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Phosphorylation of H2AX (yH2AX) is an early sign of DNA damage induced by replication stalling.
However, the role of H2AX in the repair of this type of DNA damage is still unclear. In this study, we used an
inactivated adeno-associated virus (AAV) to induce a stalled replication fork signal and investigate the
function of YH2AX. The cellular response to AAV provides a unique model to study yYH2AX function, because
the infection causes pannuclear H2AX phosphorylation without any signs of damage to the host genome. We
found that pannuclear yYH2AX formation is a result of ATR overactivation and diffusion but is independent of
ATM. The inhibition of H2AX with RNA interference or the use of H2AX-deficient cells showed that yH2AX
is dispensable for the formation and maintenance of DNA repair foci induced by stalled replication. However,
in the absence of H2AX, the AAV-containing cells showed proteosome-dependent degradation of p21, followed
by caspase-dependent mitotic catastrophe. In contrast, H2AX-proficient cells as well as H2AX-complemented
H2AX ™'~ cells reacted by increasing p21 levels and arresting the cell cycle. The results establish a new role for
H2AX in the p53/p21 pathway and indicate that H2AX is required for p21-induced cell cycle arrest after

replication stalling.

The cellular response to DNA damage involves a series of
events that lead to either cell cycle arrest or apoptosis. One of
these events is the phosphorylation of histone 2AX (H2AX),
which constitutes a significant portion (2 to 25%) of H2A (21).
H2AX phosphorylation at serine 139 (y-H2AX)) was first iden-
tified in mammalian cells treated with ionizing irradiation and
was found to be dependent on ataxia telangiectasia-mutated
(ATM) kinase (21, 42). It was localized to irradiation-induced
double-stranded DNA breaks, extending about 2 megabases
around the breaks (41, 42). This type of response is conserved
across species from humans to yeast (17, 40). Phosphorylation
of H2AX takes place immediately after the generation of a
DNA break and mediates the formation of clusters of proteins
at the site of damage, called DNA damage response foci (19).
The formation of y-H2AX foci has also been shown after
replication stalling and single-stranded DNA breaks (24, 39,
55). In that case, the phosphorylation of H2AX is dependent
on ATM- and Rad3-related (ATR) kinase (12, 55) and
not ATM.

The biological importance of H2AX phosphorylation was
revealed by the H2AX knockout mouse, which was found to be
growth retarded, immunodeficient, and moderately radiation
sensitive (15). That study indicated a role of H2AX phosphor-
ylation in various processes including cell growth, variable-
diversity-joining recombination, and meiosis (21). Further-
more, H2AX-deficient embryonic stem cells were also
genetically unstable, whereas H2AX haploinsufficiency was
shown to contribute to genomic instability (5, 13). Although
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H2AX was initially thought to be required for recruiting DNA
repair proteins to DNA damage response foci, it was later
proven to be dispensable for attracting repair factors into foci,
indicating that it is not necessary in the initial steps of the DNA
damage response (14, 37). H2AX phosphorylation has also
been shown to be dispensable in other cases of DNA repair,
such as in retroviral postintegration DNA rejoining or in rep-
lication protein A (RPA) focus formation after replication
stress (16, 33). On the other hand, y-H2AX has been shown to
be essential for concentrating repair proteins and maintaining
the integrity of the DNA damage response foci (14). The role
of y-H2AX foci in the DNA damage signaling pathway in-
duced by double-strand breaks is to act as docking areas for the
recruitment of repair factors and to bring the broken DNA
ends closer so that DNA repair is accomplished (4, 51). This
model has recently been supported by a study showing that
H2AX deficiency can lead to chromosome instability and can-
cer (23). Finally, the significance of H2AX in cell cycle arrest
was previously demonstrated by Fernandez-Capetillo et al.
(20) in a study where H2AX-null cells were defective in arrest-
ing at the G,-M boundary after low-dose ionizing radiation.
On the other hand, the role of H2AX in the damage response
induced by stalled replication forks has not yet been clarified.

The response to DNA damage results in either cell cycle
arrest, to allow the lesions to be repaired, or apoptosis. p53 is
essential in both pathways. Specifically, in cell cycle arrest at
G, phase, p53 enhances p21 transcription, which in turn inhib-
its cyclin-dependent kinase (cdk) activity. This prevents pRb
from derepressing E2F1, inhibiting progression from G, to S
phase (3, 28). Another way in which p21 leads to G, arrest is
by binding to proliferating cell nuclear antigen (PCNA) and
inhibiting its function in replication (35). The loss of p21 re-
sults in replication defects and may lead to cell death after
treatment with anticancer drugs (26, 32). Progression to S
phase after p53/p21-mediated arrest is achieved by the proteo-
some-dependent degradation of p21 (27).The p53/p21 pathway
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can also lead to G, arrest, preventing cells with damaged DNA
from entering mitosis (11, 50). Cells may proceed to mitosis
again by the degradation of p21 (2). The mechanism of p21
degradation has been controversial, with some reports claim-
ing that it is ubiquitin dependent and some others showing the
opposite (10, 44). Although the increase in p21 levels is a
well-established pathway in DNA repair, a previous report by
Bendjennat et al. (7) showed that p21 is degraded after low-
dose UV irradiation. This response was shown to be essential
for effective DNA repair through PCNA binding to chromatin.
Recent studies further support the existence of this new path-
way of DNA repair that involves the degradation of p21
(34, 47).

Viral infection can lead to a DNA damage response, which
could be either beneficial or detrimental to the life cycle of the
virus. An example of such a virus is adeno-associated virus
(AAV), which has been shown to affect the host cell cycle and
induce a significant DNA damage response (9, 30, 56). AAV is
a defective virus whose replication depends on the presence of
a helper virus such as adenovirus or herpesvirus (8). It belongs
to the family Parvoviridae and has a 4.7-kb genome that en-
codes Rep and Cap polypeptides. The DNA of AAV has a
single-stranded backbone flanked by two inverted terminal re-
peats that have a characteristic hairpin structure (8).

