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53BP1 (p53-binding protein 1) is a conserved nuclear protein
that is phosphorylated in response to DNA damage and rapidly
recruited to the site of DNA double strand breaks, demonstrat-
ing its role in the early events to DNA damage and repair of
damaged DNA. In this study, we used the yeast two-hybrid sys-
tem to identify proteins that interact with 53BP1. Identification
and characterization of 53BP1 protein interactions may help to
further elucidate the function and regulation of 53BP1. We
identified protein phosphatase 5 (PP5), a serine/threonine
phosphatase that has been implicated in multiple cellular func-
tion, as a 53BP1-binding protein. This interaction further con-
firmed that 53BP1 interacts with PP5 in PP5-overexpressing
U2OS cells, after radiomimetic agent neocarzinostatin (NCS)
treatment. 53BP1 dephosphorylation at Ser-25 and Ser-1778
was accelerated in PP5-overexpressing U2OS cells following
NCS treatment, and its dephosphorylation was correlated with
reduced phospho-53BP1 foci formation. In contrast, the over-
expression of PP5 had no effect on NCS-activated BRCA1-Ser-
1524 phosphorylation. Additionally, PP5 down-regulation
inhibited the dephosphorylation of 53BP1 on Ser-1778 and the
disappearance of phospho-53BP1 foci following NCS treat-
ment. Moreover, non-homologous end-joining activity was
reduced in PP5-overexpressingU2OS cells. These findings indi-
cate that PP5 plays an important role in the regulation of 53BP1
phosphorylation and activity in vivo.

Protein phosphatase 5 (PP5)3 was identified later than other
members of the PPP family of serine/threonine-specific phos-
phatases, including PP1, PP2A, and PP2B (1). Sequencing of
PP5 and its yeast homolog PPT revealed the presence of tetra-
tricopeptide repeat domains within their structures. Although

many proteins use tetratricopeptide repeat domains as protein-
protein interaction motifs, PP5 and PPT are the only phospha-
tases known to contain these structures. Through its tetratri-
copeptide repeat domain, PP5 interacts with a number of
proteins and has been reported to be involved in regulating
various biological processes such as glucocorticoid receptor
activity (2), apoptosis (3), and cell growth (4). Additionally, PP5
appears to play a role in cell cycle progression in several ways.
Cells treated with PP5 antisense RNA exhibit p53 hyperphos-
phorylation and a subsequent G1 growth arrest (5). PP5 also
bindsCDC16 andCDC27, which aremembers of the anaphase-
promoting complex, a complex required for anaphase initiation
and the exit from mitosis (5). Recently, it was shown that PP5
plays an important role in DNA damage repair and cell cycle
arrest by attenuating the activities of two closely related check-
point kinases, ataxia telangiectasia-mutated kinase (ATM) and
ATM- and Rad3-related kinase (ATR). Around the same time,
another report showed that PP5 interacts with and dephospho-
rylates DNA-dependent protein kinase catalytic subunit on at
least two functional sites (6). More recent work utilizing cells
fromPP5-deficientmice has confirmed that PP5 participates in
the ATM-mediated G2/M DNA damage checkpoint pathway
(7).
The integrity of the information encoded in DNA is essential

for cell survival. Endogenous and exogenous DNA-damaging
agents are constantly challenging the stability of DNA. DNA
double strand breaks (DSBs) are particularly dangerous for cells
because they may lead to genomic instability, cancer develop-
ment, or cell death (8–10). Generally, DSBs are repaired by two
major pathways, homologous recombination (HR) and non-
homologous end joining (NHEJ). HR utilizes DNA molecules
with a significant length of sequence homology to prime DNA
synthesis, allowing for accurate repair. In contrast, NHEJ
rejoins DNA ends with little or no sequence homology, poten-
tially leading to inaccurate joining. In higher animal cells, NHEJ
is believed to play a predominant role inDSB repair. In addition
to the repair of spontaneous DSBs, NHEJ is also used to repair
programmed DSBs that arise during the rearrangement of
immunoglobulin loci via V(D)J and class-switch recombina-
tion. The failure to repair these programmed DSBs results in a
lack of immunoglobulin production, whereas the inappropriate
repair of these DSBs has been linked to the establishment of
lymphomas (11).
53BP1 was originally identified in a yeast two-hybrid screen

