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The association and dissociation of DNA damage response (DDR) factors with damaged chromatin occurs dynamically, which is
crucial for the activation of DDR signaling in a spatiotemporal manner. We previously showed that the TIP60 histone acetyl-
transferase complex acetylates histone H2AX, to facilitate H2AX exchange at sites of DNA damage. However, it remained un-
clear how the acetylation of histone H2AX by TIP60 is related to the DDR signaling. We found that the acetylation but not the
phosphorylation of H2AX is essential for the turnover of NBS1 on damaged chromatin. The loss of H2AX acetylation at Lys 5 by
TIP60 in cells disturbed the accumulation of NBS1 at sites of DNA damage. Although the phosphorylation of H2AX is also re-
portedly required for the retention of NBS1 at damage sites, our data indicated that the acetylation-dependent NBS1 turnover by
TIP60 on damaged chromatin restricts the dispersal of NBS1 foci from the sites of DNA damage. These findings indicate the im-
portance of the acetylation-dependent dynamic binding of NBS1 to damaged chromatin, created by histone H2AX exchange, for

the proper accumulation of NBS1 at DNA damage sites.

he DNA damage response (DDR) pathway is one of the most

important metabolic processes to prevent genome instability,
which may enhance carcinogenesis. In the response to DNA dam-
age within chromatin, caused by agents such as ionizing radiation
(IR), UV exposure, oxidative stress, and chemotherapeutic agents,
the first step involves the detection of the site of DNA damage and
the second requires the recruitment of DNA repair factors that can
mend the DNA damage in the chromatin context (1, 2).

NBS1, encoded by the Nijmegen breakage syndrome (NBS)
gene, forms a complex with Mrel1 and Rad50 (MRN complex) (3,
4). The MRN complex functions as the primary sensor of double-
strand DNA breaks (DSBs) and recruits signaling proteins, in-
cluding ATM, to DSB sites (5). Histone H2AX, a histone H2A
variant that is one of the numerous targets of ATM, becomes
phosphorylated upon DSB formation (6). This phosphorylation is
required for the formation of MRN complex foci at the damaged
sites, which create a positive feedback loop for H2AX phosphory-
lation propagation (6-8). It was previously suggested that NBS1
directly interacts with the phosphorylated H2AX (9). However,
recent evidence has shown that the interaction between NBS1 and
phosphorylated H2AX is not direct but is mediated by MDC1
(10). MDCI1 is a constitutive component of the MRN complex
regardless of DNA damage and functions as a mediator to recruit
several repair factors to the damaged chromatin region (including
ATM, NBS1, 53BP1, BRCAL, etc.) (10). It has been proposed that
MDCI1 directly binds the phosphorylated histone H2AX through
its tandem BRCT domains for the accumulation of the MRN com-
plex through MDCI1 on damaged chromatin (11).

Recent findings have shown that chromatin remodeling ma-
chineries, including histone modifications, nucleosome sliding by
ATP-dependent chromatin remodeling factors, and histone/his-
tone variant exchange, play integral roles in the association of
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checkpoint and/or sensor proteins (for example, NBS1) with
chromatin to activate DDR signaling (1, 12—-15). The TIP60/ESA1
histone acetyltransferase reportedly forms multiple protein com-
plexes involved in DNA repair and DDR signaling (16-18) and
regulates the formation of NBSI foci at the sites of DNA damage
(19-21).

Progress in imaging analysis technology, such as fluorescence
recovery after photobleaching (FRAP), has provided informative
insights into the dynamics of DDR factors or chromatin compo-
nents by allowing their turnover rates to be measured at DNA
damage sites (22-24). We and another group have previously
shown that histone H2AX is acetylated by TIP60 after the induc-
tion of DNA damage and that its acetylation at the lysine at posi-
tion 5 (K5) (Ac-H2AX) accelerates histone H2AX exchange at
DSB sites, as determined by a FRAP analysis in combination with
microirradiation (25, 26). It appears that histone H2AX exchange
by TIP60 actively contributes to DDR signaling or DNA repair.
Moreover, a previous study indicated that NBS1 is dynamically
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exchanged at the sites of DNA damage, which might be vital for
interactions with distinct checkpoint or DNA repair pathways to
transmit y-H2AX-dependent DDR signaling (27, 28). However, it
remains unclear how the acetylation of H2AX at K5 is related to
the process of the focus formation or the dynamic exchange of
NBS1 at the sites of DNA damage.

