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Summary
Immunofluorescence studies have revealed that H2AX is phosphorylated at the sites of DNA double-
strand breaks induced by ionizing radiation and is required for recruitment of repair factors into
nuclear foci after DNA damage. Therefore the function of H2AX is believed to be associated
primarily with repair of DNA damage. Here we report a function of H2AX in cellular apoptosis. Our
data showed that H2AX is phosphorylated by UVA-activated JNK. We also provided evidence
showing that UVA induces caspase-3 and caspase-activated DNAse (CAD) activity in both H2AX
wildtype and H2AX knockout mouse embryonic fibroblasts (MEFs). However, DNA fragmentation
occurred only in H2AX wildtype MEFs. Furthermore, H2AX phosphorylation was critical for DNA
degradation triggered by CAD in vitro. Taken together, these data indicated that H2AX
phosphorylation is required for DNA ladder formation, but not for the activation of caspase-3; and
the JNK/H2AX pathway cooperates with the caspase-3/CAD pathway resulting in cellular apoptosis.

Introduction
The nucleosome is the fundamental unit of chromatin in eukaryotes, consisting of DNA
wrapped around an octamer of two pairs each of H2A, H2B, H3 and H4. Linker histone H1
compresses linear nucleosome arrays into a 30 nm chromatin fiber (Fernandez-Capetillo et al.,
2004). The histone globular domains comprise the nucleosome core, from which the histone
tails protrude, providing potential sites for histone modifications such as phosphorylation and
acetylation (Bode and Dong, 2005; Taneja et al., 2004). Functional isoforms of histones are
scattered throughout the mammalian genome. Reports have indicated that some of the histone
variants have specialized biological functions such as DNA repair (Fernandez-Capetillo et al.,
2004; Rogakou et al., 1998).

H2AX is a variant of the histone H2A family, comprised of three distinct subfamilies, H2A1-
H2A2, H2AZ and H2AX (Rogakou et al., 2000). The sequence differentiating H2AX from the
other H2A subfamilies is located in the C-terminal motif (KATQAS*QEY-COOH) (Cheung
et al., 2000; Taneja et al., 2004). Ser139 in this motif is the site of γ-phosphorylation. Ionizing
radiation (IR) induces a rapid phosphorylation of H2AX at Ser139 that is mediated by an
unknown signaling pathway (Rogakou et al., 2000; Rogakou et al., 1998). Phosphorylated
H2AX (γH2AX) forms nuclear foci at the sites of IR-induced double-strand breaks (DSBs)
and might play an important role in recruiting repair factors to nuclear foci after DNA damage
(Celeste et al., 2003; Chen et al., 2000; Fernandez-Capetillo et al., 2002; Paull et al., 2000).
But the migration of repair and signaling proteins to DSBs is not affected in H2AX deficient
or H2AX−/− cells, nor is H2AX phosphorylation needed for the initial recognition of DNA
breaks (Celeste et al., 2003). In addition, the enzyme activation-induced cytidine deaminase
(AID)-dependent γH2AX foci do not reflect the presence of DSBs (Casali and Zan, 2004). The
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fact that H2AX deficiency is not detrimental to life further indicates that γH2AX foci formation
does not necessarily reflect the presence of DSBs. Furthermore, the in vitro DNA end-joining
reaction for the repair of DSBs was reported to occur independently of H2AX phosphorylation
(Siino et al., 2002). Thus, the function of γH2AX remains elusive.

Members of the phosphatidylinositol (PI) 3-kinase family, including ataxia telangiectasia
mutated protein (ATM), AT and Rad3-related protein (ATR) and DNA-dependent protein
kinase (DNA-PK), were reported to be involved in the responses of mammalian cells to DSBs
(Burma et al., 2001; Park et al., 2003; Stiff et al., 2004; Ward and Chen, 2001; Ward et al.,
2004). A fraction of nuclear ATM has been shown to co-localize with γH2AX at the sites of
DSBs in response to DNA damage. Further evidence suggested that ATM is required for H2AX
phosphorylation induced by low doses of IR (Fernandez-Capetillo et al., 2002). In addition,
H2AX phosphorylation was reported to be regulated by ATR in response to DNA replication
stress (Ward and Chen, 2001; Ward et al., 2004). However, no published data have shown that
ATM, ATR or DNA-PK phosphorylates H2AX directly in vivo and conflicting conclusions
have been drawn as to the involvement of these kinases in H2AX phosphorylation. For
example, H2AX phosphorylation was detected in individual kinase dead mutants (ATM−/−,
DNA-PK−/−, ATR−/−) (Fernandez-Capetillo et al., 2004) and ATM did not contribute to IR-
induced phosphorylation of H2AX in primary fibroblasts (Stiff et al., 2004). Furthermore,
several cell lines deficient in DNA-PK did not exhibit a deficit in γH2AX formation after
exposure to IR (Rogakou et al., 1998). Thus, some other as yet unknown kinases possibly
phosphorylate H2AX.

Here we report that ultraviolet (UV) A irradiation strongly induced H2AX phosphorylation
that was mediated by c-Jun N-terminal kinase (JNK) and phosphorylation of H2AX by JNK
was associated with induction of apoptosis. These data are the first to show that H2AX
phosphorylation by JNK is required for apoptosis occurring through the caspase-3/caspase-
activated DNAse (CAD) pathway.