for proteins interacting with the tumor suppressor p53 (12).
53BP1 contains two tightly packed tudor domains, which bind
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the methylated Lys-79 of histone H3 (13) or Lys-20 of histone
H4 (14), and tandem repeat of BRCA C terminus (BRCT)
domains. BRCT domains are thought to be protein-protein
interaction domains and are found in many DNA damage
response (DDR) proteins (15, 16). Upon exposure to ionizing
radiation (IR), 53BP1 is rapidly redistributed to sites of DSBs
where it is hyperphosphorylated in an ATM-dependent man-
ner (17, 18). TheN terminus of 53BP1 possesses several (S/T)Q
motifs, which are preferentially phosphorylated by members of
the PIKK family (19). Several studies have shown that 53BP1 is
required for the accumulation of p53, the G2/M checkpoint
arrest, the intra-S-phase checkpoint in response to IR, and the
IR-stimulated phosphorylation of at least a subset of ATM sub-
strates (20–22). 53BP1-null mice are viable but are highly
tumor-prone, have defects in IgG class switching and V(D)J
recombination, and are profoundly hypersensitive to IR, prob-
ably because of a defect in NHEJ (23–25). Despite these obser-
vations, the exactmolecular functions of 53BP1 thatmediate its
biological roles are not understood. It is generally assumed that
whatever the molecular role of 53BP1 is, it is specific to DSBs.
Although the phosphorylation of 53BP1 has been studied in

detail, little is known about its corresponding dephosphoryla-
tion. One reason for this is that little information is available
regarding the putative protein phosphatases responsible for the
dephosphorylation of 53BP1. In this study, we found that PP5
participates in the dephosphorylation of 53BP1 in response to
the radiomimetic drug neocarzinostatin (NCS). To investigate
the role of PP5 in DDR, we established PP5 over- and underex-
pressing cell lines. Using these two cell types, we found that the
phosphorylation of 53BP1 at Ser-25 and Ser-1778 were
removed by PP5 after DNA damage, and that the 53BP1 foci
also rapidly disappeared in PP5-overexpressing cells corre-
sponding to their phosphorylation levels. Furthermore, our
data show that NHEJ activity was significantly reduced in both
the PP5 over- and underexpressing cells.

EXPERIMENTAL PROCEDURES

Cells Lines and Drug Treatment—The following cell lines
were used in this study: U2OS,U2OS-PO (transfectedwith full-
length human PP5), and U2OS-PS (transfected with an siPP5
construct). U2OS cells were cultured in McCoy’s 5A medium
supplemented with 10% fetal bovine serum (FBS), 10 �g/ml
streptomycin, and 10 units/ml penicillin at 37 °C in the pres-
ence of 5%CO2. The U2OS-PO and -PS cells were grown in the
same media as the U2OS cells except for the addition of 800
�g/ml neomycin. To induceDNAdamage, exponentially grow-
ing cells were treated with 200 ng/ml NCS (Sigma) and har-
vested at different times after treatment.
Stable Cell Lines—Full-length human PP5 cDNA was di-

rectly cloned into pcDNA 3.1 TOPO using the PP5-specif-
ic primers 5�-ATGGCGATGGCGGAGGGCGA-3� and 5�-
GAATTCCATTCCTAGCTGCAGCAG-3�. A synthetic siRNA
duplex for PP5 (5�-AACAUAUUCGAGCUCAACGGU-3�)
was purchased from Bioneer and cloned into pSilencerTM neo
(Ambion) (26). The resulting plasmids were transfected into
U2OS cells using Lipofectamine 2000 (Invitrogen). The cells
were then cultured inMcCoy’s 5Amedium supplemented with
10% FBS. After 24 h, G418 (Sigma) was added to the culture

medium at a concentration of 800 �g/ml. After 4 weeks of cul-
ture, during which the G418-containing medium was changed
every 3 days, theG418-resistant colonieswere isolated and con-
firmed by Western blotting.
Antibodies and Immunoblotting—Harvested NCS-treated

cells were lysed with M-PER (Pierce) containing proteinase
inhibitors (Complete Mini, Roche Applied Science) and sep-
arated by SDS-PAGE. The separated proteins were then
transferred to a polyvinylidene difluoride membrane (Milli-
pore), and the membrane was blocked for 1 h with 5% nonfat
dry milk in TBS-T (50mMTris-HCl, pH 7.4, 150mMNaCl, and
0.1% Tween 20). The membrane was then incubated with pri-
mary antibodies against phospho-53BP1 (S1778) (Cell Signal-
ing Technology), phospho-53BP1 (Ser-25) (Novus), 53BP1 (BD
Biosciences and Santa Cruz Biotechnology), ATM (Oncogene),
ATR (Cell Signaling Technology), phospho-BRCA1 (Thr-68)
(Cell Signaling Technology), BRCA1 (Santa Cruz Biotechnol-
ogy), PP5 (BD Biosciences), and �-tubulin (NeoMarkers). After
primary antibody incubation, the membranes were incubated
with the corresponding secondary antibodies and visualized by
chemiluminescence (Intron, Seoul, Korea).
Immunoprecipitation—At 3 h post-NCS treatment, the har-

vested cells were lysed in RIPA buffer (25mMTris-HCl, pH 7.6,
150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate,