We have previously shown that irradiation of AAV with UV
light to inactivate its genes and subsequent infection in the
absence of helper virus lead to a significant DNA damage
response, which resembles that provoked by chemically in-
duced stalled replication forks (30). Moreover, in p53-deficient
cells, AAV infection can result in cell death via mitotic catas-
trophe (29, 38). The AAV-induced DNA damage response is
characterized by cell cycle arrest and an increase in p53 and
p21 levels (38). The cell cycle arrest is dependent on ATR and
subsequent Chkl phosphorylation. Another characteristic of
AAV-induced DNA damage signaling is the formation of
DNA repair foci that include AAV DNA localized with repli-
cation proteins (RPA and DNA polymerase 8) and ATR, in-
dicating that the response induced by the virus is due to stalled
AAV replication (22, 30).

In this study, we investigated the role of H2AX phosphory-
lation in the DNA damage response induced by stalled repli-
cation forks. This was done by infecting cells with the replica-
tion-defective virus AAV. We discovered that H2AX is
massively phosphorylated after AAV infection, leading to a
pannuclear staining pattern. y-H2AX staining was not attrib-
utable to host DNA damage, as the host genome was found to
be intact. The response was rather a result of overactivated
ATR, which is involved in the AAV-induced DNA damage
response. H2AX phosphorylation was found to be dispensable
for the initial steps of this signaling pathway but was shown to
be required for the p53/p21 pathway to maintain p21 levels,
leading to cell cycle arrest.

MATERIALS AND METHODS

Cell lines and chemicals. All cell lines were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum, penicillin-strepto-
mycin, and ciprofloxacin (Ciproxin; Bayer). HeLa cells were used for the pro-
duction of virus. GK41 kinase-dead ATR-inducible U20S cells were described
previously by Nghiem et al. (36). AT22IJE-T cells were described previously by
Ziv et al. (58). H2AX-deficient (H2AX /") and H2AX-proficient (H2AX*/*)
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immortalized mouse embryonic fibroblasts (MEFs) were a kind gift from A.
Nussenzweig. CsCl (used at a concentration of 3.5 mM) was obtained from
Boehringer, dimethyl sulfoxide (DMSO) was obtained from Applichem, and
DNase I (used at a concentration of 0.5 U/ul) was obtained from Roche. All
other chemicals were purchased from Sigma. Doxorubicin was used at a concen-
tration of 50 nM, and UCNO1 was used at a concentration of 300 nM.

Virus production and infections. The production of AAV was previously
described (57). All experiments were performed using UV-inactivated AAV2
unless otherwise stated. UV treatment of virus was used to inactivate the viral
genes. In brief, virus samples were diluted in 50 wl of phosphate-buffered saline
(PBS) and then UV inactivated on an empty tissue culture dish using a UV
Stratalinker 2400 apparatus (Stratagene) at 240 mJ/cm?. Virus samples were then
used to infect cells in a small quantity of plain Dulbecco’s modified Eagle’s
medium for 3 to 5 h. Complete medium was finally added to the cells. All AAV
infections were performed at a multiplicity of infection of 10,000 unless other-
wise stated.

Immunofluorescence staining and microscopy. Cells were plated onto
fibronectin-treated coverslips 1 day before treatment. They were fixed with 5%
formaldehyde for 10 min and then washed with PBS. Samples were blocked
(0.5% NP-40, 5% milk powder, 1% fetal bovine serum) for 30 min. After being
washed once with PBS, cells were incubated with primary antibodies for 45 to 60
min. Coverslips were washed with PBS and then incubated with secondary
antibodies for another 45 to 60 min. They were then washed with PBS and
stained with 0.1 wg/ml DAPI (4',6’-diamidino-2-phenylindole) for 45 s. Finally,
they were washed with PBS and distilled water and mounted onto diazabicy-
clooctane-glycerol (50%). For bromodeoxyuridine (BrdU) staining, cells were
permeabilized using 0.5% Triton X-100, blocked in 2% bovine serum albumin
solution, and stained with a BrdU-fluorescein isothiocyanate (FITC) antibody
for 2.5 h.

The primary antibodies used were as follows: anti-a-tubulin (catalog number
Ab7292; Abcam), anti-BrdU-FITC (347583; BD), anti-green fluorescent protein
(GFP) (13970; Abcam), anti-H2AX (A300-082A; Bethyl), anti-yH2AX Ser139
(JBW301; Upstate Cell Signaling), and anti-phospho-RPA32 S4/S8 (05-636;
Bethyl). The secondary antibodies used were Alexafluor-488, Alexafluor-568
(Molecular probes), and Cy3 (Jackson Immunoresearch) immunoglobulin G
conjugates. Images were obtained using a Zeiss Axioplan microscope and were
acquired with a Zeiss AxioCam MRm camera using Axiovision 4.5 software. The
63X (Plan-Apo/1.4 numerical aperture, oil) objective was used unless otherwise
stated (10X [Plan-Neo/0.3 numerical aperture] or 20X [Plan-Apo/0.75 numerical
aperture] objective). For live imaging, the Zeiss time-lapse Axiovert 100 micro-
scope was used.

B-Galactosidase staining. Cells were fixed as described above. Samples were
then blocked in 1% gelatin (dissolved in Tris-buffered saline [TBS]-Tween) by
incubation at room temperature for 30 min. Cells were washed twice with TBS
and then incubated with AAV capsid antibody (A20; Progen), diluted in TBS-
Tween, for 60 min. Cells were washed three times with TBS-Tween and then
incubated with B-galactosidase-conjugated secondary antibody (401607; Calbio-
chem) for 60 min. Samples were then washed three times with TBS-Tween and
incubated in developing solution (0.2 mg/ml X-gal [5-bromo-4-chloro-3-indolyl-
B-p-galactopyranoside], 5 mM MgCl,, and 0.3 mg/ml Nitro Blue Tetrazolium
dissolved in TBS) for 30 min at 37°C. Cells were washed twice with TBS-Tween
and were then analyzed under a Leica DMIRB DC200 microscope using a 20X
N-Plan/0.4-numerical-aperture objective, a Leica DFC340Fx camera, and Leica
Application suite software.

