
53BP1 represses mitotic catastrophe in syncytia
elicited by the HIV-1 envelope
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p53 binding protein-1 (53BP1) participates in checkpoint signaling during the DNA damage response (DDR) and during mitosis.
In this study we report that 53BP1 aggregates in nuclear foci within syncytia elicited by the human immunodeficiency virus (HIV)-1
envelope. 53BP1 aggregation occurs as a consequence of nuclear fusion (karyogamy (KG)). It colocalizes partially with the
promyelomonocytic leukemia protein (PML), and the ataxia telangiectasia mutated kinase (ATM), the two components of the DDR
that mediate apoptosis induced by the HIV-1 envelope. ATM-dependent phosphorylation of 53BP1 on serines 25 and 1778
(53BP1S25P and 53BP1S1778P) occurs at these DNA damage foci. 53BP1S25P was also detected in syncytia present in the
lymph nodes or frontal brain sections from HIV-1-infected carriers, as well as in peripheral blood mononucleated cells from HIV-
1-infected individuals, correlating with viral load. Knockdown of 53BP1 caused HIV-1 envelope-induced syncytia to enter
abnormal mitoses, leading to their selective destruction through mitochondrion-dependent and caspase-dependent pathways. In
conclusion, depletion of 53BP1 triggers the demise of HIV-1-elicited syncytia through mitotic catastrophe.
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The envelope glycoprotein complex (Env) of human immuno-
deficiency virus-1 (HIV-1) can induce apoptosis by multiple
mechanisms.1 A soluble Env derivative, gp120, kills cells
through signals that are transmitted by chemokine receptors
such as CXCR4.2–4 Cell surface-bound Env (composed by
gp120 and gp41), which is present on the plasma membrane
of HIV-1-infected cells, kills uninfected bystander cells
expressing CD4 and CXCR4 (or similar chemokine receptors,
depending on the Env variant) by several distinct mechanisms.
First, transient interactions involving the exchange of
lipids between the two interacting cells (‘the kiss of death’)
without cell fusion may lead to the death of CD4-expressing
target cells. Second, fusion of the interacting cells may initiate
the formation of syncytia, which then succumb to apoptosis in
a complex signaling pathway involving the activation of
multiple kinases (ataxia teleangiectasia mutated (ATM),

cyclin-dependent kinase-1 (Cdk1), checkpoint kinase-2
(Chk2), mammalian target of rapamycin (mTOR), p38
mitogen-activated protein kinase (p38 MAPK) and inhibitor
of NF-kB kinase, (IKK)),5–9 as well as the activation of several
transcription factors (NF-kB and p53),2,10 finally resulting in
the activation of the mitochondrial pathway of apoptosis.11,12

These lethal signal transducers have been detected in the
tissues of patients, within syncytia that are formed in
the lymphatic tissues and the brain from HIV-1 carriers. At
the apex of this apoptotic pathway, a DNA damage response
(DDR) is triggered. After fusion of Env-exposing and
uninfected cells, the nuclei contained in the common
cytoplasm first remain separated and then fuse. The non-
physiological juxtaposition of non-synchronized genomes
then triggers a DDR that involves the aggregation of the
promyelocytic leukemia protein (PML) and the subsequent
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ATM-mediated phosphorylation of histone H2AX
(g-H2AX).8,13 PML, ATM and other DNA damage-relevant
proteins (such as Nijmegen breakage syndrome-1 (NBS1))
are strictly required for syncytial apoptosis induced by HIV-1,
suggesting that the DDR has a major role in acquired
immunodeficiency syndrome (AIDS) pathogenesis.
The tumor suppressor protein, p53 binding protein-1

(53BP1) is a BRCA1 carboxy terminal (BRCT) repeat protein
that has an important role in the DDR. Originally described as
53BP1, it is currently considered as a major initiator of DNA
damage signaling and/or repair.14–18 Normally diffusely
distributed through the nucleus during interphase, 53BP1 is
recruited to sites of DNA lesions upon DDR19,20 in which it
interacts with DNA double-strand breaks and many proteins
involved in DNA damage, repair and checkpoint signaling,
including BRCA1, Rad51, Mre11/Rad50/NBS1, ATM and
g-H2AX, to constitute DNA damage-inducible foci.15,21–23

Upon DDR, 53BP1 becomes hyper-phosphorylated (on
serines 25 and 1778) in an ATM-dependent manner.24–26