U2OS U2OS-PO

Input - + - +
53BP1 IgGIP:

WB: PP5

PP5

PP5

α-Tubulin

0 `      1        3        6        12      24 hNCS

A)

B)

C)

WB: 53BP1

NCS

FIGURE 1. PP5 interacts with 53BP1 after NCS-induced DNA damage. A, to
make PP5-overexpressing cells, U2OS cells were transfected with pcDNA 3.1-
PP5. The transfected cells were then selected with G418 (800 g/ml) for 4
weeks and screened by Western blotting using a PP5-specific antibody. The
long arrow indicates V5/His-tagged PP5, and the short arrow indicates endog-
enous PP5. B, U2OS and U2OS-PO cells were treated with NCS (200 ng/ml) for
3 h and lysed. Proteins were immunoprecipitated (IP) from the lysates with
anti-53BP1 antibody, and the immunoprecipitates were subjected to West-
ern blot (WB) analysis with an antibody specific for PP5 or 53BP1. 1st and 2nd
lanes contain 10% input. Normal mouse IgG was used as an immunoprecipi-
tation control. C, U2OS cells were treated with 200 ng/ml NCS. At 0, 1, 3, 6, 12,
and 24 h after NCS treatment, cell were harvested for Western blotting and
probed with antibodies against PP5 and �-tubulin.
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and 0.1% SDS) supplementedwith proteinase inhibitors (Roche
Applied Science), and the extracts were incubated with anti-
53BP1 antibodies (SantaCruzBiotechnology) overnight at 4 °C.
Protein A-Sepharose beads (Santa Cruz Biotechnology) were
then added, and the mixture was incubated for 2 h at room
temperature. The beads were then gently washed three times
with PBS, and the precipitated complexes were resuspended in
2� loading buffer. After boiling, the samples were resolved by
SDS-PAGE, transferred to polyvinylidene difluoride mem-
branes, and immunoblotted.
Immunofluorescence Analysis—Standard immunofluores-

cence procedures were followed according to Nakamura et al.
(27). Cells grown on cover slides were briefly rinsed with PBS
and then fixed with freshly prepared 3.7% paraformaldehyde in
PBS for 15 min. The slides were then either directly processed
or exposed to 70% ethanol prior to storage at 4 °C. After being
washed with PBS, the cover slides were blocked in 5% bovine
serum albumin in PBS for 1 h at room temperature and then
incubated overnight at 4 °Cwith the following primary antibod-
ies: mouse monoclonal �-H2AX (Ser-139) (1:200; Upstate Bio-
technology) or rabbit polyclonal 53BP1 (Ser-1778) (1:100; Cell
Signaling Technology). Secondary antibodies labeled with
Alexa 488 or Alexa 594 (Molecular Probes) were added at 1:200
and incubated at room temperature for 1 h. The slides were
mounted with a mounting solution containing 4�,6-diamidino-
2-phenylindole (Vector Laboratories). Images were acquired
using a Nikon ELIPSE 80i microscope.

NHEJ Assay—To document the role of 53BP1 phosphoryla-
tion in NHEJ, we used the plasmid pEGFP-Peml-Ad2 (28).
Briefly, the NHEJ reporter plasmid was digested with HindIII
overnight and purified using a Qiagen gel extraction kit.
All plasmids were transfected into U2OS, U2OS-PO, and
U2OS-PS cells using Lipofectamine 2000 according to theman-
ufacturer’s instructions. In a typical reaction, 5� 105 cells were
transfected with 0.5 �g of the predigested NHEJ reporter sub-
strate along with 0.5 �g of pDsRed2-N1 (Clontech) as a trans-
fection control. Green fluorescent protein and DsRed expres-
sionwasmonitored by fluorescencemicroscopy (Nikon Eclipse
TE2000-U). After transfection, the cells were incubated for
48 h, harvested, resuspended in 0.5 ml of PBS, pH 7.4 (Invitro-
gen), and then analyzed by FACS.