Western blotting. Cell pellets were resuspended in 2.5 volumes of reporter
lysis buffer (Promega) supplemented with a cocktail of protease inhibitors (Cal-
biochem). Samples were incubated on ice for 30 min and centrifuged at 16,000 X
g for 20 min (4°C), and supernatants were then collected. The protein samples
used in the H2AX Western blots were extracted by using NETN buffer (150 mM
NaCl, 1 mM EDTA, 20 mM Tris [pH 8.0], 0.5% NP-40, protease inhibitors) and
dissolving the protein pellets in 0.1 M HCI. Protein concentrations were calcu-
lated using the Bradford method (Bio-Rad), and 40 to 60 g of protein samples
was then separated on a sodium dodecyl sulfate-polyacrylamide gel (10% to
15%). The protein samples were transferred (semidry transfer) from the gel onto
a nitrocellulose membrane (Bio-Rad), which was then blocked overnight at 4°C
in blocking solution (5% milk powder in PBS-0.1% Tween). The membrane was
incubated with primary antibodies for 1 h, washed with PBS-Tween, incubated
with secondary antibodies for 1 h, and finally washed with PBS-Tween. The blots
were visualized using the ECL assay (Amersham) according to the manufactur-
er’s instructions.

The primary antibodies used were as follows: anti-a-tubulin (Ab7292; Abcam),
anti-Chkl (Ab22610; Abcam), anti-H2AX (A300-082; Bethyl), anti-yH2AX
Ser139 (JBW301; Upstate Cell Signaling), anti-Flag M2 (F-3165; Sigma), anti-
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FIG. 1. AAV infection causes massive pannuclear phosphorylation of H2AX. (A) U20S cells were infected with UV-inactivated AAV and then
immunostained for y-H2AX 1 day postinfection. Infected cells show a pannuclear staining pattern that is different from the one observed in
doxorubicin (Doxo)-treated cells, which show foci of y-H2AX (compare magnified images). Mock-infected cells were used as controls (CsCl). The
bar corresponds to 35 wm for the 63X images and 225 wm for the 10X images. (B) Cells were infected with UV-AAYV in several independent
experiments and used to assay the levels of H2AX phosphorylation by Western blotting. Infection resulted in a massive phosphorylation of H2AX
in host cells 1 day after infection. Mcm3 (minichromosome maintenance protein 3) was used as a loading control. (C) The levels of H2AX
phosphorylation from these independent experiments were quantified, and means were compared. The difference between infected and uninfected

cells is significant at a P value of 0.0038 (two-tailed ¢ test).

GFP (11814460001; Roche), anti-Mcm3 (ab-4460; Abcam), anti-p21 (sc397;
Santa Cruz), and anti-p53 (DO-12; Novocastra). Horseradish peroxidase-conju-
gated immunoglobulin G antibodies were used as secondary antibodies (Jackson
Immunoresearch).

TUNEL and comet assays. The fluorescein FragEL DNA fragmentation de-
tection kit (Calbiochem) was used to assay for the presence of double-stranded
DNA breaks (terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick
end labeling [TUNEL] assay). The protocol was followed according to the man-
ufacturer’s instructions.

For the alkaline comet assay, the comet assay method from Trevigen was used
according to the instructions provided by the manufacturer.

Propidium iodide staining and FACS analysis. The procedure for propidium
iodide staining and fluorescence-activated cell sorter (FACS) analysis was de-
scribed previously (22). Stained samples were analyzed using a Becton-Dickinson
flow cytometer.

BrdU staining and FACS analysis. Cells were incubated with 10 uM BrdU for
40 min prior to FACS analysis. They were then washed once with PBS and
processed according to the BD Pharmingen protocol (BrdU Flow kit, catalog
number 559619). In brief, cells were fixed, permeabilized, refixed, and then
treated with DNase. Cells were finally stained with BrdU-FITC antibody and
7-aminoactinomycin D.

H2AX RNA interference. Inhibition of H2AX was performed by transfecting
cells with a short interfering RNA (siRNA) oligonucleotide (CAA CAA GAA
GAC GCG AAU CdTdT) against H2AX. As a control, an siRNA oligonucleo-
tide against GFP was used. Oligonucleotides were obtained by Dharmacon
Research and were transfected using the Lipofectamine 2000 kit (Invitrogen).

Transfections. Transfections were performed using Lipofectamine 2000 re-
agent (Invitrogen) according to the manufacturer’s instructions.

RESULTS

AAV induces massive pannuclear H2AX phosphorylation.
We have previously shown that infection of p53-deficient cells
with AAV can lead to cell death (38). This has been attributed
to the ability of this virus to induce a DNA damage response
that is dependent on the formation of stalled replication forks
on AAV origins of replication (22, 30). In those experiments,
as well as in the experiments described in this study, AAV was
UV treated in order to prevent the expression of the viral
genes. Further investigation of the DNA damage response
induced by the UV-inactivated AAV (UV-AAV) led to the
observation that infected U20S cells induce massive phosphor-
ylation of H2AX (Fig. 1). This phenomenon was also observed
in an array of cell lines other than U20S (see Fig. S1 in the
supplemental material).

This result was unexpected, since UV-treated AAV is not ca-
pable of integrating into the host cell’s genome. Furthermore,
AAYV has never been shown to have histone molecules within its
capsid (8). The y-H2AX staining pattern observed in AAV-in-
fected cells is also remarkably distinct from that of cells treated
with DNA-damaging agents such as doxorubicin. AAV-infected
cells showed pannuclear H2AX phosphorylation, whereas doxo-
rubicin-treated cells induced foci of y-H2AX (Fig. 1A). It should
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FIG. 2. AAV infection does not affect the stability of the host genome. (A) U20S cells were pretreated for 24 h with BrdU (3.3 wM) and then
immunostained for BrdU without denaturation. UV-AAV-infected cells did not stain positive, whereas the DNase I-treated and some of the
UCNO1-treated cells stained positive for BrdU. All stainings were performed 1 day after treatment. Bar, 30 wm. (B) TUNEL assay showing that
AAV-infected cells do not contain DNA breaks. Actinomycin D (ActD) (1 wg/ml) and DNase I-treated cells were used as controls. Images were
obtained using the 20X objective. Bar, 100 wm. (C) Comet assay showing an absence of DNA damage in infected U20S cells. UV (50 mJ/cm?)-
and H,O, (100 wM)-treated cells were used as controls. pi, postinfection; pt, posttreatment.

also be noted that in contrast to the doxorubicin-induced
v-H2AX foci, AAV-induced pannuclear H2AX phosphorylation
was not established immediately but about 6 h after infection (see
Fig. S2 in the supplemental material). The induction of H2AX
phosphorylation was not caused by CsCl, which is used during
viral production (Fig. 1A). The quantity of H2AX phosphoryla-
tion was measured in infected U20S cells by protein extraction
and Western analysis (Fig. 1B). The results were quantified and
are presented in Fig. 1C. It is evident that the cells infected with
AAYV induce H2AX phosphorylation that is significantly stronger
than that of uninfected cells.