53BP1 is also phosphorylated during mitosis and participates
in mitotic checkpoint signaling through its interaction with
centromere protein E (CENP-E) to kinetochores of chromo-
somes.27 Thus, 53BP1 is a molecular component of DNA
damage response machinery, as well as of the mitotic
machinery.
Driven by the premises that the DDR dictates syncytial cell

death and that 53BP1 is one of the major DDR regulators, we
decided to analyze the role of 53BP1 in HIV-1 Env-elicited
apoptosis. In this study we report that 53BP1 is recruited to
DNA damage foci within syncytia and undergoes ATM-
dependent activating phosphorylations. In sharp contrast with
other DDR elements that are positive regulators of HIV-1
envelope-induced apoptosis, we found that 53BP1 acts as a
negative regulator, meaning that its depletion enhances
syncytial demise through mitotic catastrophe.

Results and Discussion

Aggregation of 53BP1 in DNA damage foci from
karyogamic syncytia. HeLa cells, stably transduced with
the lymphotropic HIV-1LAI envelope, form syncytia when they
are cocultured with HeLa cells that express CD4 and
CXCR4.11,28 Using this well-established system, we studied
the effect of syncytium formation on the subcellular redistri-
bution of 53BP1. At 48 h after coculture, we observed that
53BP1 (which is usually diffuse)21 was enriched in discrete
spots that colocalized in DNA damage foci with g-H2AX, as
determined using two-color immunofluorescence (Figure 1a).
At least part of this g-H2AX-associated 53BP1 protein
showed activating phosphorylations on serines 25
(Figure 1b, Supplementary Figure 1a) and 1778 (Figure 1c,
Supplementary Figure 1b). Furthermore, 53BP1 (Figure 1d,
Supplementary Figure 2a) and its phosphorylated forms
(Figures 1e and f) colocalized partially with PML bodies. This
partial colocalization concerned the strongly DNA-associated
fraction of p53BP1 and PML that resisted in situ extraction
with non-ionic detergents (Supplementary Figure 2b).
Phosphorylated (and bonafide activated) ATM showed a
relatively diffuse staining pattern that, however, colocalized

in part with phosphorylated 53BP1 (Figures 1g and h).
All these changes, including 53BP1 aggregation, affected
a similar percentage of syncytia in a time-dependent
manner (Figure 1i). A close inspection of the nuclear
morphology revealed that the nuclei from freshly formed
syncytia (which have undergone cytoplasmic fusion,
cytogamy and do not yet show nuclear fusion, karyogamy
(KG)) are free from PML aggregates and 53BP1þ DNA
damage foci. Only when several nuclei within the same cell
fuse, these features manifest until the cells succumb to
apoptosis (Figure 1j).
Karyogamy can be inhibited by blocking Cdk1 with

roscovitin or a dominant-negative (DN) Cdk1 mutant. This
manipulation fully abolished p53BP1 aggregation and phos-
phorylation at the same time that it avoided the formation of
g-H2AXþ DNA damage foci (Figures 2a–c). Additional
manipulations that result in the suppression of KG, such as
inhibition of mTOR with rapamycin (Figure 2b) or suppression
of NF-kB with a non-phosphorylable inhibitor of NF-kB
(the ‘inhibitor of NF-kB super repressor’ (IKSR), Figure 2c),
also reduced p53BP1 aggregation and phosphorylation. In
contrast, inhibition of p38 MAPK (pharmacologically with
SB203580 or genetically with a DN mutant), p53 (with the
chemical inhibitor pifithrin-a or DN p53) or caspases
(with the broad-spectrum inhibitor N-benzyloxycarbonyl-Val-
Ala-Asp-fluoromethylketone (Z-VAD-fmk) or the Baculovirus-
derived inhibitor of apoptosis protein p35) failed to avoid KG,
as well as 53BP1 aggregation and phosphorylation, although
these manipulations strongly inhibited apoptosis (Figures 2b
and c). We conclude that the HIV-1 Env-elicited aggregation
of phosphorylated 53BP1 depends on KG but not on
apoptosis and that this 53BP1 aggregation is connected
to the DDR.