RESULTS AND DISCUSSION

PP5 Binds with 53BP1 after DNA Damage—To search for
factors that interact with 53BP1, yeast two-hybrid screening of
a human prostate cDNA librarywas performed using the BRCT
domain of human 53BP1 as bait. One of the positive clones
isolated from 2 � 106 transformants turned out to be PP5. We
confirmed the human PP5 could also interact with human
53BP1 by performing the yeast two-hybrid assay with a human
PP5 cDNA.
To investigate the functional relationship between 53BP1

and PP5, we established U2OS cell lines stably expressing the
PP5 (U2OS-PO) (Fig. 1A). PP5 has been reported to dephos-
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FIGURE 2. PP5 participates in the dephosphorylation of 53BP1 at Ser-25 and Ser-1778 after the DNA repair process. A, to identify the kinase responsible
for the phosphorylation of 53BP1 at Ser-1778, U2OS cells were transfected with siRNAs against control, ATM, and ATR using Lipofectamine reagent. After 48 h,
the cells were treated with 200 ng/ml NCS for 1 h, and the phosphorylation status of 53BP1 at Ser-1778 in cell extracts was determined with anti-phospho-
53BP1-Ser-1778. In the bottom two panels, depletion of ATM or ATR by siRNA was demonstrated by immunoblotting of cell lysates with antibodies against ATM
or ATR. B, dephosphorylation of 53BP1 was mediated specifically by PP5. U2OS and U2OS-PO cells were treated with NCS (200 ng/ml) and then harvested 1, 3,
6, 12, or 24 h later. The phosphorylation patterns of 53BP1 and BRCA1 were analyzed by Western blotting using the indicated antibodies. C, graphs show the
quantification of the levels of 53BP1 phosphorylated on Ser-25 and Ser-1778 and BRCA1 phosphorylated on Ser-1524 shown in B at the indicated time point.
The data were normalized to the untreated U2OS-PO cells (as the value of 1) and are the mean � S.D. of three independent experiments.
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phorylate DNA-PK in response to ionizing radiation (6). Based
on this, identification of PP5 as a 53BP1-associating protein
made us postulate that PP5 might function as a phosphatase
protein for 53BP1 dephosphorylation following ionizing radia-
tion. Thus, we first examined whether the association between
53BP1 and PP5 was affected by radiomimetic agent NCS treat-
ment. Coimmunoprecipitation experiments revealed that the
specific interaction between overexpressed His-PP5 and
endogenous 53BP1 increased significantly 3 h after treatment
with 200 ng/mlNCS (Fig. 1B). Because 53BP1was bound to PP5
after DNA damage, it could be critical for 53BP1 dephospho-
rylation as cells repair their damaged DNA. We could not
detect any changes in PP5 expression after NCS treatment in
U2OS-PO cells (Fig. 1C), suggesting that the increased associ-
ation between 53BP1 and PP5 was not attributed to NCS-me-
diated induction of PP5 expression.
Overexpression of PP5 Specifically Induced the Earlier

Dephosphorylation of 53BP1—The appearance of the 53BP1-
PP5 complex after NCS treatment raised the possibility that
phosphatase activity of PP5 may regulate 53BP1 phosphoryla-
tion after NCS-induced DNA damage. To explore this possibil-
ity (hypothesis), we analyzed 53BP1 phosphorylation in U2OS

and U2OS-PO cells. There are only two commercially available
antibodies to detect the phosphorylated form of 53BP1 at Ser-
25/Ser-29 and Ser-1778. The phosphorylation of 53BP1 at Ser-
25/Ser-29 has beenwell characterized by numerous groups (29,
30); however, the role of phosphorylation at Ser-1778 on the
BRCTdomain of 53BP1 is unknown. Thus, we first assessed the
effect of NCS on 53BP1 phosphorylation at Ser-1778. We
observed that exposing U2OS cells to 200 ng/ml NCS for 3 h
resulted in a significant increase in the amount of phosphoryl-
ated 53BP1 at Ser-1778 (Fig. 2A). Because ATM and ATR pro-
teins participate in the phosphorylation of 53BP1, we examined
53BP1 phosphorylation at Ser-1778 in U2OS cells deficient in
ATMorATR by transient transfection of their specific siRNAs.
Transfection of either ATM siRNA and ATR siRNA reduced
the expression level of the targeted ATM and ATR by �57 and
�63%, respectively, compared with control siRNA-transfected
cells. Immunoblot analysis revealed that the phosphorylation of
53BP1 at Ser-1778 afterNCS treatmentwasmediated at least in
part byATM(Fig. 2A). Further kinetic analysis revealed that the
increase of Ser-25 and Ser-1778 phosphorylation was clearly
detected as early as 1 h after NCS treatment (Fig. 2B, left panel).
However, the phosphorylation patterns between Ser-25 and
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FIGURE 3. The maintenance of 53BP1 foci is affected by the phosphorylation status caused by PP5 overexpression. A, U2OS and U2OS-PO cells were
grown on cover slides and then treated with NCS (200 ng/ml). At 0, 1, 3, 6, 12, and 24 h after 200 ng/ml NCS treatment, the cells were fixed and immunostained
with antibodies to �-H2AX and 53BP1-Ser-1778. B, statistical evaluation of the experiments shown in A. The graph shows the average number of �-H2AX and
53BP1-Ser-1778 foci based on �150 nuclei per sample. The values represent the mean � S.D. of three separate experiments.
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Ser-1778 of 53BP1 are significantly different. NCS-induced
Ser-25 phosphorylation remained constant for 24 h, whereas
NCS-induced Ser-1778 phosphorylation reached peak levels at
1 h and decreased progressively in a time course manner,
becoming significantly diminished at 24 h. This result suggests
that there may be different roles for the different phosphoryla-
tion sites of 53BP1. In response to ionizing radiation, ATM
phosphorylates 53BP1 on Ser-25 and Ser-29 (29, 30). However,
mutation of these sites does not affect the function of 53BP1 in
theDNAdamage response (29), and themutant 53BP1 protein,
in which Ser-25 and Ser-29 are mutated to alanine residues, is
still hyperphosphorylated after DNA damage (19). Addition-
ally, 53BP1 is phosphorylated on multiple residues in response
to different typed of DNA damage (31, 32). Thus, although the
phosphorylation of 53BP1 at Ser-25 and Ser-29 in response to
DNA damage has been linked to its activation, several novel
phosphorylation sites of 53BP1 such as Ser-1788may be impor-
tant for 53BP1 function.
To investigate whether 53BP1 is a target for the PP5 phos-