Results and Discussion
UV Induces Phosphorylation of H2AX

UV is an important etiological factor in human skin cancer and we used mouse skin epidermal
JB6 cells to study the phosphorylation of H2AX. We found that UVA (320–400 nm), UVB
(290–320 nm) or UVC (200–290 nm) induced strong phosphorylation of H2AX at Ser139
(γH2AX) in a time- and dose-dependent manner (Figure 1A–C). Phosphorylation of H2AX is
one of the first cellular responses when DSBs are induced by IR (Kobayashi et al., 2002; Woo
et al., 2002). But some types of damage, and in particular that induced by UV exposure, do not
elicit DSBs (Paull et al., 2000). Thus, the significance and mechanism of H2AX
phosphorylation resulting from IR-induced DSBs appears to be distinct from UV-induced
H2AX phosphorylation. UV-induced phosphorylation of H2AX might be involved in other as
yet unidentified cellular functions. Because UVA is a main component of solar UV reaching
the earth’s surface and a major contributor to skin cancer (Zhang et al., 2002), we used UVA
to treat cells in the remaining experiments.

JNK Phosphorylates H2AX
The mitogen activated protein kinases (MAPKs) are a family of proteins that mediate distinct
signaling cascades that are targets for diverse extracellular stimuli, including UV. These
pathways are important in the regulation of a multitude of cellular functions including
proliferation, differentiation, apoptosis, development, growth, and inflammation (Bode and
Dong, 2003; Cheung et al., 2000; Dent et al., 2003). ERKs-activated RSK2 has been shown to
be directly involved in histone H3 phosphorylation in vivo (Cheung et al., 2000; Sassone-Corsi
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et al., 1999). We used MAPK chemical inhibitors and dominant negative mutants (DNM) to
investigate whether MAPKs are involved in the regulation of H2AX phosphorylation induced
by UVA. Our data showed that the MEK inhibitor, PD98059, and the p38 inhibitor, SB202190,
did not affect H2AX phosphorylation although each inhibited phosphorylation of their
respective target proteins, ERKs and ATF2 (Figure S1). On the other hand, SP600125, a JNK
inhibitor, strongly suppressed H2AX phosphorylation and its normal target, c-Jun (Figure S1).
Some reports (Bain et al., 2003; Davies et al., 2000) indicated that SP600125 is a non-specific
inhibitor in vitro and affects other kinases such as p70 S6K. However, our data showed that
SP600125 had no effect on UVA-induced phosphorylation of p70 S6K (Thr421/424) (Figure
S1, bottom right), suggesting that the inhibitory effect of SP600125 in vitro may be different
from its effect in vivo. To address the non-specificity of chemical inhibitors, we used various
DNM-MAPK cell lines, including DNM-JNK1 stably transfected cells, to determine whether
JNK was involved in H2AX phosphorylation. Results indicated that DNM-JNK1 also strongly
inhibited UVA-induced phosphorylation of H2AX (Figure 2A), which was consistent with the
inhibition by SP600125. In contrast, DNM-ERK2 or DNM-p38β had little effect on H2AX
phosphorylation. The DNM-MAPKs cell lines were each confirmed to suppress their
respective targeted kinase activity following UVA exposure (Figure 2A, bottom panels). To
further support a role for JNK in H2AX phosphorylation, we transfected siRNA JNK1 into
JNK2 knock out cells (JNK2−/−) to create a double knockout of JNK. Results indicated that
siRNA JNK1 effectively suppressed the level of JNK1 in JNK2−/− cells (Figure 2B, right
panels) and siRNA JNK1 dramatically decreased UVA-induced phosphorylation of H2AX
(Figure 2B, left panels). Overall these data strongly indicated that JNK is involved in UVA-
induced phosphorylation of H2AX.

Next we used in vitro kinase assays to determine whether JNK phosphorylated Ser139 of H2AX
directly. The results showed that commercially active JNK1 or JNK2 phosphorylated H2AX
at Ser139 (Figure 3A, lanes 2, 4), whereas active ERK1 or p38α had no effect (Figure 3A, lanes
6, 8). UV is known to strongly and rapidly induce JNK phosphorylation and activation in some
cell lines, including JB6 cells (Sabapathy et al., 2004; Tournier et al., 2000; Zhong et al.,
2001). Endogenous JNK was immunoprecipitated from UVA-treated or untreated JB6 cells
for in vitro kinase assays. Activated JNK is very low in cells not treated with UV and thus
JNK-induced phosphorylation of H2AX or c-Jun was relatively weak (Figure 3B). On the other
hand, UVA-activated JNK strongly and specifically phosphorylated H2AX (Ser139) (Figure
3B). The immunoprecipitated endogenous JNK phosphorylated Ser63 of c-Jun in vitro (Figure
3B) verifying that JNK was fully functional. We then used equal molar amounts of c-Jun or
H2AX in the JNK kinase assay to compare the phosphorylation of these two substrates and
found that the incorporation of γ-32P into c-Jun was similar to H2AX (Figure 3C, left panels).
To further verify that H2AX was phosphorylated by JNK, Ser139 in H2AX was mutated to
Ala (139A) to block its phosphorylation. We found that the H2AX mutant (H2AX-139A)
dramatically decreased phosphorylation by JNK in vitro, indicating that Ser139 can be
modified by JNK (Figure 3C, right panels). Then we designed five peptides (16A, 18A, 19A,
130S, 139S; Figure 3D, right) for in vitro kinase assays in order to perform a detailed analysis
of other possible sites that could be phosphorylated by JNK. The peptide mapping analysis
data showed that JNK1 induced strong phosphorylation of Ser139 (Figure 3D, left). Taken
together, these data indicated that Ser139 is the major H2AX site that is directly phosphorylated
by JNK. To further confirm that JNK phosphorylates H2AX at Ser139 in vivo, we co-
transfected HEK 293 cells with JNK2 and H2AX-wt or H2AX-139A and then either treated
(Figure 3E, lanes 2, 4) or did not treat (Figure 3E, lanes 1, 3) cells with UVA. The his-tagged
overexpressed H2AX or H2AX-139A was immunoprecipitated for detection of Ser139
phosphorylation. Data indicated that UVA-activated JNK2 increased the phosphorylation of
H2AX at Ser139 in vivo (Figure 3E, lane 4) but had no effect on the mutant H2AX (Figure 3E,
lane 2).
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IR leads to DSBs and induces phosphorylation of H2AX. Some groups reported that members
of the PI 3-kinase family, ATM, ATR or DNA-PK regulated H2AX phosphorylation triggered
by DSBs (Burma et al., 2001; Park et al., 2003; Paull et al., 2000; Stiff et al., 2004; Ward and
Chen, 2001; Ward et al., 2004). In order to determine whether these kinases have a role in
UVA-induced H2AX phosphorylation, we used 200 μM (Burma et al., 2001; Kurz et al.,
2004; Paull et al., 2000) wortmannin, a PI 3-kinase family inhibitor, to treat cells before UVA
exposure. We found that this concentration of wortmannin blocked ATM and ATR
phosphorylation induced by UVA, but did not suppress phosphorylation of H2AX induced by
UVA (Figure S3, upper panels). In addition, results showed H2AX phosphorylation occurred
earlier than ATM phosphorylation (Figure S3, upper panels). We also treated ATM-wt or
ATM−/− MEFs with UVA and found that UVA induced H2AX phosphorylation independently
of ATM (Figure S3, bottom panels). These data suggested that UVA might induce H2AX
phosphorylation independently of PI 3-kinase family members in JB6 cells. A similar
conclusion was reached by other investigators who treated cells with doxorubicin (Kurz et al.,
2004).