Activating phosphorylation of 53BP1 by ATM. Given that
aggregated, phosphorylated 53BP1 colocalizes partially with
PML and phospho-ATM (Figure 1), we wondered whether
these upstream effectors of the syncytial cell death
pathway8,13 would be required for the aggregation of
53BP1. The knockdown of both PML and ATM abolished
the formation of g-H2AXþ foci, yet failed to affect the
aggregation of 53BP1 in karyogamic nuclei (Figures 3a
and b). In accordance with published data showing that ATM
can phosphorylate 53BP1 on serines 2529 and 1778,26,30

we observed that the knockdown of ATM suppressed the
phosphorylation of 53BP1. This result could be corroborated
in a completely different experimental system in which
primary T lymphoblasts (obtained by stimulation of
circulating T lymphocytes with phytohemagglutinin and
recombinant human interleukin-2) from patients with ataxia
teleangiectasia (A-T, which are homozygous for inactivating
mutations of the atm gene) and age- and sex-matched
healthy volunteers were infected with HIV-1LAI. In HIV-1-
elicited syncytia from controls, 53BP1 was phosphorylated
on serine 25, and this phosphorylation was strongly
reduced in syncytia from A-T patients (Figures 3d and e).
Altogether, these results indicate that ATM is required for the
phosphorylation of 53BP1 but dispensable for its aggregation
within the nuclei of karyogamic syncytia elicited by HIV-1.
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Figure 1 Aggregation and phosphorylations of 53BP1 in karyogamic syncytia elicited by HIV-1 Env. (a–h) Syncytia, arising from the coculture of HeLa Env and HeLa CD4
cells for 48 h, were subjected to immunofluorescence stainings. Representative karyogamic syncytia stained with anti-53BP1, 53BP1S25P, 53BPS1778P, PML, ATMS1981P,
g-H2AX antibodies and Hoechst 33342 are shown. Colocalization between 53BP1(a, d), 53BP1S25P (b, e, g) and 53BP1S1778P (c, f, h) with g-H2AX (a, b, c), PML (d, e, f)
or ATMS1981P (g, h) are observed. (i) Kinetics of karyogamy (KG), of PML or of 53BP1 aggregation, of phosphorylations on serine 25 (53BP1S25P) or on serine 1778 of
53BP1 (53BP1S1778P), on serine 1981 of ATM (ATMS1981P) of H2AX, on serine 137 of H2AX (g-H2AX) and on nuclear apoptosis. (j) Quantification of PML or 53BP1
aggregation or phosphorylation of 53BP1 (53BP1S25P and 53BP1S1778P), ATM (ATMS1981P) and g-H2AX on single cells (SC), on prekaryogamic (pre-KG) and
karyogamic (KG) syncytia and during apoptosis. Karyogamy and nuclear apoptosis are evaluated using Hoechst 33342 staining (X±S.D., n¼ 3)

DNA damage, 53BP1 and AIDS
J-L Perfettini et al

813

Cell Death and Differentiation



53BP1 depletion triggers mitotic catastrophe of
syncytia. The depletion or inhibition of PML and ATM
prevents syncytial apoptosis.8,13 We therefore analyzed
whether the depletion of 53BP1 by two different small
interfering RNAs (siRNAs, Figure 4a) would have similar
cytoprotective effects. The knockdown of 53BP1 failed to
affect the frequency of KG and had no inhibitory effects on
the aggregation of PML or the formation of g-H2AXþ foci
(Figures 4b and c). Unexpectedly, 53BP1 depletion resulted
in an increase in apoptotic events, as measured by
two different methods. First, 53BP1 knockdown resulted
in an increased frequency of cells that failed to retain