AAV induces a DNA damage response without damaging the
host genome. Pannuclear AAV-induced H2AX phosphoryla-
tion could be a result of genome-wide DNA damage in the host
cell. AAV could potentially induce increased initiation of rep-
lication in the host genome, which could in turn produce DNA
breaks and therefore H2AX phosphorylation. To test this,
U20S cells were pretreated with BrdU and then infected with
UV-AAV. Cells were assayed for BrdU incorporation by stain-
ing in the absence of denaturation so as to identify single-
strand DNA breaks. The experiment showed no signs of single-
strand DNA breaks that would correlate with an increased
presence of cellular stalled replication forks (Fig. 2A). Cells
treated with UCNO1, which is an inhibitor of Chk1, were used
as a control, as it has been shown that Chk1 inhibition leads to
an increased initiation of replication origins and therefore sin-
gle-strand DNA breaks (49). DNase I-treated cells were also
used as a positive control.

The induction of double-strand DNA breaks after infection
with AAV was assayed by performing a TUNEL assay. U20S
cells were infected with UV-AAV and then tested for DNA
breaks. As can been seen in Fig. 2B, this assay confirmed the
absence of DNA breaks in the genome of the AAV-infected

cells, indicating that H2AX phosphorylation is not a result of
cellular double-strand DNA breaks. Treatment with actinomy-
cin D as a control led to significant levels of apoptosis-related
DNA fragmentation, which also resulted in reduced cell den-
sity in the sample. DNase I-treated cells served as another
positive control.

The induction of DNA breaks after AAV infection was also
assayed by performing an alkaline comet assay. As shown in
Fig. 2C, UV-AAV-infected U20S cells did not show comet
tails. On the other hand, when cells were treated with UV or
H,O,, which damage cellular DNA, they showed clear tails
indicative of significant DNA damage. Altogether, our data
suggest that a DNA damage response can be evoked without
the presence of genomic DNA lesions. Accumulation of DNA
damage response proteins on the AAV genome is sufficient to
initiate DNA damage signaling, as seen with H2AX phosphor-
ylation.

AAV-induced phosphorylation of H2AX is dependent on
ATR and not ATM. The next step in our study was to investi-
gate the mechanism of H2AX phosphorylation after infection
with AAV. The induction of y-H2AX foci after formation of
stalled replication forks is a result of phosphorylation by ATR
kinase (12, 55). In order to investigate whether the formation
of stalled replication forks on the AAV genome would activate
ATR, which in turn would phosphorylate the host’s H2AX,
AAV-infected U20S cells were treated with caffeine, which is
known to inhibit ATR and ATM kinases (43). Caffeine treat-
ment inhibited the pannuclear type of H2AX phosphorylation,
indicating that either ATR or ATM is involved in this type of
response (Fig. 3A). To verify the effectiveness of caffeine treat-
ment, infected U20S cells were treated with caffeine, stained
with propidium iodide and analyzed by FACS to investigate
the cell cycle status of the cells (Fig. 3B). We have previously
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FIG. 3. AAV-induced H2AX phosphorylation is ATR dependent. (A) Caffeine (CAF) treatment inhibits the pannuclear phosphorylation of
H2AX. AAV-infected U20S cells were treated with caffeine at 3 mM and showed an absence of pannuclear y-H2AX staining 1 day postinfection.
Some cells showed background focal staining of y-H2AX similar to that often observed in untreated U20S cells. Cells were also treated with
caffeine alone, which did not have an effect on H2AX. Bar, 20 pm. (B) FACS analysis to test the effectiveness of caffeine treatment. Infected cells
were treated with caffeine, which inhibited AAV-induced cell cycle arrest. (C) GK41 (kinase-dead ATR-inducible U20S) cells were induced with
doxycycline (Doxy) for 2 days, infected, and then maintained in doxycycline-containing medium. Cells were analyzed by immunostaining 1 day after
infection. Bars, 35 pm (63X) and 130 wm (10X). (D) The effectiveness of doxycycline was confirmed by analyzing the cell cycle status of cells by
FACS. (E) Expression of Flag-tagged kinase-dead ATR in doxycycline-induced GK41 cells was confirmed by Western blotting. Mcm3 was used
as a loading control. (F) Immunostaining showing that ATM-deficient cells are capable of inducing H2AX phosphorylation after UV-AAV
infection. AT221JE-T cells were infected, treated or not with caffeine, and stained 1 day postinfection. ATM ™/ cells were used as a control. Bar,
35 wm. (G) Cell cycle analysis of AAV-infected and chkl-inhibited (UCNO1) U20S cells. Cells treated with UCNO1 alone were used as controls.
Uninf., uninfected.

shown that infection with UV-AAYV leads to cell cycle arrest at
G, phase that is dependent on ATR (38). As shown in Fig. 3B,
caffeine prevented U20S-infected cells from arresting at G,
phase, indicating that caffeine treatment was indeed effective.

The involvement of ATR in AAV-induced H2AX phosphor-

ylation was further studied by using the GK41 cell line, which
expresses an inducible Flag-tagged kinase-dead version of
ATR that functions in a dominant-negative way to inactivate
the endogenous functional protein. Noninduced cells showed
pannuclear phosphorylation of H2AX after AAV infection,
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whereas induced cells overexpressing the kinase-dead ATR did
not exhibit significant levels of y-H2AX staining (Fig. 3C). This
experiment suggests that AAV-induced H2AX phosphoryla-
tion is ATR dependent. A control FACS analysis was then
performed using propidium iodide-stained AAV-infected
GK41 cells and showed that these cells do not arrest at G,
phase after induction with doxycycline (Fig. 3D). This indicates
that doxycycline induction functions properly, leading to an
overexpression of the kinase-dead ATR. A control Western
blot was also performed to confirm the expression of the Flag
tagged-ATR mutant. GK41 cells were treated with doxycycline
for 24 h and then used to extract protein. As can be seen in Fig.
3E, induction with doxycycline led to the expression of Flag-
tagged kinase-dead ATR.