H2AX Co-Localizes and Interacts with UVA-Activated JNK In Vivo
We reasoned that phosphorylated JNK (pJNK) should bind or co-localize with H2AX or
γH2AX in vivo if JNK phosphorylates H2AX. Immunofluorescence staining indicated that
after UVA radiation, activated JNK (pJNK) translocated into the nucleus and co-localized with
H2AX (Figure 4A, left panels) or γH2AX (Figure 4A, right panels). Specific complex
formation between pJNK and H2AX was confirmed further by co-immunoprecipitation
(Figure 4B, upper and middle panels) and chromatin immunoprecipitation (Figure 4B, lower
panels). Together, these results suggested that UVA-activated JNK (pJNK) translocated into
the nucleus to bind with H2AX, leading to H2AX phosphorylation. Next we used full-length
(FL) and 4 deletion mutants (D1-D4) of JNK1 (Figure 4C) (Choi et al., 2005) in the mammalian
two-hybrid assay to identify the domain in JNK that binds or regulates the binding with H2AX.
Results indicated that if the C-terminal aa 206–427 (D2) of JNK1 were deleted, JNK1 did not
bind to H2AX, suggesting that this domain is involved in the binding with H2AX. Furthermore,
if the C-terminal aa 279–427 (D1) were deleted, the binding activity of JNK1 with H2AX
increased dramatically, suggesting that this portion of JNK1 might regulate the binding of
JNK1 and H2AX (Figure 4C).

Phosphorylation of H2AX Might Be Related to Induction of Apoptosis
JB6 cells are sensitive to UVA, which can induce rapid apoptosis (Bode and Dong, 2003;
Zhang et al., 2002) and JNK was reported to have a key role in UV-induced apoptosis (Banath
and Olive, 2003; Sassone-Corsi et al., 1999; Zhang et al., 2001b). Furthermore, a recent report
suggested that γH2AX is associated with cell death after cytotoxic treatments (Banath and
Olive, 2003). Radiosensitive tumor cells exposed to IR retained γH2AX longer than IR-
exposed radioresistant cells and tumors (Taneja et al., 2004). The long retention of γH2AX
apparently made radiosensitive cells more sensitive to apoptosis. Based on these previous
reports, we investigated whether the JNK/H2AX pathway is involved in mediating apoptosis
by using a DNM-JNK1 stable transfectant. Results showed that JNK was activated within 30
min after UVA exposure and maintained a high activity until at least 360 min (Figure 5, top,
left panel), whereas DNM-JNK1 strongly inhibited JNK activation (Figure 5, top, right panel).
In addition, H2AX phosphorylation followed a similar time course (Figure 5, middle right, left
panel) suggesting a parallel response. Because caspase-3 activation is a hallmark of apoptosis
(Li et al., 2004; Tournier et al., 2000), we determined whether caspase-3 was activated at the
same time. We observed that caspase-3 was cleaved or activated as early as 60 min after UVA
exposure (Figure 5, bottom left). This activation occurred later than the H2AX phosphorylation
(Huang et al., 2004). However, DNM-JNK1 not only suppressed UVA-induced activation of
JNK but also blocked either UVA-induced H2AX phosphorylation (Figure 5, middle right) or
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caspase-3 activation (Figure 5, bottom right). We also found that the JNK inhibitor, SP600125,
suppressed JNK-induced H2AX phosphorylation and caspase-3 activation, which was
consistent with the inhibition by DNM-JNK1 (Figure S2). Taken together, these data indicated
that JNK-mediated phosphorylation of H2AX might be related to apoptosis induced by UVA.