To address these issues, we performed biochemical analyses
using the purified TIP60 and H2AX complex in combination with
bioimaging. We found that the acetylation of H2AX at K5 by
TIP60 is not required for the initial recruitment of NBS1 but is
necessary for the accumulation of NBS1 at the damage site. Since
the phosphorylation of histone H2AX at S139 is required for the
accumulation of NBS1 at the sites of DNA damage (29), we exam-
ined the relationship between the acetylation of histone H2AX
and its phosphorylation at S139 for NBS1 accumulation at the
sites of DNA damage. The depletion of histone H2AX acetylation
at K5 in cells or the expression of the TIP60 HAT mutant (TIPM)
gene, which results in acetyltransferase-defective TIP60, revealed
the formation of y-H2AX and MDCI1 foci after the induction of
DNA damage, indicating that the phosphorylation and acetyla-
tion of histone H2AX occurred independently of each other upon
DDR. Our data revealed that not only MDC1 accumulation and
v-H2AX formation but also H2AX acetylation by TIP60 are re-
quired for the accumulation of NBS1 at DNA damage sites. Actu-
ally, the acetylation seemed to have a rather suppressive role on the
propagation of y-H2AX-dependent DNA damage signaling. Fur-
thermore, the FRAP analysis in combination with microirradia-
tion showed that the acetylation of histone H2AX at K5 by TIP60
but not the phosphorylation of histone H2AX at S139 is required
for the dynamic exchange of NBSI at the sites of DNA damage.
These findings indicate the importance of the dynamic exchange
of NBS1, mediated by TIP60-dependent histone H2AX exchange,
in the accumulation of NBS1 and tuning of DDR signaling at DNA
damage sites.

MATERIALS AND METHODS

Plasmids. FLAG-hemagglutinin (HA)-tagged H2AX (epitope-tagged
H2AX (eH2AX); wild type [WT] and K5R [mutation that replaces K5
with arginine] and S139A mutants), TIP60 (eTIP60), or TIPM (eTIPM;
acetylated mutant of TIP60) were reported previously (25, 30). Point and
deletion mutants were created with a QuikChange XL site mutagenesis kit
(Agilent Technologies). The DNA fragments encoding human H2AX,
H2AX K5R, H2AX S139A, TIP60, or TIPM were PCR amplified and
cloned into the EcoRI and BglIT sites of the pPCAGGS vector (31), using an
In-Fusion HD cloning kit (Clontech). The NBS1-GFP (green fluorescent
protein) plasmid was a kind gift from Nancy Maizeis (Washington Uni-
versity) (32). The pSuper retro control vector was a gift from H. Ho-
sokawa (Kyoto University).

Cell culture and transfection. HeLa cells (kind gift from Y. Nakatani,
Dana-Faber Cancer Institute), mouse embryo fibroblasts (MEFs), GM0637
cells, and U20S cells were cultured in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% fetal calf serum. Plasmid transfection was
performed according to the manufacturer’s protocol, using the GeneJuice
transfection reagent (Novagen). H2AX knockout (KO) MEFs were a kind
gift from H. Honda (Hiroshima University). For analysis using TIP60- or
TIPM-expressing cells, MEFs with pSuper-retro-shTIP60 (plasmid en-
coding small hairpin RNA [shRNA] against TIP60 [shTIP60]) or pSuper-
retro-control (mock RNA) control stably expressed by a retroviral vector
were constructed. The cells were then infected with the TIP60 genes on
retroviral plasmids, pOZ-eTIP60 or pOZ-eTIPM, and stably expressing
cell lines were established. The plasmid construction was previously re-
ported (25, 30).
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Antibodies. Immunoblotting analyses were performed with anti-TIP60
(kind gift from H. Hosokawa, Kyoto University), anti-acetylated H2AX (K5)
(Millipore), anti-TRRAP (Santa Cruz), anti-glyceraldehyde-3-phosphate de-
hydrogenase (anti-GAPDH) (Abcam), anti-H2AX (Sigma), anti-phospho-
H2AX (§139) (Millipore), anti-NBS1 (Millipore; Y112), and anti-HA (Roche)
antibodies.

Affinity purification of H2AX. Affinity purification of H2AX com-
plexes was performed as previously described (25, 30). Protein sequences
were determined by tandem mass spectrometry (MS/MS) using an Ultima
API quadrupole time of flight (Q-TOF) instrument (Waters, Milford,
MA). Peptide peak picking was performed by using Mascot Distiller, ver-
sion 2.3 (Matrix Science, London, United Kingdom). Protein identifica-
tion was done by a Mascot database search (version 2.3; Matrix Science) of
all tandem mass spectra against the Human MS International Protein
Index protein sequence database, version 3.53.

Immunohistochemistry analysis. After the induction of IR or micro-
irradiation, the cells were fixed with methanol-acetone for 20 min. Anti-
v-H2AX (1:2,000) and anti-NBS1 (1:50) antibodies in 1% bovine serum
albumin-1X phosphate-buffered saline (PBS) were used. Cy3-conju-
gated AffiniPure sheep anti-rabbit IgG(H+L) (product code 711-165-
152; Jackson ImmunoResearch) was used as the secondary antibody. Nu-
clei were stained with DAPI (4',6-diamidino-2-phenylindole) (catalog
number 10 236 276 001; Roche). Samples were examined by immunoflu-
orescence microscopy using a Keyence BZ-9000 microscope. To score
foci, BZII image software (Keyence) was used.