We next tested whether ATM is involved in AAV-induced
pannuclear H2AX phosphorylation. In order to do this,
AT221JE-T/pEBS7 (ATM-deficient) cells were infected with
UV-AAYV, and the phosphorylation of H2AX was examined by
immunofluorescence (Fig. 3F). ATM-null cells showed high
levels of y-H2AX staining, indicating that ATM is not respon-
sible for this response. Treatment with caffeine, which inhibits
ATR, abolished H2AX phosphorylation, supporting our pre-
vious conclusion that ATR is responsible for the AAV-induced
phosphorylation of H2AX. The same experiment was per-
formed using the ATM-proficient isogenic cell line AT221JE-
T/pEBS7-YZ5, which behaved the same as the ATM-deficient
cell line.

To further test the activation of the ATR/Chkl pathway
after infection with AAYV, cells were infected and at the same
time treated with the Chkl inhibitor UCNO1. The cells were
examined by flow cytometry 1 day postinfection and showed no
G, arrest, indicating that Chkl is indeed required for the
signaling pathway induced by the virus (Fig. 3G). These data
altogether suggest that AAV infection induces a pannuclear
phosphorylation of H2AX that is dependent on the ATR/Chk1
pathway and not on ATM.

In order to investigate how ATR activation leads to this
pannuclear type of H2AX phosphorylation, we examined the
kinetics of the AAV-induced foci, which include ATR and
RPA (30). Cells were transfected with a GFP-tagged RPA70
construct (33) and then infected with UV-AAYV 24 h posttrans-
fection. The cells were examined for GFP under a live-imaging
microscope for 17 h by image acquisition every 5 min. The
time-lapse video (see Fig. S3A in the supplemental material)
indicates that the foci induced by UV-AAYV do not move and
remain relatively immobile in relation to each other. These
data suggest that ATR could directly phosphorylate H2AX
only if it diffuses away from these foci. The localization of the
overexpressed GFP-RPA70 to the AAV-induced foci was con-
firmed by the experiment shown in Fig. S3B in the supplemen-
tal material. The mobility of H2AX was considered unlikely, as
our previous work has shown that AAV-induced y-H2AX is
chromosome fixed rather than soluble (29).

H2AX is dispensable for the formation and maintenance of
AAV-induced foci. We then asked whether phosphorylation of
H2AX is required for the DNA damage signaling pathway
induced by AAV. In order to test this, the production of H2AX
was inhibited by using an siRNA molecule. U20S cells were
infected with UV-AAYV and examined 4 days after infection to
allow AAV-infected cells to enlarge (due to cell cycle arrest)
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and thus be distinguished from noninfected ones. The contri-
bution of H2AX phosphorylation to AAV-induced DNA dam-
age signaling was investigated by immunostaining for phospho-
RPA32, which is localized in the AAV-induced foci (Fig. 4A).
Depletion of H2AX was controlled by staining for y-H2AX.
Figure 4A indicates that AAV-infected cells (cells with en-
larged nuclei) that do not exhibit H2AX phosphorylation
(H2AX inhibition) do show DNA damage response foci. These
data therefore suggest that H2AX phosphorylation induced by
AAV is not required for the formation of DNA repair foci as
well as for their maintenance 4 days after infection. siRNA-
mediated H2AX inhibition was confirmed further by Western
blotting (Fig. 4B).

An additional experiment was then performed to confirm
the above-described conclusion. H2AX /~ MEFs were in-
fected with UV-AAYV and stained for phospho-RPA32 to iden-
tify the DNA damage response. As can be seen in Fig. 4C,
H2AX-null cells are still able to induce a DNA damage re-
sponse exhibited by the presence of phospho-RPA32 foci. The
absence of H2AX expression in H2AX '~ MEFs was con-
firmed by Western blotting (Fig. 4D). In order to confirm that
the foci observed in MEFs result from infection with the virus,
we examined the infectivity of AAV in murine cells. Specifi-
cally, MEFs were infected with AAV and then stained for
AAV capsid proteins using a (-galactosidase-conjugated anti-
body (Fig. 4E). Cells were examined under a bright-field mi-
croscope and showed high levels of infection comparable to
those of human U20S cells. These data together suggest that
H2AX phosphorylation is dispensable for the initial step of the
AAV-induced DNA damage signaling pathway, which involves
the formation of DNA repair foci, and also for maintaining
repair factors like RPA in these foci.

H2AX is required for p21-induced cell cycle arrest. We then
examined the protein levels of a series of factors involved in
the AAV-induced DNA damage response in H2AX '~ MEFs.
Cells were infected with UV-AAYV, and Western blotting for
p21 and Chk1 was performed (Fig. 5A). An unexpected drop in
the levels of p21 was observed in AAV-infected H2AX ™/~
cells. On the other hand, in H2AX™* cells, p21 levels in-
creased after infection. A loss of p21 was not observed in
H2AX ™/~ cells treated with doxorubicin. The levels of Chkl
increased in both H2AX-deficient and H2AX*'* AAV-in-
fected cells. We also examined the levels of p53 in AAV-
infected H2AX/~ MEFs and found that the level of p53,
unlike p21, was not diminished after infection with UV-AAV
(Fig. 5B). In H2AX " MEFs as well as in U20S cells, p53
levels increased after infection. These results indicate that the
absence of H2AX leads to a decrease in p21 levels after AAV
infection without any change in p53 levels.

We then examined whether the AAV-induced loss of p21 is
proteosome dependent. AAV-infected H2AX ™/~ cells were
treated with the proteosome inhibitor MG132, and p21 levels
were assayed by Western blotting. As can be seen in Fig. 5C,
MG132 prevented the loss of p21, supporting the idea that p21
levels drop after AAV infection due to proteosome-dependent
degradation.