Phosphorylation of H2AX is required for DNA Fragmentation but not for Caspase-3 Activation
Next we examined apoptosis in H2AX-wt and H2AX−/− MEF to further confirm the potential
role of H2AX phosphorylation. We observed that UVA induced apoptosis of H2AX-wt MEFs
characterized by marked DNA fragmentation and a sub-G1 cell population that reached 32%
at 12 h and 62% at 24 h after UVA exposure (Figure 6A, left panel). In contrast, H2AX−/−

MEFs were markedly resistant to UVA-induced apoptosis (Figure 6A, right panel). The
resistance was characterized by an inhibition of DNA fragmentation and a percentage of sub-
G1 cells that reached only 10% in H2AX−/− MEFs 24 h after UVA exposure (Figure 6A, right
panel). At the same time, H2AX-wt MEFs maintained a high level of γH2AX until 24 h after
UVA exposure (Figure 6A, left panel), whereas no γH2AX was detected in H2AX−/− MEFs
(Figure 6A, right panel). We also used etoposide to induce apoptosis and obtained similar
results to those described for UVA (data not shown). Furthermore, we found that the survival
of H2AX-wt cells was reduced substantially by UVA in a dose- and time-dependent manner
(Figure 6B, left and right panels, respectively). We then used the JNK inhibitor, SP600125, to
treat H2AX-wt MEFs before UVA radiation. The results (Figure 6C) showed that SP600125
inhibited UVA-induced H2AX phosphorylation, DNA fragmentation and accumulation of
cells in sub-G1 in H2AX-wt MEFs. Overall, these data provide strong evidence that H2AX
phosphorylation by JNK is required for the induction of apoptosis.

A recent report indicated that UV induces apoptosis through the JNK/cytochrome c/caspase-3
pathway (Tournier et al., 2000). We treated H2AX-wt cells with the caspase-3 inhibitor, Z-
VAD, before UVA exposure, and found that Z-VAD strongly inhibited caspase-3 activation
and DNA fragmentation, but did not affect H2AX, JNK or c-Jun phosphorylation (Figure 6D).
Thus, UVA-induced JNK and H2AX phosphorylation did not occur in response to the
activation of caspase-3, suggesting that both H2AX phosphorylation and caspase-3 activation
might be required for DNA fragmentation. This was further confirmed by experiments in which
UVA induced caspase-3 activation in both H2AX-wt and H2AX−/− MEFs (Figure 6E). Overall,
results indicated that neither UVA-induced H2AX phosphorylation nor caspase-3 activation
alone is sufficient to induce apoptosis in this model system. These data suggested that H2AX
cooperates with caspase-3 to determine the final cellular fate. To investigate the importance
of H2AX phosphorylation at Ser139 in apoptosis, we mutated Ser139 in H2AX to Ala (139A)
to block the phosphorylation. Then we transfected H2AX-139A or H2AX-wt into H2AX−/−

MEFs. As expected, our data showed that H2AX-wt but not H2AX-139A restored the ability
to induce apoptosis in H2AX−/− MEFs with UVA treatment (Figure 6F).

Phosphorylation of H2AX by JNK Regulates DNA Fragmentation Mediated by Caspase-3/
CAD

We used a cell-free system to further investigate the role of H2AX phosphorylation in DNA
fragmentation. The cytosolic (S-100) fractions, isolated from H2AX-wt or H2AX−/− MEFs
either treated with UVA or with Z-VAD before UVA radiation, were used to cleave naked
DNA. We found that the S-100 fractions isolated from UVA-induced H2AX-wt or H2AX−/−

MEFs cleaved naked DNA weakly and that this DNA degradation was suppressed by inhibition
of caspase-3 (Figure 7A, left panel). This suggested that nuclear proteins (e.g., H2AX) may be
needed to work together with the S-100 fractions to fully cleave DNA (Liu et al., 1998). We
next investigated whether H2AX regulated DNA degradation in vitro. This was accomplished
by incubating S-100 fractions, isolated from UVA-treated H2AX−/− cells, with exogenous
H2AX that had been phosphorylated by active JNK. Our data showed that phosphorylated
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H2AX increased DNA degradation (Figure 7A, right panel). This was further confirmed by
experiments in which S-100 fractions isolated from UVA-treated H2AX−/− cells were
incubated with increasing amounts of nonphosphorylated H2AX (Figure 7B) or H2AX to be
phosphorylated by JNK (γH2AX) (Figure 7C). Results clearly indicated that H2AX
phosphorylation was required for DNA degradation in vitro. The caspase-3 down stream target,
CAD, has been reported to be an important endonuclease associated with DNA fragmentation
(Widlak et al., 2001). Therefore, we used immunoprecipitated-CAD from H2AX-wt and
H2AX−/− MEFs treated or not treated with UVA to determine whether CAD activity was
regulated by phosphorylated H2AX. The data indicated that CAD from UVA-treated cells
cleaved DNA very strongly when H2AX was phosphorylated (Figure 7D). These data were
also consistent with Figure 6E, suggesting that the caspase-3/CAD pathway was activated in
both H2AX-wt and H2AX−/− MEFs induced by UVA. In cells not treated with UVA, the
inhibitor of CAD (ICAD) was not cleaved by caspase-3, which appeared to be in a CAD/ICAD
complex that had no activity and could not cleave DNA (Liu et al., 1998) (Liu et al., 1998)
(Figure 7D). Taken together, the data (Figure 7A-D) suggested that H2AX phosphorylation
regulates DNA degradation induced by CAD.