Microirradiation and FRAP. The 405-nm line of the UV laser (Leica)
was used for the microirradiation. For the microirradiation followed by
immunofluorescence, the images were captured with the BZ-9000, and
quantification was performed as follows. First, the background signal
where the cells were absent was measured. Next, the average fluorescent
signals from part of the undamaged nuclear area and the total microirra-
diated area were measured, and the background signal was subtracted (see
Fig. S2A in the supplemental material). In total, 6 to 17 cells were sub-
jected to the measurements, using the BZII image software (Keyence), and
the results were plotted on graphs. Statistical comparisons were made
using the Student ¢ test. FRAP analyses with UVA microirradiation were
performed as previously described (25). We used NBS1 C-terminally
tagged with a single GFP and stably expressed in pCAGGS-TIP60 or
-TIPM-expressing U20S cells. Cells that expressed similar amounts of
NBS1-GFP were subjected to the FRAP analysis, and the average intensi-
ties of the initial NBS1-GFP signal are shown in Fig. $4 in the supplemen-
tal material. To quantify the fluorescence recovery, single optical sections
were collected at 3-s intervals for the periods of time indicated below.
However, to enhance the fluorescent signal, we merged the images from
two continuous time frames, and the merged images were subjected to
measurement by using Image J. The background fluorescence intensity
(BG) and the average fluorescence intensity in the UV-microirradiated
and bleached region at each time point (I,) were measured as described
previously (25). For each time point, the relative intensity at each time
point (I,.,) was calculated as I, = (I, — BG)/(I, — BG), where I, is the
average intensity of the region of interest before bleaching. The percent
recovery after each time point in the FRAP analysis (P,covery;) Was calcu-
lated and normalized as follows: P =100 X (Lo, )/ (I orm) Where

recovery;t
I orms 18 the relative fluorescence intensity, calculated by the same method
as I, in the UV-microirradiated but unbleached region. Mean residence
time was calculated as previously described (28). Statistical comparisons

were made using the Student ¢ test.

RESULTS

The soluble H2AX complex includes TIP60 histone acetyltrans-
ferase and NBS1 only after induction of DNA damage. To ana-
lyze the protein network via histone H2AX after the induction of
DNA damage, we purified histone H2AX from the nuclear ex-
tracts of HeLa cells stably expressing a C-terminally FLAG-HA
epitope-tagged H2AX (eH2AX) before and after DNA damage
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FIG 1 Identification of NBSI in the H2AX complex. (A) The mock control
and eH2AX complexes were immunoaffinity purified from the nuclear soluble
fraction of HeLa cells that were not (—) or were (+) treated with 12 Gy IR,
followed by a 5-min recovery. (B) Immunoblotting analyses were performed
with anti-TRRAP, anti-MDC1, anti-NBS1, anti-TIP60, and anti-H2AX anti-
bodies. (C) Accumulation of TIP60-GFP in GM02063 cells at sites containing
DSBs after a 2-min recovery from laser UVA microirradiation. NBSI staining
was performed. Terminal deoxynucleotidyltransferase-mediated dUTP-bio-
tin nick end labeling (TUNEL) staining was performed to detect DSBs induced
by microirradiation. TIP60-GFP and TUNEL signals are shown in green and
red, respectively, in the merged image. Scale bars, 10 pm.

(25). The eH2AX was purified by affinity chromatography on an-
ti-FLAG antibody-conjugated agarose, and the bound polypep-
tides were eluted with the FLAG peptide under native conditions.
As a control, we performed a mock purification using the soluble
nuclear extract of untransfected HeLa cells. The FLAG affinity-
purified materials were further purified by immunoaffinity chro-
matography with anti-HA antibody-conjugated agarose (Fig. 1A)
(30). The purified H2AX complex was subjected to mass spec-
trometry analysis, and MDC1, Rad50, RUVBL1/L2, and TRRAP
were identified in the purified H2AX complex (see Table S1 in the
supplemental material). We confirmed these findings by Western
blotting using anti-MDC1 and anti-TRRAP antibodies, together
with antibodies against TIP60 (25) and NBS1, which is reported to
interact with MDC1 and Rad50 (11, 33), and found that the bind-
ing of these proteins to the histone H2AX complex increased after
the induction of DNA damage (Fig. 1B).