The cell cycle status of H2AX-deficient cells after infection
with UV-AAYV was then examined. Cells were stained with
propidium iodide and analyzed by FACS analysis (Fig. 5D).
Our results showed that infection with UV-AAYV led to signif-
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FIG. 4. H2AX phosphorylation is dispensable for formation and maintenance of AAV-induced foci. (A) Inhibition of H2AX by siRNA does
not prevent formation of DNA damage response foci. Cells were transfected with an siRNA oligonucleotide against H2AX and infected with
UV-AAV on the same day. Infected cells (with large DAPI-stained nuclei) with no y-H2AX staining still form foci (phospho-RPA32 staining). An
example of such a cell is indicated by arrows. Cells treated with GFP siRNA (siGFP) were used as a control. Bar, 30 pm. (B) Control Western
blot showing the effectiveness of H2AX inhibition by siRNA. Uninf., uninfected. (C) Immunofluorescent staining showing that H2AX ™/~ MEFs
form AAV-induced foci. MEFs were stained for y-H2AX and phospho-RPA32 1 day after infection. H2AX*/* MEFs were used as a control. Bar,
40 wm. (D) Western blot to check that H2AX ™/~ cells do not express H2AX. Mcm3 was used as a loading control. (E) Control experiment to show
that MEFs are infectible with AAV. Infected MEFs were immunostained with a 3-galactosidase-conjugated AAV antibody 1 day postinfection and

were compared to infected U20S cells. Bar, 130 pm.

icant cell death (4 days postinfection). On the other hand,
H2AX*'* cells did not show a change in their cell cycle status,
with the majority of the cells being in G, phase. In both cell
types, doxorubicin led to a strong cell cycle arrest at G, phase.
In order to examine whether the G, peak seen in AAV-in-
fected H2AX™'* cells corresponds to cell cycle arrest,
H2AX™*'* cells were either infected or treated with doxorubi-
cin and examined by bright-field microscopy 4 days after treat-
ment. As shown in Fig. 5E, it is clear that infection with
UV-AAV inhibited cell division even more than doxorubicin
that induces a G, arrest. To test whether this arrest reflects an
activation of the G,/S checkpoint, the cells were examined for
BrdU incorporation by staining with a BrdU-FITC conjugate
antibody and performing flow cytometry (Fig. 5F). In
H2AX™* MEFs, the population of cells in S phase (BrdU-
positive cells) decreased sharply after infection. On the other
hand, in H2AX /" cells, infection resulted in a significant
increase in the number of dead cells. Also taking into account
that p21 and p53 levels increase after infection with UV-AAV

in H2AX ™™ cells (Fig. 5A and B), we can conclude that the G,
peak seen in AAV-infected H2AX*'* cells (Fig. 5D) corre-
sponds to cell cycle arrest.

To further investigate if the cell death seen in H2AX ™/~
MEFs is linked to the degradation of p21, H2AX-null cells
were infected with UV-AAYV and then treated with MG132.
Cell cycle analysis was again performed by FACS and showed
that the inhibition of the proteosome (and therefore of p21
degradation) prevented a significant portion of the cell popu-
lation from undergoing cell death (Fig. 5G). This experiment
was replicated, and the averages of data for the sub-G, popu-
lations are presented in Fig. SH. Overall, these data suggest
that H2AX is required for the p53/p21 pathway to function and
leads to cell cycle arrest at G, phase. In the absence of H2AX,
AAV infection leads to cell death that is likely attributable to
the suppression of the G, checkpoint due to the degradation
of p21.

In order to investigate this potential new role of H2AX
further, a plasmid expressing GFP-tagged H2AX (45) was used
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of the proteosome prevents AAV-induced cell death in H2AX ™/~ cells. AAV-infected cells were treated with MG132 and examined by FACS 2
days postinfection. Treatment with MG132 alone has little effect on the cell cycle in these cells. (H) The experiment described in G was replicated,
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to transiently transfect H2AX-deficient MEFs. Figure 6A Figure 6B shows the results of a typical experiment. The in-
shows transfected H2AX '~ MEFs expressing H2AX and fected cells that had been previously transfected with the GFP-
GFP. Such transfected cells were infected with UV-AAV on H2AX plasmid were protected from cell death, as only 16.3%
the same day as the transfection and were analyzed by pro- of the total population was found in the sub-G, region, com-
pidium iodide staining and flow cytometry 4 days postinfection. pared to 35.2% of the infected cells that had been transfected
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Bar, 180 wm. (B) Transient expression of H2AX prevents cell death
and increases the 2n and 4n populations in AAV-infected H2AX ™/~
MEFs. Cells were transfected either with pGFP-H2AX or with an
empty pcDNA3.1 vector (Invitrogen) and then infected with UV-AAV
on the same day. The cell cycle status of the cells was analyzed by
FACS 4 days after treatment. Transfection with pGFP-H2AX in non-
infected cells did not have a significant effect. (C) Quantification of the
sub-G, and G, populations in control-transfected (two replicates), the
mock-transfected AAV-infected (three replicates), and the pGFP-
H2AX-transfected AAV-infected (three replicates) H2AX /~ MEFs
from the experiment described in the legend for panel B.

with an empty vector (Fig. 6C). In addition, the G, population
of cells in the infected sample increased from 18.8% to 26.4%
after the transient expression of H2AX.

p21 degradation was observed in H2AX '~ cells infected
with UV-AAV but not in cells treated with doxorubicin. This
result raised the question of whether this phenomenon is
unique for the DNA damage response induced by AAV or if it
can be a result of replication stress induced by other agents. To
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address this question, we treated H2AX-deficient cells with
hydroxyurea (HU) or UV and examined the levels of p21 by
Western blotting (Fig. 7A). In both cases, p21 levels did not
increase, implying that the H2AX-null cells choose a pathway
that does not involve p21 to respond to DNA damage. In
particular, no p21 was observed after treatment with HU,
whereas in the case of UV, the p21 levels remained relatively
constant. On the other hand, H2AX™*'* cells responded by
increasing p21 levels after both treatments.

The role of H2AX in the p53/p21 pathway was also investi-
gated by transiently transfecting H2AX-deficient MEFs with
the GFP-tagged H2AX-expressing plasmid and examining the
levels of p21 2 days after infection with UV-AAYV or treatment
with the indicated replication-blocking agents. As shown in
Fig. 7B, the p21 levels in the cells expressing H2AX were
higher than those of the nontransfected cells, indicating that
H2AX is indeed part of the p53/p21 pathway. In conclusion,
the absence of H2AX results in the activation of a DNA dam-
age response pathway that is quantitatively and qualitatively
different from the p53/p21 pathway and correlates with p21
degradation, leading to cell death.