If CAD activity is mediated by phosphorylated H2AX, H2AX could act by binding to CAD.
Therefore we used an in vitro binding assay to confirm this hypothesis. DNA fragmentation
factor-40 (DFF40) is the human homologue of mouse CAD. We made recombinant DFF40
and purified it using Ni-NTA agarose for the protein binding assay. H2AX was added to Ni-
NTA agarose-DFF40 beads or to Ni-NTA agarose only and results showed that DFF40 bound
to H2AX in vitro (Figure 7E).

At present, most research regarding the regulation or induction of apoptosis has focused on
upstream cytoplasmic pathways. But the underlying molecular mechanisms that govern the
nuclear events (e.g., condensation and DNA fragmentation) remain unclear (Cheung et al.,
2003). Based on data presented in this report, we propose a model of apoptosis regulated by
the cooperation or cross talk between the JNK/H2AX and caspase-3/CAD (DFF40) pathways
(Figure 7F). When cells are exposed to UVA, JNK is activated and subsequently translocates
into the nucleus and phosphorylates H2AX. At the same time, activated JNK also stimulates
caspase-3 through the release of cytochrome c from the mitochondria (Tournier et al., 2000).
The phosphorylated H2AX in the nucleus regulates DNA fragmentation mediated by the
caspase-3 down-stream target, CAD (DFF40), during apoptosis. Without H2AX
phosphorylation, caspase-3/CAD (DFF40) cannot induce DNA fragmentation. Furthermore,
histone H2B phosphorylation was recently reported to be important for apoptotic chromatin
condensation (Cheung et al., 2003). Thus, modified histones may serve as signaling platforms
to control nuclear apoptotic events. H2AX was also reported to function as a tumor suppressor
in mice (Bassing et al., 2003). H2AX-deficiency dramatically accelerates the onset of
lymphomas and other cancers on a p53-deficient background and the lack of H2AX might
inhibit apoptosis in tumor cells. Thus, the function of γH2AX seems not to be limited to DNA
damage repair but might also be involved in the regulation of apoptosis and prevention of
tumorigenesis.

Experimental Procedures
Stable Transfectants and Cell Culture

The CMV-neo vector plasmids were constructed as reported (Huang et al., 1996; Zhang et al.,
2001a). Mouse epidermal JB6 promotion-sensitive Cl41 and stable transfectants, CMV-neo
mass (Cl41), dominant negative mutant (DNM) JNK1 (DNM-JNK1), p38 (DNM-p38β) and
ERK2 (DNM-ERK2) were established as described (Zhang et al., 2001a). Cells were cultured
in Eagle’s minimum essential medium (MEM) supplemented with 5% heat-inactivated fetal
bovine serum (FBS), 2 mM L-glutamine, and 25 μg/ml gentamicin in a 37° C 5% CO2

Lu et al. Page 6

Mol Cell. Author manuscript; available in PMC 2008 February 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



incubator. Before each experiment, transfectants were selected with G418 and verified with
their respective antibodies. JNK-wt and JNK2−/− MEFs, ATM-wt and ATM−/− MEFs,
immortalized H2AX-wt and H2AX−/− MEFs (passage 16-21, derived from C57/Bl6 mice)
were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented as above.

Treatment of Cells with UV
Cells were seeded in 10- or 15-cm dishes and cultured as above until 80% confluence. JB6
cells were treated for 1 h prior to UV with kinase inhibitors PD98059, SB202190, SP600125
or wortmannin (Calbiochem, La Jolla, CA). H2AX-wt and H2AX−/− MEFs were treated with
Z-VAD or SP 600125 (Calbiochem, La Jolla, CA) 1 h before UV. To create JNK1/2 deficient
cells, JNK1 siRNA (Santa Cruz Biotechnology, Santa Cruz, CA) was transfected into
JNK2−/− cells to knock down JNK1 expression; JNK2−/− cells transfected with control siRNA
served as controls. See Supplemental Experimental Procedures for description of UV sources.

Total Cellular Protein or Histone Extraction and Western Analysis
Cellular proteins were extracted after UV exposure by disrupting cells in lysis buffer (50 mM
Tris-HCI, pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EGTA, 1
mM Na3VO4, 1 mM NaF, 1 μg/ml aprotinin, 1 μg/ml leupeptin, 1 μg/ml pepstatin, 1 mM
PMSF). For histone extraction after UV exposure, cells were lysed in NETN buffer (150 mM
NaCl, 1mM EDTA, 20 mM Tris, pH 8, 0.5% NP-40) and centrifuged 5 min. Histones were
extracted from the pellets with 0.1 M HCl (Ward and Chen, 2001). The protein samples were
resolved by SDS–PAGE and transferred to polyvinylidene difluoride (PVDF) membranes. The
membranes were blocked at room temperature for 1 h with 5% nonfat milk in Tris-buffered
saline containing Tween 20 (TBST). Primary antibodies to detect phosphorylated H2AX at
Ser139 (γH2AX), H2A, H2AX (Upstate Biotechnology, Inc., Lake Placid, NY MA), caspase-3,
phosphorylated JNK, total JNK, phosphorylated ERK1/2, total ERK1/2, phosphorylated p70
S6K (Thr421/424), total p70 S6K, phosphorylated ATF2 (Thr69/71), total ATF2,
phosphorylated c-Jun (Ser63), total c-Jun, phosphorylated ATM (Ser1981), total ATM,
phosphorylated ATR (Ser428), total ATR, β-actin (Cell Signaling Biotechnology, Inc.,
Beverly, MA) were incubated with membranes at 4 °C overnight. Membranes were incubated
with the appropriate secondary antibody in 5% nonfat milk/TBST for 3h at 4 °C. Proteins were
detected by enhanced chemiluminescence (ECL) (Amersham, Biosciences Corp., Piscataway,
NJ).