phatase in vivo, theU2OS andU2OS-POcells were treatedwith
200 ng/ml NCS for different times and then analyzed for 53BP1
phosphorylation at Ser-25 and Ser-1788. As shown in Fig. 2B,
overexpression of PP5 was reduced significantly in the phos-
phorylation of 53BP1 at Ser-25 and Ser-1788 after NCS treat-
ment, as compared with those of U2OS cells. The phosphoryl-
ation of Ser-25 and Ser-1778 of 53BP1 peaked at 1 h and then
decreased over time, becoming significantly diminished by 12 h
in U2OS-PO cells. To evaluate that the PP5-induced dephos-
phorylation of 53BP1 at Ser-25 and Ser-1778was not because of
a nonspecific phosphorylation, we analyzed the Ser-1524-phos-
phorylated BRCA1, which contains the same BRCT domain as
53BP1 and is also a known DDR protein. We did not observe a
substantial difference in the phosphorylation of BRCA1 at Ser-
1524 in U2OS versus U2OS-PO cells, suggesting that the
dephosphorylation of 53BP1 at Ser-25 and Ser-1778 appears to
occur via a specific interaction mediated by PP5. Therefore, we
conclude that PP5 is the phosphatase responsible for removing
the phosphate group from Ser-25 and Ser-1778 of 53BP1 after
DNA double strand breaks.
Rapid Dephosphorylation at Ser-1778 Also Influences Phos-

pho-53BP1 Focus Formation—In response to IR, 53BP1 rapidly
colocalizes with �-H2AX. H2AX, a variant of histone H2A,
becomes phosphorylated and forms foci at sites of double
strand breakage after DNA damage. The number, appearance,
and disappearance of the foci were nearly identical between
53BP1 and �-H2AX (33, 34). Although the phosphorylation
activity has been studied in detail, little is known about the
corresponding dephosphorylation and detachment from DNA
DSBs. Generally, it is thought that either the phosphorylated
protein must be degraded or the phosphate group must be
removed. Therefore, we analyzed the relationship between
focus formation and the dephosphorylation of 53BP1 by immu-
nofluorescence using U2OS and U2OS-PO cells (Fig. 3). The
patterns of pS1778–53BP1 and �-H2AX focus formation were
evaluated from 0 to 24 h after NCS-induced DNA damage. As
shown in Fig. 3, the DNA focus pattern of pS1778–53BP1 dif-
fered between the U2OS and U2OS-PO cells. In the U2OS cells
at 1 h, the DNA foci of pS1778–53BP1 were numerous, small,

and fused; by 24 h, the foci had grown and decreased in number.
This pattern of focus formation corresponded to our Western
blotting results for pS1778–53BP1 (Fig. 2). In the U2OS-PO
cells, the pattern of the pS1778–53BP1 foci was similar to that
in the U2OS cells during the first 3 h, and the pS1778–53BP1
foci were well matched with those of �-H2AX, even though
there were fewer pS1778–53BP1 foci in the U2OS-PO cells
than in the U2OS cells (Fig. 3). After 3 h, however, the number
of pS1778–53BP1 foci in the U2OS-PO cells was greatly
decreased, and the pS1778–53BP1 foci did not match with
those of �-H2AX. This indicates that the detachment of DDR
proteins from DNA breakage sites is the result of dephospho-
rylation. Generally, afterDNA injury,members of the phospha-
tidylinositol 3-kinase kinase family, including ATM, ATR, and
DNA-PKcs, phosphorylatemanyDDR proteins, which are sub-
sequently recruited to participate in the repair process at sites
of DNA breakage (35, 36). The phosphorylation of 53BP1,
which is mediated by ATM and ATR after DNA damage, has
been studied using mass spectrometry (19). The tandem tudor