cytochrome c (Cyto. c) in mitochondria (see the speckled
distribution of Cyto. c in cytoplasmic dots in control cells)
and hence showed a diffuse, cytosolic distribution of im-
munofluorescence-detectable Cyto. c, correlating with the
activation of caspase-3 (Figures 4b and c). Second, 53BP1
depletion caused an increase in the frequency of cells
with Hoechst 33342-detectable chromatin condensation,
which defines nuclear apoptosis (Figures 4b and c). We
also observed that 53BP1-depleted syncytia showed an
abnormally high frequency of mitoses (Figure 4c), suggesting
that mitotic catastrophe might explain the increased
frequency of apoptotic events. 53BP1 reportedly behaves
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Figure 2 Aggregation and phosphorylations of 53BP1 occur after karyogamy (KG) but before the induction of the proapoptotic signal transduction pathway. Syncytia
arising from the coculture of HeLa Env with HeLa CD4 cells were exposed to pharmacological and genetic inhibitors of karyogamy (roscovitin, rapamycin, DN Cdk1 and IKSR)
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nuclear apoptosis were determined using Hoechst 33342 staining. (a) Representative karyogamic syncytia untreated or treated with 1 mM roscovitin or with 100 mM of Z-VAD-
fmk are shown. Note the loss of 53BP1 aggregation and of g-H2AX-positive foci formation when cells are treated with 1 mM roscovitin. (b, c) Effects of karyogamic and
syncytial apoptosis inhibitors on 53BP1 aggregation and on its phosphorylation. The frequency of treated or transfected syncytia showing karyogamy, PML or 53BP1
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as a passenger protein and transiently associates with
kinetochores during the metaphase.27 We also found that
phosphorylated 53BP1 could associate with the contractile
ring and midbody in normal mitoses of HeLa cells
(Figure 5a), underscoring its probable implication in the
control of mitosis. Indeed, the knockdown of 53BP1 from
cocultured HeLa CD4 and HeLa Env cells increased the
frequency of syncytia with abnormal, multipolar metaphases
with multiple centrosomes that finally resulted in apoptotic
chromatin condensation (Figures 5b–d). To firmly establish a
link between the cell-cycle advancement and apoptotic
demise of 53BP1-depleted cells, we blocked mitosis with
N9-isopropyl-olomoucine (N9-Olo) and analyzed whether
this treatment would antagonize the acceleration of
syncytial apoptosis by 53BP1. Indeed, mitotic blockade
prevented the increase in the mortality of syncytia induced

by 53BP1 depletion (Figure 5e), firmly establishing that
53BP1 acts as a repressor of mitotic catastrophe.

53BP1 aggregation and phosphorylation in tissues from
HIV-1-infected patients. Given the effect of 53BP1 on
HIV-1 Env-elicited apoptosis, we wondered whether 53BP1
might be activated in tissues from HIV-1 carriers. Phospho-
53BP1 was detectable, within the frontal cortex, in the nuclei
from giant multinuclear cells that are pathognomonic for
HIV-associated encephalitis (Figure 6a). Phospho-53BP1
was also detectable within the sporadic syncytia present in
lymph nodes from HIV-1 carriers (Figure 6b). In addition, a
sizeable fraction of peripheral blood mononuclear cells
(PBMC) from untreated HIV-1 carriers stained positively for
phospho-53BP1 (Figure 6c), correlating with viral load
(Figure 6d). Upon highly active anti-retroviral therapy (HAART),
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experiments (b). (c) ATM-dependent 53BP1 phosphorylation. After 48 h transfection with specific siRNA against ATM, HeLa CD4 and HeLa Env cells were cocultured for 36 h
and stained with specific antibodies against 53BP1S25P and 53BP1S1778P. The effect of ATM knockdown on 53BP1 phosphorylation was evaluated using
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nuclei was assessed. Representative syncytia are shown in d and quantitative data (X±S.D., n¼ 3) are reported in e. Two different multiplicities of infection of HIV-1 were
used to determine the effects of ATM on syncytial 53BP1S25P (X±S.D., n¼ 3)
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the percentage of PBMC that were positive for phospho-53BP1
dropped (Figure 6e), underscoring the relationship between
HIV-1 infection and 53BP1 phosphorylation.

Concluding remarks. In this study we provide evidence
that 53BP1, a protein involved in the DDR, can be activated
in the course of HIV-1 infection, including in the brain and in
lymphatic tissues, correlating with viral load. Previous reports
have underscored that HIV-1 induces DDR, either by
retroviral insertion into the host genome (which induces
double-strand breaks)31 or by the action of the accessory
protein, viral protein R (Vpr, which can bind to chromatin).32

In this study we show that HIV-1 may activate the DDR,
including 53BP1 aggregation and phosphorylation, by an

additional mechanism, which is syncytium formation.
Indeed, the action of fusogenic Env can stimulate DDR in
the absence of the retrovirus and Vpr. This DDR is linked
to the advent of KG, at least in vitro. Although the data
obtained on patient tissues do not prove that 53BP1
activation has occurred as a by-product of syncytium
formation, the fact that 53BP1 phosphorylation occurs
within syncytia strongly suggest that this might contribute to
AIDS pathogenesis.
Although ATM is clearly required for phosphorylation of