Construction of Expression Vectors
Ser139 in H2AX was mutated to Ala (139A) to study phosphorylation (QuikChange II Site-
Directed Mutagenesis Kit, Stratagene, La Lolla, CA). Mutated H2AX or H2AX-wt was
inserted into pcDNA4 (Invitrogen, Carlsbad, CA) for transfection in HEK293 cells and
H2AX−/− MEFs and pGEX-5X-1 vectors (Amersham Biosciences Corp) to generate GST-
H2AX-wt and GST-H2AX-139A fusion proteins. H2AX was also introduced into the Bam HI/
Xba I site of the pACT vector to generate pBIND-H2AX for the mammalian two-hybrid assay.

Immunoprecipitation and Chromatin Immunoprecipitation (ChIP)
For immunoprecipitation, JB6 cells were treated or not treated with UVA (80 kJ/m2) and then
disrupted in lysis buffer as above but including 25 U/ml of benzonase (Novagen). Cell lysates
were incubated with a JNK or pJNK antibody (Upstate Biotechnology, Inc.) at 4 °C overnight
and protein A/G-Sepharose beads (Santa Cruz Biotechnology) for an additional 4 h. Duplicate
blots were made from the same set of experiments. One blot was probed with an H2AX antibody
(Upstate Biotechnology, Inc.) to detect H2AX in the JNK-H2AX immunocomplex and the
other blot was probed with a JNK antibody (Upstate Biotechnology, Inc.). Proteins were
revealed using ECL reagents (Amersham Biosciences Corp.). To investigate whether H2AX
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is phosphorylated, pcDNA3.1/JNK2 and pcDNA4/H2AX or pcDNA4/H2AX-139A plasmids
were transfected into HEK 293 cells or H2AX−/− MEFs. After UVA, these cells were disrupted
as above. H2AX or H2AX-139A was precipitated by anti-his (Santa Cruz Biotechnology) and
phosphorylation of H2AX at Ser139 (γH2AX) was detected. The cell lysate was also used to
detect the expression of JNK2 with anti-V5 (Invitrogen, Carlsbad, CA).

For chromatin immunoprecipitation (ChIP) experiments, JB6 cells were exposed to UVA (80
kJ/m2) and then processed according to the instructions from the manufacturer (Upstate
Biotechnology, Inc.; see Supplemental Experimental Procedures). Immunoprecipitated
histones and histone-bound protein complexes were analyzed by immunoblotting with JNK,
pJNK, H2AX, or γH2AX antibodies.

Immunofluorescence Staining
To study co-localization of endogenous pJNK and H2AX or pJNK and γH2AX in vivo, two
groups of JB6 cells were fixed in 30 % paraformaldehyde and permeabilized in 0.5% Triton
X-100 30 min after UVA (80 kJ/m2). For group 1, fixed cells were incubated with pJNK mouse
monoclonal (Upstate Biotechnology, Inc.) and H2AX rabbit polyclonal antibodies (Cell
Signaling Biotechnology, Inc.), followed by incubation with green-fluorescent Alexa Fluor
488 dye-labeled anti-mouse and red-fluorescent Alexa Fluor 568 dye-labeled anti-rabbit IgG
(Invitrogen, Carlsbad, CA), respectively. For group 2, the fixed cells were incubated with pJNK
rabbit polyclonal and γH2AX mouse monoclonal antibodies (Upstate Biotechnology, Inc.),
followed by incubation with green-fluorescent Alexa Fluor 488 dye-labeled anti-rabbit and
red-fluorescent Alexa Fluor 568 dye-labeled anti-mouse IgG (Invitrogen, Carlsbad, CA). All
samples were viewed with a fluorescence microscope (Leica, Bensheim, Germany).

In Vitro Kinase Assay
To detect H2AX phosphorylation, the H2AX protein (Upstate Biotechnology, Inc.) was mixed
together with active ERK1, JNK1, JNK2 or p38α proteins (Upstate Biotechnology, Inc.), 0.2
mM ATP and 1x kinase buffer and incubated at 30 °C for 15 min. The reactive products were
divided into two parts. One part was separated by 15% SDS-PAGE for western blot analysis
and the other was separated by 15% SDS-PAGE for Coommassie blue staining. In addition,
H2AX phosphorylation was also measured using immunoprecipitated JNK and a kinase assay
according to the method recommended by the manufacturer (Cell Signaling Biotechnology,
Inc.; see Supplemental Experimental Procedures). For the in vitro kinase assay to detect
γ-32p incorporation, GST-c-Jun (Choi et al., 2005) and H2AX (Upstate Biotechnology, Inc.)
proteins or GST-H2AX or GST-H2AX-139A proteins were mixed together with active JNK1
and JNK2 (Upstate Biotechnology, Inc.), 1 μCi of [γ-32p] ATP and 1x kinase buffer and
incubated at 30 °C for 15 min. The reactive products were separated by SDS-PAGE for
autoradiography and Coommassie blue staining. To further investigate whether Ser139 in
H2AX is targeted by JNK directly, we designed five peptides (16A, 18A, 19A, 130S and 139S)
for peptide mapping analysis. 16A, 18A and 19A comprised 25 N-terminal residues (aa 10–
24) in H2AX. In 16A, 18A or 19A, Ser16, Ser18 or Ser19, respectively, was mutated to Ala
to block the respective phosphorylation. 130S contained amino acids 123–137 harboring
Ser130 and 139S contained amino acids 128–142 in H2AX. In 139S, Ser130 was mutated to
Ala to block possible phosphorylation of Ser130. Then the synthesized peptides (Invitrogen)
were mixed with active JNK1 (Upstate Biotechnology, Inc.), 1 μCi of [γ-32p] ATP and 1x
kinase buffer, incubated at 30 °C for 15 min and analyzed by SDS-PAGE and autoradiography.