In parallel, we purified the TIP60 complex from the nuclear
extracts of HeLa cells before and after DNA damage (as for mass
spectrometry results after DNA damage; see Table S2 in the sup-
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plemental material). Western blotting was performed, and NBS]1,
MDCI, and TRRAP were found within the purified TIP60 com-
plex regardless of DNA damage (see Fig. S1A in the supplemental
material). We further analyzed the localization of NBS1 and
TIP60 in GM0637 cells expressing GFP-tagged TIP60. DSBs were
introduced using the microirradiation method. Both TIP60-GFP
and NBSI accumulated at DNA damage sites along the microir-
radiated lines within 5 min after microirradiation (Fig. 1C), sug-
gesting a regulatory relationship between NBS1 and TIP60.

The acetyltransferase activity of TIP60 is not required for the
initial recruitment of NBS1, but it is required for the restriction of
NBS1 foci at the sites of DNA damage. Previous studies showed
that the phosphorylation of histone H2AX is not required for the
initial recruitment of NBS1, but it is required for its accumulation
at the sites of DNA damage (29). However, it still remains unclear
whether the acetylation of H2AX or the acetyltransferase activity
of TIP60 is required for the recruitment or the accumulation of
NBS1 at the sites of DNA damage. To explore this, first we con-
firmed that the mutant bearing the TIPM mutation that results in
acetyltransferase-defective TIP60 lacked activity in vitro (30). In
this analysis, bacterially produced and purified His-TIP60 or
TIPM proteins were subjected to an in vitro acetylation assay with
histone H4. TIP60 but not TIPM produced acetylated histone 4
(H4) in a dose-dependent manner (Fig. 2A). Thus, we concluded
that TIPM displays defective catalytic activity. We then established
MEEF lines that stably expressed shTIP60 under a retroviral system
and simultaneously expressed the shRNA-resistant wild-type
TIP60 tagged with FLAG-HA at the N terminus (eTTP60) or the
shRNA-resistant eTIP60 derivative lacking histone acetyltrans-
ferase activity (eTTPM) from a retroviral vector (Fig. 2B). In these
cells, the amount of NBS1 was unaffected (Fig. 2B). We also ob-
served the damage-induced increase in the acetylation of H2AX
K5 in shTIP60-expressing cells reconstituted with shRNA-resis-
tant TIP60 (TIP60-reconstituted cells), and the increase was com-
promised in TIPM-reconstituted cells (see Fig. S1B in the supple-
mental material). The N-terminal acetylation of bulk histone H4
was unchanged under both nonirradiated and irradiated condi-
tions in TIP60-reconstituted cells. The expression of TIPM did
not affect the acetylation status of H4, suggesting that, for H4
acetylation, acetyltransferases other than TIP60 can compensate
for this function (see Fig. S1B).

In order to assess the effect of TIP60 on the localization of
NBSI1 to DNA damage sites, we first performed the microirradia-
tion experiment using MEFs expressing shTIP60 or mock RNA.
Immunohistochemistry analysis using antibodies against NBS1
and vy-H2AX was performed, and the fluorescent signals were
quantified (see Fig. S2A in the supplemental material). One hour
after microirradiation, a slight decrease in NBS1 accumulation
was observed in the MEFs expressing shTIP60 RNA but not in
those expressing mock RNA (see Fig. S2B). The decrease of the
NBSI signal in the MEFs expressing shTIP60 became evident at 4
h after microirradiation (see Fig. S2C).

We next performed the microirradiation analysis using MEFs
reconstituted by eTIP60 or eTIPM to determine the effect of the
histone acetyltransferase activity of TIP60 on the recruitment of
NBS1 to the damage sites at 1 h after the microirradiation. An
immunohistochemistry analysis of these cells, using an anti-NBS1
antibody, indicated that the initial recruitment (1 h after microir-
radiation) of NBS1 to the microirradiated area in the TIP60 HAT
mutant (TIPM)-reconstituted cells was comparable to that in the
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TIP60 WT-reconstituted cells (see Fig. S2D in the supplemental
material). This result indicated that the acetyltransferase activity
of TIP60 is not required for the recruitment of NBS1 to the sites of
DNA damage at 1 h after the microirradiation. However, pro-
longed incubation after the microirradiation revealed that the
localization of NBS1 to the microirradiated area in the TIPM-
reconstituted cells was diffused and weaker than in the TIP60-
reconstituted cells (Fig. 2C). These results indicated that the
catalytic activity of TIP60 is dispensable for the initial recruit-
ment of NBS1 but is indispensable for its following accumula-
tion. NBS1 localization to DNA damage sites is reportedly de-
pendent on MDCI1 (28). However, importantly, the MDC1
signal was present at 1 h and 4 h after microirradiation in cells
expressing shTIP60 (see Fig. S2B and C) and in eTIPM-recon-
stituted cells (Fig. 2C; see also Fig. $2D), suggesting that the
NBS1 localization defect was not conferred by MDC1 dislocal-
ization in the cells with defective TIP60.