FIGURE 4. The phosphorylation of 53BP1 at Ser-1778 is enhanced in
U2OS-PS cells. A, U2OS cells were transfected with a control pSilencer vector
(control) or pSilencer vector, including PP5 siRNA. The transfected cells were
then selected with G418 (800 g/ml) for 4 weeks and screened by Western
blotting using a PP5-specific antibody. B, control and PP5 siRNA-transfected
U2OS cells were fixed and immunostained with a polyclonal antibody to PP5.
4�,6-Diamidino-2-phenylindole (DAPI) staining was performed to indicate the
position of nuclei. C, U2OS and U2OS-PS cells were treated with NCS (200
ng/ml) and harvested 0, 1, 3, 6, 12, or 24 h later. The phosphorylation status of
53BP1 at Ser-1778 in cell extracts was determined with anti-phospho-53BP1-
Ser-1778 and 53BP1. D, graph shows the quantification of the levels of 53BP1
phosphorylated on Ser-1778 shown in C at the indicated time point averaged
with an additional, independent experiment. The value given for the amount
of protein present in the to the untreated U2OS-PS sample was set as 1 (n � 3).
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domains of 53BP1 are required for the recruitment of 53BP1 to
sites of DNA DSBs. The BRCT domain is not required for
53BP1 phosphorylation (14) orDNADSB repair (37). Although
53BP1 is regarded as an important protein in the DDR pathway
(20, 38), its exact function is not clearly understood.
In U2OS-PO cells after NCS-induced DNA damage, the

number and size of the �-H2AX foci were almost identical to
those seen in the U2OS cells (Fig. 3). To confirm the specificity
of PP5 for 53BP1, we analyzed the formation of pS1524-BRCA1
and pS1981-ATM foci after DNA damage; as for �-H2AX,
there were no differences in the patterns of the foci between the
cells (data not shown). These data confirm that the interaction
between PP5 and phosphorylated 53BP1 is specific.
Decreased PP5 Expression Delays the Dephosphorylation of

53BP1—To confirm the involvement of PP5 in 53BP1 dephos-
phorylation in response to DNA damage, PP5 expression was
knocked down by stable transfection with siRNA for 53BP1 as
reported previously (26). We cloned an siRNA duplex for PP5
into the pSilencer vector and transfected the siPP5 plasmid into
U2OS cells. Over a period of 4 weeks, G418 selection was used
to obtain several PP5-suppressed U2OS clones. These clones
were then screened by Western blotting, and one was chosen
for further analysis. As shown in Fig. 4A, PP5 protein expres-
sion was inhibited more than 90% by PP5 siRNA transfection.
Immunofluorescence analysis of this clone also demonstrated
that PP5 expression was suppressed (Fig. 4B).
Using the PP5-suppressed cell line U2OS-PS, we examined

the activity of PP5 as a phosphatase at pS1778 of 53BP1. As

shown in Fig. 4C, in the U2OS cells,
the level of pS1778–53BP1 peaked
at 1 h and then decreased slowly
until 24 h after NCS treatment, at
which point pS1778–53BP1 had
completely disappeared. In the
U2OS-PS cells, however, the level of
pS1778–53BP1 was elevated 1 h
after NCS treatment and was
slightly lower after 3 h; this level of
pS1778–53BP1 was maintained for
up to 12 h post-treatment and then
decreased again at 24 h. These
results strongly suggest that PP5 is
involved in the dephosphorylation
of pS1778 in 53BP1; however, we
cannot assume that PP5 is the only
enzyme involved. Recently, Travesa
et al. (39) reported on the dephos-
phorylation of Rad53, which plays a
central role in preventing genomic
instability and maintaining viabi-
lity in Saccharomyces cerevisiae.
According to their data, Rad53
kinase is dephosphorylated by dif-
ferent enzymes, Ptc2/3 and Pph3,
depending on the nature of the
DNA damage; under DNA replica-
tion stress (i.e. under hydroxyurea),
Pph3 dephosphorylated Rad53,

whereas Ptc2/3 participated after DNA methylation damage
(i.e. undermethylmethane sulfonate) or replication stress. Sim-
ilar to Rad53, 53BP1 may be dephosphorylated by different
enzymes depending on the type of DNA damage.
Next, we investigated the influence of PP5 suppression on