Mammalian Two-Hybrid Assay
To identify the binding domain in vivo, we used the mammalian two-hybrid assay as described
previously (Choi et al., 2005).
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Determination of Sub-G1 by Flow Cytometry
Determination of sub-G1 fractions was determined according to published protocols (see
http://www.cancer.ucsd.edu/Research/Shared/flow/Protocols). Briefly, after UVA exposure,
cells were fixed and then stained with propidium iodide (PI). The DNA content was determined
by flow cytometry and the sub-G1 portion was considered to be the apoptotic cell population.

Cell Survival Assays
To measure the sensitivity of cells to UVA, H2AX-wt and H2AX−/− MEFs were plated at
10,000 cells/well on 96-well plates and incubated for 24 h prior to UV. Following UVA, cell
viability was determined in triplicate at various time points or UVA dose using the MTS assay
according to the instructions from the manufacturer (CellTiter 96® AQueous One Solution Cell
Proliferation assay kit, Promega, Madison, WI). The results were compiled using the Multiskan
MS plate reader (Labsystems, Helsinki, Finland).

DNA Fragmentation or In Vitro DNA Degradation Assay
H2AX-wt and H2AX −/− MEFs were treated with UVA (40 kJ/m2) and parallel groups of
H2AX-wt cells were treated with SP600125 or Z-VAD for 1 h before UVA radiation. The cells
were disrupted by adding DNA STAT-60 (Tel-Test, Inc., Friendswood, TX) at various times
and cells were centrifuged at 12,000xg for 15 min at 4 °C. The supernatant fraction containing
fragmented DNA was mixed with 0.5 ml of isopropanol at room temperature for 10 min and
centrifuged at 12,000xg for 10 min at 4 °C. The DNA pellet was washed with 75% ethanol and
resuspended in Tris-HCI (pH 8.0) with 100 μg/ml RNAse for 2 h. DNA fragments were
separated by 1.8% agarose gel electrophoresis, stained with ethidium bromide and
photographed under UV light. To investigate whether H2AX expression in H2AX−/− MEFs
restores UVA-induced apoptosis, pcDNA4/H2AX-wt or pcDNA4/H2AX-139A was
individually transfected into H2AX−/− MEFs following the manufacturer’s recommended
protocol (Lipofectamine Plus Reagents, Invitrogen). The transfected pcDNA4 empty vector
was used as a control. Cells were treated with UVA (40 kJ/m2) 48 h after transfection and used
for the DNA fragmentation test.

To investigate in vitro DNA degradation, we used a cell-free system. Six hours after UVA
exposure (40 kJ/m2), H2AX-wt or H2AX−/− MEFs were harvested and the respective cytosolic
fractions (S-100 fractions) were prepared as described previously (Liu et al., 1996). DNA
cleavage was assayed by incubating the S-100 fractions (80 μg) and naked DNA (pcDNA3)
(8 μg) (Invitrogen) at 37 °C for 2 h in a final volume adjusted to 60 μl with buffer A (20 mM
Hepes-KOH, pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 1 mM sodium EDTA, 1 mM sodium EGTA,
1 mM dithiothreitol, and 0.1 PMSF). To investigate whether H2AX phosphorylation affects
DNA cleavage, H2AX (2 μg) was first phosphorylated by active JNK2 (Upstate Biotechnology,
Inc.) at 30 °C for 30 min. Then the kinase reaction products were mixed with the S-100 fractions
or CAD and pcDNA3 (Invitrogen) and incubated for 2 h at 37 °C. The products were loaded
onto a 1.8% agarose gel containing 5 μl ethidium bromide and photographed under UV light.