53BP1 (and H2AX), it is dispensable for 53BP1 aggregation,
indicating that 53BP1 can interact with DNA in the absence of
phosphorylated H2AX, at least in karyogamic syncytia.
Moreover, the effects of ATM inhibition are very different
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Cells were fixed and stained with specific antibodies against a-tubulin and activated caspase-3 for immunofluorescence microscopy. The effects of N9- isopropyl-olomoucine
on mitotic catastrophe induced by 53BP1 knockdown were determined (X±S.D., n¼ 3)
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from those obtained by depletion of 53BP1. The pharmaco-
logical inhibition of ATM, its homozygous mutation (in A-T
patients) or its knockdown, all result in a clear inhibition of
syncytial apoptosis. In strict contrast, we found that 53BP1
is unique insofar that it is the first DNA damage-related
protein that acts as a negative regulator of syncytial demise.
53BP1 knockdown enhanced syncytial apoptosis through a

mechanism that is linked to an increased progression into
mitosis, followed by death during or shortly after mitosis. In
normal circumstances, mitotic catastrophe is a rare event in
Env-elicited syncytia.33 Usually, such syncytia progress into
the prophase of the cell cycle and hence dismantle the nuclear
envelope after the phosphorylation of lamin B by Cdk1.34

Karyogamy can then ensue because of the absence of the
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Figure 6 53BP1 phosphorylation in vivo, in HIV-1-infected patients. (a) Phosphorylation of 53BP1 on serine 25 in syncytia detectable in frontal cortex from patients with
HIV-1-associated encephalitis (HAE). 53BP1S25P phosphorylations were visualized using immunohistochemistry on histological sections from control patients or from
untreated HIV-1 carriers with HAE but without opportunistic infection. The insert shows labeled giant multinuclear cells. The percentage of syncytia (X±S.E.M.) staining
positively for 53BP1S25P amounted to 58±9, as determined for six different HIV-1 carriers. (b) 53BP1S25P phosphorylation in lymph nodes from controls and untreated
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barrier of the nuclear envelope. After KG, most syncytia arrest
cell-cycle advancement at the level of the prophase, unless
checkpoint kinases are inhibited9 or, as shown in this study,
53BP1 is depleted. Accordingly, 53BP1 knockdown is only
lethal when the cells are allowed to progress into mitosis,
underscoring the intimate link between apoptosis and the
frustrated attempt of multiastral division that precedes cellular
demise.
So far, 53BP1 is considered as a scaffold protein that is

devoid of any enzymatic activity, and hence is unlikely to
constitute a pharmacological target. However, 53BP1 is
affected in its activity by enzymes, such as the ubiquitin
ligase RNF168,35 and it will be important to study whether the
inhibition of such upstream factors will suppress syncytial
apoptosis (as this has been found for ATM inhibition) or rather
exacerbate synctial apoptosis. On theoretical grounds, agents
that induce the selective death of HIV-1-elicited syncytiamight
lead to the elimination of viral reservoirs and hence constitute
a complement to current antiretroviral therapies. This intri-
guing possibility warrants further exploration in the future.

Materials and Methods
Antibodies, plasmids and reagents. Monoclonal antibodies for detection
of 53BP1, and anti- Cyto. c were purchased from Becton Dickinson (Franklin lakes,
NJ, USA). Polyclonal rabbit antibody against 53BP1S25P was obtained from Novus
Biologicals (Littleton, CO, USA). The polyclonal rabbit antibodies used for the
detection of the activated forms of caspase-3 or 53BP1S1778P were from Cell
Signaling Technology (Danvers, MA, USA). Monoclonal antibodies against ATM,
ATM phosphorylated on serine 1981 (ATMS1981P), H2AX and g-H2AX were
obtained from Upstate (Lake Placid, NY, USA). The plasmid for Baculovirus p35
was provided by Dr. Guy Salvesen (Burnham Institute, La Jolla, CA, USA). DN
mutant plasmids for Cdk1, IKSR, DN p53 (H175) and DN p38 MAPK were
previously described.2 Where indicated, cells were treated with roscovitin and
SB203580 (Calbiochem-Novabiochem, La Jolla, CA, USA), N9�isopropyl-
olomoucine (Alexis Biochemicals, Lausen, Germany), AMD3100, rapamycin (all
from Sigma-Aldrich (Saint-Louis, MO, USA)), pifithrin-a and Z-VAD-fmk (all from
Bachem (Weil am Rhein, Germany)).

