1) siRNAs for 72 h and stained similarly are shown to verify the specificity
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with 1 �M camptothecin (CPT) for 1 h with or without 4 h recovery. Representative confocal images (left) and median values of nuclear PLA signals in
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site and may play a role in the separate heterochromatic chromatin compartment or in chromatin silenced around the DNA DSB break. Its binding to
silent chromatin may reflect its role e.g. in the inhibition of transcription and activation of Tip60 around the damage site.

tary functions even around the same DNA DSBs (Figure
6). Supporting this hypothesis, camptothecin treatment sig-
nificantly increased the co-localization of HDGFRP2 with
H3K9me3.

In addition to identifying HDGFRP2 as a protein reg-
ulating homologous recombination repair, our data also
identify its binding partner, POGZ, as a protein involved
in this process. This conclusion is based on the inhibition of
camptothecin-induced RPA2 phosphorylation and foci for-
mation by POGZ RNAi. It remains, however, to be stud-
ied whether HDGFRP2 and POGZ function as a complex
in the repair process. Supporting this hypothesis, our data
from PLA demonstrates a significant increase in the co-
localization of these two proteins following camptothecin
treatment. Until now, the only function assigned to POGZ
is related to the dissociation of CBX5 from chromosome
arms (37). Various CBX isoforms, on the other hand, have
been implicated in both negative and positive regulation
of DNA DSB repair (39). It is, however, unclear whether
they act directly in the repair process or indirectly e.g. by
dissociation-induced changes in the chromosomal structure
that alter the accessibility of other repair factors (45,46).
The current model envisions that a transient dissociation
of CBX family proteins from chromatin opens up the chro-
matin structure, increases the pool of available CBX protein
and exposes the histone marks to other H3K9me3 binding
proteins, e.g. histone acetyltransferase Tip60 that activates
the ATM-dependent repair (47). These events could be par-
alleled by an association of CBX isoforms to DSB sites to
promote local chromatin changes that help stabilizing loose
ends or restrict transcription. The relatively strong asso-
ciations between HDGFRP2, POGZ and CBX1 and the
enhanced association of the first two upon DNA damage
suggest that these proteins may act in concert to regulate

homologous recombination either directly or by inducing
changes in the chromatin conformation.

In summary, our data introduce two heterochromatin-
binding proteins, HDGFRP2 and POGZ, as proteins that
regulate the DNA DSB repair by homologous recombina-
tion upstream of RPA2 phosphorylation. Further investi-
gations are needed to define their exact roles in this process.
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