H2AX-deficient cells die of caspase-dependent mitotic ca-
tastrophe. We then addressed the question of how H2AX ™/~
cells die after infection with UV-AAV. The cells were stained
with DAPI 2 days after infection (Fig. 8A). This experiment
showed that H2AX-null cells die by defective mitosis, since a
large number of micronucleated cells was identified. This was
observed neither in AAV-infected H2AX """ cells nor in doxo-
rubicin-treated cells. Mitotic catastrophe can be a result of the
formation of multiple spindle poles. To test this, AAV-infected
H2AX ™/~ cells were stained for a-tubulin and showed multiple
spindle poles (Fig. 8B). Again, H2AX ™™ cells as well as doxo-
rubicin-treated MEFs did not show multiple spindle poles.
These data indicate that H2AX-null MEFs die of mitotic ca-
tastrophe after infection with UV-AAV.

In order to examine whether an apoptotic pathway is in-
volved in this type of cell killing, H2AX-deficient MEFs were
infected and then treated with z-vad (carbobenzoxy-vanyl-ala-
nyl-aspartyl-[O-methyl]-fluoromethyl-ketone), which is a pan-
caspase inhibitor. The cell cycle status of the cells was then
examined by propidium iodide staining and flow cytometry. As
shown in Fig. 8C, inhibition of caspase activity prevented a
significant portion of cell death, indicating that AAV-infected
H2AX-null cells die by mitotic failure that is dependent on
caspases.

DISCUSSION

AAYV induces pannuclear H2AX phosphorylation in the ab-
sence of cellular DNA lesions. Phosphorylation of H2AX is a
nuclear marker of various types of DNA damage, ranging from
double-strand DNA breaks to stalled replication forks. In this
study, we show that H2AX becomes phosphorylated in the
absence of cellular DNA damage. U20S cells were infected
with UV-inactivated AAV, which is known to initiate a DNA
damage signaling pathway that involves ATR and Chk1 kinases
and results from viral replication stalling. Although combina-
tions of stimuli are possible, any contribution from inverted
terminal repeat processing is apparently relatively minor, as
shown in our previous studies (22, 30). Our data show that
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a-tubulin was used as a loading control.

AAYV infection does not damage the host genome or affect the
host cell’s replication. Nevertheless, it induces massive phos-
phorylation of H2AX in a pannuclear fashion. UV-inactivated
AAV has persistent covalent intrastrand cross-links that do not
allow the virus to integrate into the host genome (30). More-
over, AAV DNA foci are not associated with H2AX, and the
UV-inactivated form of the virus was shown not to exist in
concatameric forms that could potentially attract histone mol-
ecules (8, 30). We therefore conclude that AAV can initiate
yYH2AX signaling in the host cell through the accumulation of
DNA damage response factors onto its genome and without
damaging the cellular DNA.

Our data clearly support the notion that it is the accumula-
tion and interaction of early sensors of DNA damage that are
sufficient to cause DNA damage signaling, suggesting that cells
respond to protein clusters of DNA repair factors rather than
to cellular DNA damage itself. These results are consistent
with a recent study showing that the binding of DNA repair
factors to chromatin is enough to trigger DNA damage signal-
ing in the absence of DNA lesions (46). However, in our study,
we show that the binding of DNA repair factors to nonchro-
mosomal DNA is sufficient to initiate a DNA damage re-
sponse, since AAV DNA is not associated with histones. This
principle is of practical importance, as it may be applied in
cancer therapy, where tumor cells could be killed by an indirect
induction of a DNA damage response without damaging
host DNA.

AAV-induced H2AX phosphorylation is a result of ATR
overactivation. The DNA damage signaling pathway activated
by AAV is a result of replication stalling on the viral origins of
replication (22, 30). This pathway involves ATR, which acti-
vates proteins such as Chkl and leads to an accumulation of
DNA repair factors into AAV DNA-containing foci. This study
shows that ATR is also needed for the pannuclear phosphor-
ylation of H2AX observed after infection with UV-inactivated
AAV. This is in accordance with data from previous studies
demonstrating that the y-H2AX foci induced by stalled repli-
cation forks are a result of ATR activation (24, 39, 55). ATM
activation, on the other hand, is a result of DNA damage
related to double-strand DNA breaks (21). As expected, our
data show that ATM is not involved in AAV-induced pan-

nuclear H2AX phosphorylation, since AAV infection does not
create double-strand DNA breaks.

How does ATR activation cause pannuclear H2AX phos-
phorylation? ATR has been shown to colocalize with DNA
damage response foci (6, 30), so we considered several possi-
bilities. First, the ATR-containing foci may be mobile and
therefore able to phosphorylate H2AX at many sites in the
nucleus. However, the results of live-imaging experiments ar-
gue against this, because the virus-induced foci were found not
to move. Second, ATR, rather than directly phosphorylating
H2AX, could activate an effector kinase that diffuses in the
nucleus and results in the pannuclear type of H2AX phosphor-
ylation. A candidate for this role is Chkl. When we blocked
Chk1 function with the inhibitor UCNO1, the level of virus-
induced pannuclear H2AX phosphorylation was not reduced
(data not shown). Indeed, such inhibition has been reported to
promote H2AX phosphorylation by inducing cellular DNA
damage (49). Nevertheless, it cannot be excluded that another
effector kinase is involved in the H2AX phosphorylation that
we observed. Although ATR is clearly located in DNA damage
response foci, it is reasonable to assume that the bound ATR
is in equilibrium with a certain level of free ATR. We therefore
propose, to explain the pannuclear type of H2ZAX phosphory-
lation, that AAV infection causes an overactivation of ATR
that then diffuses away from the AAV-containing foci and
phosphorylates H2AX throughout the nucleus. In another
study, activation of ATR has also been shown to lead to a DNA
damage response in the absence of cellular DNA breaks (53).