Cell lines, cell culture and transfection. HeLa cells stably transfected
with the Env gene of HIV-1 LAI/IIIB (HeLa Env) and HeLa cells transfected with CD4
(HeLa CD4) were cultured alone or together in a 1 : 1 ratio in Dulbecco’s modified
Eagle’s medium supplemented with 10% FCS, 2 mM L-glutamine and penicillin/
streptomycin (Invitrogen, Carlsbad, CA, USA) in the absence or presence of 1mM
roscovitin, 1 mM rapamycin, 100mM SB203580, 10mM cyclic pifithrin-a or 100mM
Z-VAD-fmk during indicated times. Transfections of plasmids were performed with
lipofectamine 2000 (Invitrogen), 24 h before cell fusion.

Immunoblots and immunofluorescence. Total cellular proteins were
extracted in 250 mM NaCl-containing lysis buffer (250 mM NaCl, 0,1% NP40, 5 mM
EDTA 10 mM Na3VO4, 10 mM NaF, 5 mM DTT, 3 mM Na4P2O7 and protease
inhibitor cocktail). Proteins extracts (30 mg) were run on 4–8% SDS-PAGE and
transferred at 41C onto nitrocellulose membrane. After blocking, membranes were
incubated with primary antibody against 53BP1 at room temperature for 1 h and
30 min. Then, horse radish peroxidase conjugated goat anti-mouse (Southern
Biotechnology, Birmingham, AL, USA) antibodies were incubated for 1 h and
revealed with the enhanced ECL detection system. For immunofluorescence, cells
were fixed in 4% paraformaldehyde/ phosphate-buffered saline (PBS) for 20 min,
permeabilized in 0.1% SDS in PBS and incubated with FCS for 20 min, as
previously described. Then, indicated sera were used for immunodetection in PBS
containing 1 mg/ml BSA and revealed with goat anti-rabbit IgG conjugated to Alexa
488 (green) or Alexa 568 (red) fluorochromes from Invitrogen. To assess KG and
nuclear apoptosis, cells were counterstained with Hoechst 33342 (Invitrogen).
Proteins attached to damaged nuclear matrix were detected by
immunofluorescence microscopy using the previously described procedure.

RNA interference. Published siRNAs specific for ATM,8 PML,13 TopBP1,13

53BP1(h53BP1.1: 50-GAACGAGGAGACGGUAATAdTdT-3025 or h53BP1.2: 50-AA
GAACGAGGAGACGGTAATAdTdT-30)14 were transfected using Oligofectamine
(Invitrogen), according to the manufacturer’s instructions.

Viral and pseudo-viral constructs. Viral stock of wild-type X4 HIV-1 was
obtained after transfection of 293T with virus encoding plasmids as previously
described.8,13

Patients. Axillary lymph node biopsies were obtained from healthy and HIV-1-
infected individuals (all males, mean age 36 years, with a plasma viral load 4105
copies/ml). Plasma HIV-1 RNA levels were determined using the bDNA procedure
(Versant HIV RNA 3.0; Bayer Diagnostics, Berkeley, CA, USA). Post-mortem
frontal cortex sections were obtained from 17 brains of patients with HIV-1-
associated dementia (but lacking secondary infections) and three control brains
obtained from uninfected control patients. PBMCs from two patients with ATM
mutations and clinical signs of A-T (patient 1: male, 18 years, heterozygous for two
truncating ATM mutations, 7792C4T and 8283delTC; patient 2: female, 30 years,
homozygous for ATM mutation 9139C4T), as well as from healthy donors and HIV-
seropositive individuals were also obtained and isolated as described in the study by
Perfettini et al.8 These samples were obtained with written informed consent in
accordance with the National and European legal requirements, after approval by
the institutional review board of the National Institute for Infectious Disease and the
Medical Faculty of the University of Rome.

Immunohistochemical analysis. Paraffin embedded human tissue
sections were deparaffinized, rehydrated and subjected to high-temperature
antigen retrieval in 10 mM sodium citrate buffer, pH 6.0. On human tissue sections
and on fixed PBMCs, the endogenous peroxidase activity was blocked by 3% H2O2.
Rabbit antibody against phospho-53BP1 (Novus Biologicals) and biotinylated goat
anti-rabbit IgG were incubated with tissue sections. Then, the immunoreaction
product obtained with a preformed horseradish peroxidase-conjugated streptavidin
(Biogenex, San Ramon, CA, USA) was revealed using aminoethylcarbazole (AEC)
as chromogenic substrates and 0.01% H2O2 (Biogenex). Sections were
counterstained using Mayer’s acid hemalum.
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