The defect in NBS1 accumulation in shTIP60-expressing cells
and TIPM-reconstituted cells was confirmed by an analysis using
ionizing radiation (IR). An immunohistochemistry analysis using
anti-NBS1, anti-MDC1, and anti-y-H2AX antibodies was per-
formed after the induction of DSBs by IR (2 h and 16 h after
irradiation with 8 Gy of IR or 2 h after 2 Gy of IR). Consistent with
previous studies (9, 28, 29), although some of the NBSI colocal-
ized with y-H2AX, most of the NBS1 signal was dispersed in the
nuclei in the shTIP60-expressing cells (2 h or 16 h after 8 Gy of IR
and 2 h after 2 Gy; see Fig. S2E to G in the supplemental material)
and TIPM-reconstituted MEFs (2 h or 16 h after 8 Gy of IR [Fig.
2D and EJ; 2 h after 2 Gy [see Fig. S2H]) than in the mock RNA-
expressing cells and TIP60 WT-reconstituted cells. Again, the lo-
calization of MDC1 was not altered in TIP60 knockdown MEFs
(see Fig. S2E, F, and G) or eTIPM-reconstituted cells (Fig. 2D and
E; see also Fig. S2H). It should be noted that TIP60 knockdown
cells and eTIPM-reconstituted cells presented stronger accumula-
tion of y-H2AX than did mock RNA-expressing cells and TIP60-
reconstituted cells (Fig. 2C and D; see also Fig. S2).

The acetylation of K5 of H2AX by TIP60 is required for NBS1
assembly at the sites of DNA damage. We previously reported
that TIP60 acetylates K5 of histone H2AX after the induction of
DNA damage (25). Thus, we next examined the relationship be-
tween H2AX K5 acetylation by TIP60 and NBS1 accumulation at
the sites of DNA damage. We used MEFs in which H2AX was
knocked out (H2AX KO) (34, 35) and was reconstituted with
either the H2AX wild-type histone, a mutant H2AX in which K5 is
replaced with arginine (H2AX K5R), or a mutant H2AX in which
S139is replaced with alanine (H2AX S139A) (Fig. 3A) (36). These
GFP-tagged mutant H2AXSs, as well as H2AX WT-GFP, were con-

The Role of Histone H2AX Acetylation in NBST Dynamics

firmed to be incorporated efficiently into mitotic chromatin, sug-
gesting that they retain their basal functions (see Fig. S3A in the
supplemental material).

The H2AX KO cells and the cells reconstituted with H2AX
S139A are reportedly proficient in the recruitment but deficient in
the sequestration of NBS1 to DNA damage sites (29). As reported
previously, we have observed rapid recruitment (15 min) of NBS1
at microirradiated regions (see Fig. S3B in the supplemental ma-
terial) (29). The defect in the sequestration of NBS1 was con-
firmed. When the cells were exposed to 8 Gy of IR, while WT
MEFs retained the NBSI foci after 16 h of IR, the H2AX KO MEFs
and the MEFs reconstituted with H2AX S139A showed diffuse
NBS1 localization (see Fig. S3B).

We examined the accumulation of NBS1 in the H2AX K5R
mutant after microirradiation by performing immunohistochem-
istry analysis using an anti-NBS1 antibody. As expected, NBS1
localization at the microirradiated area was observed after 1 h of
irradiation in the cells expressing both H2AX WT and K5R (see
Fig. S3C in the supplemental material). However, diffused and
decreased localization was observed in the H2AX K5R-reconsti-
tuted cells but not in H2AX WT-reconstituted cells after 4 h of
irradiation (Fig. 3B).

Next, the localization of NBS1 upon IR-induced DSB forma-
tion (2 h and 16 h after irradiation with 8 Gy of IR or 2 h after 2 Gy
of IR) was monitored. After the induction of DSBs, although some
of the NBS1 colocalized with y-H2AX, most of the NBS1 signal
was dispersed in the nuclei in the histone H2AX K5R-reconsti-
tuted MEFs compared to that in the H2AX WT-reconstituted cells
(Fig. 3C and D; see also Fig. S3D in the supplemental material). It
should be noted that NBS1 foci were also defective in the H2AX
S139A-reconstituted cells. Also, MDC1 was present in H2AX
K5R-reconstituted cells (Fig. 3C and D; see also Fig. S3D). Taken
together with the findings described above, the acetylation of his-
tone H2AX at K5 by TIP60 is required for the efficient accumula-
tion of NBS1 onto damaged chromatin, although MDCl is pres-
ent at DNA damage sites.

v-H2AX focus formation is finely tuned by H2AX acetyla-
tion by TIP60 after DNA damage induction. Consistent with the
previous study (37), we detected increased H2AX phosphoryla-
tion in eTIPM-reconstituted cells (Fig. 2C and D). The increase
was evident in the dose-dependent IR exposure experiments,
where the status of H2AX phosphorylation was monitored in
eTIP60 WT or eTIP60 HAT mutant (eTIPM)-reconstituted cells
(Fig. 4A and B). In contrast, the cellular ATM activity, monitored
by the autophosphorylation of Ser1981, indicated only a slight
increase in ATM activation in cells expressing eTIPM compared to
its activation in e€TIP60 WT-reconstituted cells (Fig. 4C and D).