H2AX is dispensable for the formation and maintenance of
DNA repair foci. H2ZAX phosphorylation has been shown to be
dispensable for the initial steps of the response induced by
DNA double-strand breaks but is required for maintaining the
integrity of the induced foci (14). On the other hand, the role
of H2AX phosphorylation in the DNA damage response in-
duced by stalled replication forks is still not clear. This study
shows that the DNA repair foci induced by aborted replication
can be formed and maintained in the absence of H2AX phos-
phorylation. Phosphorylated RPA, which is an indicator of this
kind of DNA damage response, was found to be localized in
foci, in the absence of H2AX, even 4 days after the induction
of stalled replication signaling by AAV infection. This suggests
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FIG. 8. AAV-infected H2AX /" cells die of caspase-dependent
mitotic catastrophe. (A) The presence of micronucleated cells (indi-
cated by the arrows) was assayed in infected H2AX ™/~ cells by DAPI
staining 4 days after infection. H2AX*'* cells, as well as doxorubicin
(Doxo)-treated H2AX /™ cells, did not show signs of mitotic catastro-
phe. Bar, 30 pm. (B) Defective mitosis was assayed by staining with
a-tubulin antibody 4 days postinfection. UV-AAV-infected cells
showed multiple spindle poles, whereas H2AX " cells and doxorubi-
cin-treated H2AX /" cells did not. Bar, 12 um. (C) FACS analysis
showing that apoptosis is involved in AAV-mediated killing of H2AX-
deficient cells. AAV-infected H2AX '~ cells were treated with the
pancaspase inhibitor z-vad (20 wM), which prevented cell death. Treat-
ment with z-vad alone did not have a significant effect on the cells.

that H2AX phosphorylation is a step in the virus-induced
DNA damage signaling pathway that is not required for the
formation and maintenance of the DNA repair foci. Accumu-
lation of DNA repair factors in foci is one of the immediate
results of DNA damage. For this reason, we suggest that
H2AX phosphorylation induced by AAV is dispensable for the
initial steps of the DNA damage response. This study also
shows that H2AX phosphorylation is not required for main-
taining the DNA repair foci, in contrast to the DNA double-
strand damage situation, where H2AX is essential for this
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FIG. 9. Model explaining the role of H2AX phosphorylation in the
AAV-induced DNA damage response.

function. Overall, we conclude that H2AX phosphorylation,
although massive, is not required for the part of the DNA
damage response provoked by AAV stalled replication forks
that includes the formation of DNA repair foci and ATR
activation. This cellular reaction might, however, be needed for
subsequent steps of the DNA damage response.

H2AX is required for p2l-induced cell cycle arrest. The
response to AAV infection involves an increase in the levels of
p53 and p21, which are responsible for subsequent cell cycle
arrest. This study shows that in the absence of H2AX, the
response to AAV infection is rather different. Infected cells do
not arrest but proceed to impaired mitosis that results in cell
death. This phenomenon is accompanied by a significant de-
crease in the levels of p21 that is proteosome dependent. In
addition, H2AX seems not to be required for Chk1 activation,
since Chkl levels increased in both H2AX-deficient and -pro-
ficient cells. We can therefore conclude that in contrast to
ATR and Chkl, H2AX phosphorylation is not required for the
DNA damage signaling pathway up to the point where AAV
DNA repair foci are formed. Phosphorylated H2AX becomes
functional at a later stage, as it is involved in the p53/p21
pathway leading to cell cycle arrest, with the aim of allowing
the cell time to resolve the viral DNA problem. In the absence
of H2AX phosphorylation cells divert from the p53/p21 path-
way and are led to cell death, via defective mitosis, due to the
degradation of p21 (Fig. 9). p21 is a known inhibitor of apop-
tosis, and its degradation can lead to cell death (26, 52). More-
over, it has been shown to inhibit caspase-3, which is a crucial
component of apoptotic cell death (48). Several other studies
showing that DNA damage-induced p21 degradation leads to
cell death also support our model (1, 31).

p21 degradation was not only observed in the DNA damage
response induced by AAV. It was also observed in H2AX-
deficient cells treated with replication-blocking agents such as
HU and UV. This suggests that the role of H2AX in the
p53/p21 pathway is important not only in the AAV-induced
DNA damage response but also in situations where genomic
replication is inhibited. Our data clearly apply to the cellular
reaction to replication blocking in general since, despite the
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fact that the AAV signal does not come from genomic DNA,
the cell activates a DNA damage signaling pathway that is the
same as the one induced by genomic stalled replication forks.
Finally, the fact that p2l-deficient cells die similarly to
H2AX /™ cells after AAV infection is another argument sup-
porting our model, which places H2AX in the same pathway as
p21 (25, 38).

Cell death in AAV-infected H2AX /™ cells is caused mostly
by mitotic catastrophe. This type of cell death is a result of the
formation of multiple spindle poles that leads to a defective
mitotic process. An absence of p21 has been shown to lead to
polyploidy due to the uncoupling of S phase and mitosis and
subsequent cell death via apoptosis (54). A recent report has
also shown that p21 deficiency leads to centriole overduplica-
tion and chromosome instability (18). Although there were no
cells with apoptotic appearance in our study, the type of cell
death that we observed was caspase dependent, indicating that
it might involve an apoptotic pathway. This indicates that these
cells die as a result of mitotic defects, leading to caspase-
dependent cell death, presumably apoptosis.

Overall, this study reveals a new role of H2AX in the p53/
p21 pathway of the DNA damage response induced by stalled
replication forks. We show that H2AX is required for increas-
ing p21 levels after replication inhibition and that this subse-
quently results in checkpoint activation and cell cycle arrest.
On the other hand, in the absence of H2AX, cells respond by
a p21-independent pathway that leads to apoptosis. The details
of how H2AX is involved in the p53/p21 pathway are still
unknown; future work should elucidate this. It is possible,
based on the known interactions between p21 and PCNA and
between PCNA and chromatin, that H2AX phosphorylation
interferes with PCNA binding to chromatin, allowing PCNA to
bind stably to p21 and preventing its ubiquitination (7). The
absence of H2AX phosphorylation may therefore enable
PCNA to bind to chromatin and release p21, allowing the
ubiquitination and degradation of p21. This would enable the
activation of a p21-independent pathway that leads to the cell
death that we observed in the H2AX-deficient cells.
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