focus formation by pS1778–53BP1 after DNA damage in
U2OS-PS cells. As shown in Fig. 5, there were differences in
pS1778–53BP1 focus formation between the U2OS and
U2OS-PS cells. At 1 h after DNA damage, the pS1778–53BP1
foci were similar between the U2OS and U2OS-PS cells; how-
ever, after 3 h, the pattern between the two was different. In the
U2OS cells, the number of pS1778–53BP1 foci decreased
whereas the size increased in a time-dependentmanner; in con-
trast, the number and size of the pS1778–53BP1 foci remained
constant from 3 to 24 h in the U2OS-PS cells. This means that
pS1778–53BP1 foci are influenced by the level of PP5 activity,
whereas the focus patterns are almost identical to the patterns
produced by Western blotting after DNA damage. Thus, the
maintenance of 53BP1 foci is strongly related to the phospho-
rylation status of the protein, which may also influence the
repair process after DNA damage.
Both the Hyperphosphorylation and Hypophosphorylation of

53BP1 Influence NHEJ—Although its function is not clearly
understood, 53BP1 has been reported to participate in NHEJ,
but not HR, after DNA damage (23, 40–44). We therefore
hypothesized that DNA repair activity may be differentially
influenced by the inadequate dephosphorylation of 53BP1 in
U2OS-PO andU2OS-PS cells. To test this, we introduced three
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FIGURE 5. 53BP1 foci are also influenced by the PP5 expression level after NCS-induced DNA damage.
A, U2OS and U2OS-PS cells cultured on cover slides were treated with NCS (200 ng/ml). Each slide was then
fixed with 3.7% paraformaldehyde at various time points and stained with an antibody specific for Ser(P)-1778
(pS1778) in 53BP1. The nuclei were visualized by 4�,6-diamidino-2-phenylindole (DAPI) staining. B, statistical
evaluation of the experiments shown in A. The graph shows the average number of 53BP1-Ser-1778 foci based
on �150 nuclei per sample. The values represent the mean � S.D. of three separate experiments.
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different plasmids, pEGFP-Pem1-Ad2, pEGFP-Pem1, and
pDsRed2-N1, into U2OS, U2OS-PO, and U2OS-PS cells to
allow direct in vivo reporting using EGFP. The pEGFP-Pem1-
Ad2 plasmid (Fig. 6A) was linearized by HindIII digestion,
which removed the Ad2 exon; upon successful circularization

of this plasmid in the cells, EGFP expression was detected and
quantified by FACS. Supercoiled pEGFP-Pem1 was used to
evaluate the EGFP signal without the need for end-joining,
whereas pDsRed2-N1 was used as a transfection control. The
results of two control transfections are shown in Fig. 6B, and

FIGURE 6. NHEJ activity is lower in U2OS-PO and -PS cells than in U2OS cells. A, map of the pEGFP-Pem1-Ad2 vector. Note the Pem1 intron, Ad2 exon, and
location of the HindIII excision sites. B, dot plots of untransfected U2OS cells (panel 1), U2OS cells co-transfected with pEGFP-Pem1 and DsRed (panel 2), U2OS
cells co-transfected with HindIII-linearized pEGFP-Pem1-Ad2 and DsRed (panel 3), U2OS-PO cells co-transfected with HindIII-linearized pEGFP-Pem1-Ad2 and
DsRed (panel 4), and U2OS-PS cells co-transfected with HindIII-linearized pEGFP-Pem1-Ad2 and DsRed (panel 5). The numbers of green (green fluorescent
protein) and red (DsRed) cells were determined by FACS analysis, and typical FACS traces are shown. The ratio of green fluorescent protein to DsRed was used
as a measure of NHEJ efficiency. All measurements of the rejoining efficiency were carried out 24 h after transfection with the corresponding plasmids.
C, percentage of ligated DNA ends was determined by using the data in B. All experiments were repeated at least four times, and the S.D. are shown.
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panel 1 shows the autofluorescence of sham-transfected cells,
and panel 2 shows the signal generated in cells simultaneously
transfectedwith 0.5�g of pEGFP-Pem1 and 0.5�g of pDsRed2-
N1. To evaluate the efficiency of NHEJ, U2OS, U2OS-PO, and
U2OS-PS, cells were transfected with linearized pEGFP-Pem1-
Ad2, and the fluorescent cells were quantified by FACS 24 h
later (Fig. 6B, panels 3–5). NHEJ activity was decreased in both
the U2OS-PO and U2OS-PS cells compared with that in the
U2OS cells (Fig. 6C). In five independent experiments, the
NHEJ efficiency was 64.9 � 1.7% in the U2OS-PO cells and
80.3 � 0.6% in the U2OS-PS cells. These results suggest that
both overexpression of PP5 and expression of PP5 siRNA lead
to decreased NHEJ activity. Generally, phosphorylation of
53BP1 has been linked to its function. Thus, impaired phos-
phorylation or premature dephosphorylation caused by PP5
overexpression might suppress 53BP1 function, leading to
decreased NHEJ activity. In addition, dephosphorylation of
53BP1 may allow re-use of 53BP1 in subsequent repair events.
Thus, in the absence of efficient dephosphorylation, caused by
less PP5 enzyme, NHEJ activity may also be decreased.
It is generally accepted that the repair of IR-induced DSBs is