FIG 2 Acetyltransferase activity of TIP60 is required for proper NBS1 localization to DNA damage sites. (A) His-TIP60 or His-TIPM was expressed in Escherichia
coli, purified, and subjected to an in vitro H4 acetylation assay. (B) eTIP60 and eTTPM were expressed in MEFs stably expressing shTIP60. The expression of
endogenous TIP60 (endoTIP60), reconstituted e TTP60 (Flag-HA-TIP60) and NBS1 was detected by anti-TIP60, anti-HA, and anti-NBS1 antibody, respectively.
(C) Left, examples of microirradiated cells incubated for 4 h before fixation. Microirradiation experiment using eTIP60- or eTIPM-reconstituted MEFs was
followed by immunohistochemistry analysis. Top, anti-NBS1 and anti-y-H2AX antibodies; bottom, anti-MDC1 and anti-y-H2AX antibodies. Right, the average
fluorescence intensities from the undamaged regions or the damaged regions were quantified and plotted. The average intensities of NBS1 immunofluorescence
were derived from 11 cells for TIP60-reconstituted cells and 10 cells for TIPM-reconstituted cells, and the average intensities for MDC1 immunofluorescence
were derived from 8 cells for TIP60-reconstituted cells and 6 cells for TIPM-reconstituted cells. Examples of measured regions are shown in Fig. S2A in the
supplemental material. See Materials and Methods for quantification details. (D) Immunohistochemistry analysis of MEFs reconstituted with TIP60 (left) or
TIPM (right) following IR (16 h after 8 Gy). Indirect immunofluorescence analyses were performed using either anti-NBS1 and anti-y-H2AX or anti-MDC1 and
anti-y-H2AX antibodies. (E) Percentages of cells that formed more than 10 foci of NBS1, MDC1, or y-H2AX are shown. Cont, control; bar, 10 wm. Graphs show
standard deviations.
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FIG 4 Acetylation of H2AX K5 restricts y-H2AX expansion. (A and B) y-H2AX was monitored in eTIP60- or eTIPM-expressing MEFs (a), and the signals were
quantified using Image] software (B). (C and D) Phospho-Ser1981 was monitored in eTIP60- or eTTPM-reconstituted MEFs (C) and quantified (D). (E)
Ac-H2AX and y-H2AX were monitored in cell lysates of H2AX KO MEFs reconstituted with H2AX WT, K5R, or S139A. Western blotting was performed with
anti-Ac-H2AX(K5), anti-y-H2AX, or anti-H2AX antibody. (F) H2AX KO MEFs were reconstituted with H2AX or H2AX K5R and subjected to Western blotting.
Samples were prepared from cells irradiated with the indicated doses and incubated for 2 to 10 h. (G) Intensity ratios of the y-H2AX to H2AX signals from the
experiment whose results are shown in panel F.

This finding is inconsistent with the previous study; however, it Next, we determined whether the acetylation of H2AX K5 af-
may be caused by the irradiation dose or the culture conditions, as  fected the amount of y-H2AX. To address this issue, we detected
we used gamma radiation instead of bleomycin to induce DNA  acetylation of K5 (Ac-H2AX) and phosphorylation of S139 (y-
damage (38). H2AX) of H2AX in cell lysates of H2AX KO MEFs reconstituted

FIG 3 Cells expressing H2AX K5R are defective in proper NBS1 localization to DNA damage sites. (A) Expression of reconstituted H2AX WT or mutants in
MEFs in which the endogenous H2AX was knocked out. (B) Left, examples of microirradiated cells incubated for 4 h before fixation. Microirradiation
experiment followed by immunohistochemistry analysis. Top, anti-NBS1 and anti-y-H2AX antibodies; bottom, anti-MDC1 and anti-y-H2AX antibodies.
Right, fluorescence intensities from the undamaged regions or the damaged regions were quantified and plotted. The average intensities of NBS1 immunoflu-
orescence were derived from 13 cells for H2AX WT-reconstituted cells and 9 cells for H2AX K5R-reconstituted cells, and the average intensities of MDCI
immunofluorescence were derived from 8 cells for H2AX WT-reconstituted cells and 8 cells for H2AX K5R-reconstituted cells. (C) Immunohistochemistry
analyses of MEFs reconstituted with H2AX WT, K5R, or S139A following IR (8 Gy, 16 h post-IR). Left, anti-NBS1 and anti-y-H2AX antibodies; right, anti-MDC1
and anti-y-H2AX antibodies. (D) The cells with more than 10 foci of NBS1, MDC1, or y-H2AX were counted among cells irradiated with 8 Gy of IR. Cells were
subjected to immunofluorescence analyses either 2 h or 8 h after irradiation. Bar, 10 pm. Graphs show standard deviations.
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with H2AX WT, H2AX K5, or H2AX S139A. Ac-H2AX was de-
tected in H2AX S139A-reconstituted cells and y-H2AX in H2AX
K5-reconstituted cells after IR (Fig. 4E). These results indicate that
the acetylation and phosphorylation of H2AX occur indepen-
dently. Importantly, y-H2AX was increased even in the absence of
IR (Fig. 4E), and this become evident in the results of dose-depen-
dent IR exposure experiments using H2AX K5R-reconstituted
MEFs, in which the endogenous H2AX was knocked out (Fig. 4F
and G).

These experiments led to two conclusions. First, the acetylation
of histone H2AX at K5 by TIP60 suppressed y-H2AX. We specu-
late that the acetylation could confine the y-H2AX-dependent
DNA damage signaling to the DNA damage sites and does not
allow it to expand, possibly, toward undamaged regions. Second,
the acetylation of H2AX could play an important role in NBS1
accumulation, besides the phosphorylation of H2AX.

The dynamic exchange of NBS1-GFP requires the acetylation
but not phosphorylation of H2AX upon DNA damage. DDR and
chromatin regulatory factors are not stably associated with chro-
matin but exchange dynamically, particularly at sites of damage
(22). Indeed, the persistence of some DDR factors on damaged
chromatin may impede the subsequent binding of downstream
factors, resulting in the disruption of DDR signaling or DNA re-
pair (39). It has been reported that NBS1 dynamically exchanges at
the sites of DNA damage (27). However, the role of the dynamic
exchange of NBSI in DDR and how its dynamism is achieved at
the sites of DNA damage remain unclear. Intriguingly, we have
previously shown that the acetylation of H2AX by TIP60 facilitates
the dynamic exchange of H2AX at DNA damage sites (25).

If NBSI accumulation is dependent on the acetylation of
H2AX, then it should be affected by the TIPM or the H2AX K5R
mutation. Thus, we investigated the effects of the expression of the
TIPM, H2AX K5R, and S139A mutants on the dynamic exchange
of NBSI at the DNA damage sites by performing a FRAP experi-
ment followed by microirradiation (Fig. 5A and B) (25). We es-
tablished stable expression of NBSI tagged with green fluorescent
protein (GFP) at the C terminus (NBS1-GFP) in checkpoint-pro-
ficient human U20S cells that also expressed TIP60 or TIPM (Fig.
5C). Using these cells, we performed a microirradiation analysis to
investigate whether the acetyltransferase activity of TIP60 is re-
quired for the recruitment of NBS1-GFP at the damage sites in
vivo. The recruitment of NBS1-GFP to the sites of DNA damage in
cells expressing TIPM was comparable to that in the cells express-
ing TIP60 (data not shown). Therefore, we examined the dynam-
ics of NBS1-GFP at the microirradiated areas in these cells, using
FRAP in combination with UVA microirradiation, and then com-
pared the fluorescence recovery curves of NBS1-GFP in cells ex-
pressing TIP60 and TIPM. The mean residence times reflected by
the curves, but not the percentages, of the recovery of fluorescence
intensity after photobleaching of NBS1-GFP were monitored. In-
creased residence time of NBS1 on DNA damage sites was re-
ported previously (27), and we also observed a slight increase in
the residence time of NBS1 at DNA damage sites in TIP60 WT-
expressing cells (Fig. 5E).

In TIPM-expressing cells, the retention times of NBS1-GFP
were significantly longer than those in TIP60 WT-expressing cells
(Fig. 5D and E) (28). Importantly, the prolonged residence times
were observed exclusively in the microirradiated areas.

We performed further examinations in cells expressing H2AX
WT, K5R, or S139A (Fig. 5F). In H2AX S139A cells, it can be
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speculated that faster NBS1 kinetics occurs on DNA damage sites,
as the MDC1 knock down decreases the residence time of NBS1-
GFP (28), and we also observed a slight decrease in the residence
time of NBS1-GFP at DNA damage sites in H2AX S139A-express-
ing cells compared to that in H2AX WT-expressing cells (Fig. 5SH).

Importantly, the dynamics of NBS1-GFP at the DNA dam-
age sites in cells expressing H2AX K5R showed a longer resi-
dence time than those in cells expressing H2AX WT or H2AX
S139A (Fig. 5G and H). These results in turn imply that NBS1
accumulation occurs in tight cooperation with the acetylation
of H2AX, consistent with our finding that NBS1 associates with
the H2AX complex.