performedmainly by a core NHEJ complex, which is composed
of theDNA ligase IV/Xrcc4, Ku70/Ku80, DNA-PKcs, andArte-
mis (46). Iwabuchi et al. (44) proposed that 53BP1may also play
a role via its tudor domain, which can bind chromatin and stim-
ulate end-joining by DNA ligase IV/Xrcc4 via a Ku70-depend-
ent pathway. However, several reports have shown that 53BP1
uses a different pathway for NHEJ (23, 36, 47); a recent study
revealed that 53BP1 participates in a pathway distinct from the
Ku- and Artemis-dependent NHEJ pathways but still requires
DNA ligase IV (48). In this study, the efficiency of NHEJ was
lower in the PP5-overexpressing cells than in the PP5-sup-
pressed cells. This can be explained by the fact that PP5 is
involved inATM/ATR-dependent repair afterDNAdamage (7,
26, 49) and that it functions as a phosphatase with DNA-PKcs
(6). Thus, manymore proteins involved in checkpoint signaling
pathways should be affected by PP5 overexpression than by PP5
suppression.
Although phosphorylation in response to DNA damage has

been well documented, little is known about the corresponding
dephosphorylation. Among the members of the PP family,
PP2A and PP4 are known to be involved in the dephosphoryl-
ation of �-H2AX (31, 50). To date, there are a few reports that
PP5 participates in DNA damage response; three of these men-
tioned that PP5 is involved as a regulatory proteins of ATM (7,
26) and ATR (49) but is not a phosphatase. Only one study
reported that PP5 dephosphorylated the Thr(P)-2609 and
Ser(P)-2056 of DNA-PKcs after DNA damage in HeLa cells (6).
In this study, we show that the PP5 binds 53BP1 after DNA

damage and dephosphorylates Ser-25 and Ser-1778 in vivo. A
deficiency of PP5 phosphatase results in increased 53BP1 phos-
phorylation, whereas its overexpression is sufficient to reduce
phosphorylation of 53BP1 in response to radiomimetic drug
NCS. Thus, it seems likely that 53BP1 is a direct target for PP5
phosphatase in vivo. Although dephosphorylation of 53BP1 is
profoundly delayed in PP5 knockdown cells (U2OS-PS), 53BP1
phosphorylation at Ser-1778 was decreased by �50% at 24 h
after NCS treatment, suggesting that another phosphatase

might exist to regulate 53BP1 dephosphorylation. One of the
earliest signals in theDNAdamage response is phosphorylation
of the histone variantH2AXat Ser-139. Two recent studies, one
in mammals and the other in S. cerevisiae, identified roles for
PP2A family phosphatases in �-H2AX dephosphorylation (45,
50), indicating that PP2A directly dephosphorylates �-H2AX
formed by exogenous DNA-damaging agents. However, the
same groups also showed that another phosphatase, PP4C, effi-
ciently dephosphorylates �-H2AX (31). A similar situation
might have been observed with 53BP1 and PP5. Because differ-
ent stresses and/or different degrees of DNA damage induce
phosphorylation of checkpoint components, distinct phospha-
tases might differentially regulate phosphorylated protein
The PP5 phosphatase, which associates with 53BP1 follow-

ing DNA damage, could be one of the factors regulating the
magnitude of 53BP1 phosphorylation and its activation. On the
other hand, under the condition where PP5 is depleted or over-
expressed, the level of 53BP1 phosphorylation and its duration
after DNA damage are changed. Thus, future studies will be
needed to unravel the mechanisms by which dephosphoryla-
tion of 53BP1 contributes to DNA damage response, and to
determine whether PP5 may contribute to DNA damage
response under certain pathologic conditions through the
dephosphorylation of 53BP1. Uncovering how PP5 regulates
53BP1 dephosphorylation after DNAdamagewill contribute to
our understanding of the mechanisms that control the 53BP1
signaling pathway after DNA damage.
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