DISCUSSION

Tip60 enhances the proper assembly of NBS1 at DNA damage
sites. In this study, we found that the acetylation of histone H2AX
at K5 by TIP60 is required for the accumulation of NBS1 at the
sites of DNA damage. We have also determined that NBSI1 is in-
cluded in the TIP60 complex regardless of DNA damage (see Fig.
S1A in the supplemental material). We previously showed that the
TIP60 complex facilitates histone H2AX exchange at DNA dam-
age sites via the acetylation of histone H2AX on K5 but not via the
phosphorylation of H2AX on S139 (25). Considering the data
showing that soluble H2AX-H2B can bind to NBS1 only after the
induction of DNA damage (Fig. 1B), it is quite possible that the
histone H2AX exchange promoted by TIP60 induces the dynamic
binding, the association and dissociation, of NBS1 to the sites of
DNA damage. If so, then the acetylation-dependent binding of
NBS1 to the H2AX evicted from damaged chromatin will increase
the chances for NBSI to bind to the DNA damage sites, in accor-
dance with the incorporation of the evicted histone H2AX into the
nucleosomes around the damaged region.

Acetylation-dependent NBS1 assembly is independent of
MDCI1 and y-H2AX. A previous study has shown that the phos-
phorylation of histone H2AX is also reportedly dispensable for the
initial recruitment of NBS1 but indispensable for its accumulation
at the sites of DNA damage (29). We found that the acetylation
and phosphorylation of histone H2AX after the induction of DNA
damage occurred independently. Importantly, MDC1 foci were
observed in the eTIPM- or H2AX K5R-expressing cells after DNA
damage.

Therefore, our results indicate the importance of the H2AX
acetylation-dependent accumulation of NBS1 at the sites of DNA
damage, which occurs independently of MDCI and y-H2AX.

Possible role of H2AX acetylation in modulating DNA dam-
age signaling and DNA repair regulation. The checkpoint medi-
ator MDC1 reportedly recognizes H2AX phosphorylated at S139
for the subsequent recruitment of MRN and ATM to DNA dam-
age sites, and then ATM phosphorylates histone H2AX at these
sites (7, 10, 28). This positive feedback loop between phosphory-
lated H2AX, MDC1, and ATM is crucial for the amplification and
spreading of y-H2AX to form the nuclear foci in the region of
DNA damage (7). In this study, we found that defective acetyla-
tion of histone H2AX at K5 by TIP60 produced increased H2AX
phosphorylation foci after DNA damage. We interpret this result
to mean that H2AX acetylation restricts the increase of damaged
chromatin signaling. Alternatively, as H2AX K5R-reconstituted
cells showed a weak sensitivity to IR (25), the fact that the cells are
vulnerable to IR could cause the increase of y-H2AX. However, it
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microirradiation for the undamaged area (A) and for the microirradiated area (B). (C) Expression of NBS1-GFP in U20S cells expressing TIP60 or TIPM from
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are shown in panel G. Mean residence times were calculated as previously reported (28) and statistically analyzed by using the Student ¢ test. P values are indicated.
Graphs show standard deviations.
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is still unclear how this occurs, and these points should be ad-
dressed in the future.

NBS1, which also plays a key role in promoting homologous
recombination (40, 41), could accumulate at DNA damage sites
via a mechanism coupled with histone exchange. In fact, we pre-
viously showed that the TIP60 complex is involved in the focus
formation of Rad51, which is a key player in homologous recom-
bination repair, at DNA damage sites (25). Homologous recom-
bination repair requires chromatin opening to increase the acces-
sibility of nucleases at DNA damage sites (37, 42—45). Thus, it is
quite possible that the histone exchange by the TIP60 complex, via
the acetylation of histone H2AX at K5, couples NBS1 assembly
and chromatin opening at DNA damage sites.

The association of NBS1 with TIP60 acetyltransferase and
H2AX suggests that NBS1 could be incorporated in the vicinity of
DSBs for its accumulation through the H2AX exchange (Fig. 6).
The accumulation of NBS1 follows the initial recruitment (H2AX-
indepent phase), when the other mechanisms or possibly the na-
ture of the DSB itself could attract NBS1. Further accumulation of
NBS1 would possibly require the H2AX-dependent mechanism
(H2AX-dependent phase). The acetylation of H2AX K5 would
continuously incorporate the NBS1 onto damaged chromatin and
maintain it in a rather dynamic state. The subsequent cooperation
with y-H2AX would permit NBS1 accumulation. In conclusion,
we propose a model featuring the importance of the histone ex-
change-driven mechanism that couples DNA damage signaling,
DNA metabolism, and chromatin dynamics in the eukaryotic sys-
tem (Fig. 6).
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