In Vitro Protein Binding Assay
The expression plasmid (pET-15b-DFF40His) was transformed into BL21 (DE3) Escherichia
coli. The expression of DFF40 was induced by isopropyl-β-D-thiogalactoside (IPTG), and the
recombinant DFF40 protein was purified using Ni-NTA-agarose beads (QIAGEN, Hilden,
Germany). Then 2 μg of the H2AX protein (Upstate Biotechnology, Inc.) was incubated with
Ni-NTA-agarose-DFF40 or Ni-NTA-agarose at 4°C for 2 h. The Ni-NTA-agarose-DFF40-
H2AX complex sample was boiled and separated by SDS–PAGE for western blot with
antibodies against total H2AX (Upstate Biotechnology, Inc.) or DFF40 (Chemicon, Temecula,
CA) and Coommassie blue staining.
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Figure 1.
UVA, UVB or UVC induces phosphorylation of H2AX
(A) JB6 cells were exposed to (A) UVA, (B) UVB, or (C) UVC and histones were extracted
as described in “Experimental Procedures” after the incubation time indicated (left panels) or
after 60 min following indicated doses of UVA (right panels). Cells not exposed to UV served
as negative controls (−). For all experiments, histones were resolved by 15% SDS-PAGE
followed by western analysis with antibodies against γH2AX or total H2A.
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Figure 2.
DNM-JNK1 or JNK1 siRNA inhibits UVA-induced phosphorylation of H2AX
(A) JB6 stable transfectants (CMV-neo, DNM-ERK2, DNM-p38β or DNM-JNK1) were
exposed to UVA and histones extracted at the indicated time after UV. Cells not exposed to
UVA served as negative controls (−). Bottom panels represent control experiments to verify
that each dominant negative mutant specifically inhibited its respective targeted kinase activity.
(B) JNK2−/− MEFs transfected with mock siRNA or siRNA JNK1were treated with UVA (80
kJ/m2). H2AX phosphorylation at Ser139 (γH2AX) and histone H2A total protein level were
determined. Right panel shows the effectiveness of siRNA JNK1 to suppress JNK level.
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Figure 3.
H2AX is phosphorylated by JNK
(A) The H2AX protein was used as a substrate for active protein kinases including p38α, ERK1,
JNK1 and JNK2. Reactive products were subjected to SDS–PAGE and western blot to detect
H2AX phosphorylation (γH2AX). Coommassie blue staining shows the level of H2AX and
kinases in each reaction.
(B) H2AX and a GST-c-Jun fusion protein were used as substrates for JNK, which was
immunoprecipitated from JB6 cells treated or not treated with UVA (80 kJ/m2). The normal
IgG immune complex served as a negative control. The reactive products were subjected to
SDS–PAGE and western blot analysis to detect γH2AX and H2AX (upper 2 panels).
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Phosphorylation of GST-c-Jun (Ser63) served as positive control (middle panel). Bottom panel
shows the amount of JNK precipitated in each reaction.
(C) Equal molar amounts of H2AX or GST-c-Jun (left panels) or GST-H2AX or GST-
H2AX-139A (right panels) were used as substrates for active JNK1 or JNK2. Reactive products
were resolved by SDS–PAGE followed by autoradiography or Coommassie blue staining.
(D) Five peptides were designed for in vitro kinase assays with active JNK1. Reaction samples
were subjected to SDS-PAGE and autoradiography to detect phosphorylation (Lane 1, control
without peptide).
(E) HEK 293 cells were co-transfected with pcDNA3.1/JNK2 and pcDNA4/H2AX or
pcDNA4/H2AX-139A and 48 h later treated with UVA (80 kJ/m2). The expression level of
JNK2 was detected with anti-V5. His-H2AX or his-H2AX-139A was immunoprecipitated with
anti-his and the phosphorylation of the expressed H2AX or H2AX-139A was detected with an
antibody against γH2AX.
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Figure 4.
H2AX co-localizes and interacts with JNK in vivo following UVA exposure
(A) JB6 cells were exposed to UVA (80 kJ/m2), fixed with paraformaldehyde, stained for pJNK
(green), H2AX (red) or γH2AX (red) and observed by immunofluorescence microscopy.
Localization of pJNK1 and total H2AX are indicated (left panels) with (bottom) or without
(top) exposure to UVA and localization of pJNK1 and γH2AX are indicated (right panels) with
(bottom) or without (top) exposure to UVA.
(B) The endogenous H2AX-pJNK complex was immunoprecipitated from UVA-treated or
untreated cells with a JNK or pJNK antibody and H2AX was detected by immunoblotting with
an H2AX antibody (top upper, middle panels). Two blots (UVA-treated or untreated cells)
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were probed with a JNK antibody to monitor the amount of JNK precipitated in each reaction
(bottom upper, middle panels). Inputs are representative of whole cell lysates. The positive
control (upper and middle panels) consists of histones extracted by acid as described in
“Experimental Procedures”. The H2AX-immunoprecipitated chromatin proteins were probed
with JNK, pJNK, H2AX and γH2AX antibodies (lower panels). Precipitation with normal IgG
served as a negative control.
(C) The in vivo interaction of H2AX and JNK1 or JNK1 deletion mutants was assessed by
mammalian two-hybrid assay. Luciferase activity indicates the fold-increase in relative
luminescence units normalized to the negative control (value for cells transfected with only
pGL-Luc and pACT-H2AX = 1.0). Data are represented as means ± S.D.
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Figure 5.
Phosphorylation of H2AX and caspase-3 activation are suppressed by DNM-JNK1 JB6 stable
transfectants (CMV-neo, DNM-JNK1) were exposed to UVA. One group of each stable cell
line was used to extract histones at the indicated time following UV. Another group of each
stable cell line was harvested at the indicated time following UV for detection of caspase-3
(full length and active fragments), β-actin and measurement of activation of JNK by in vitro
kinase assay with c-Jun as substrate. Phosphorylated c-Jun was detected after SDS-PAGE by
autoradiography (upper right, left panels). Cells not exposed to UVA served as negative
controls (−).
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Figure 6.
H2AX phosphorylation is required for cells to undergo apoptosis
(A) H2AX-wt and H2AX−/− MEFs were exposed to UVA and harvested at the indicated time
after UVA. One group of each cell type was prepared for the DNA fragmentation ladder assay
(upper panels) and another group of each type was divided into two parts. One part was prepared
for determination of sub-G1 fraction by flow cytometry (middle panels) and the other was used
to detect γH2AX or total H2A (lower panels).
(B) H2AX-wt and H2AX−/− MEFs were exposed to the indicated dose of UVA and cell survival
was evaluated at 24 h after UVA (left panel) or at the indicated day (right panel) by MTS assay
as described in “Experimental Procedures”. Cells not exposed to UVA served as control.
(C) H2AX-wt MEFs were treated with SP600125 (5 μM) 1 h before exposure to UVA and
harvested at the indicated time after UVA. One group of cells was prepared for the DNA
fragmentation ladder assay (upper panel). Another group of cells was divided into two parts.
One part was prepared for determination of sub-G1 fraction by flow cytometry (middle panel)
and the other part was used for detection of γH2AX and total H2A (lower panels).
(D) H2AX-wt MEFs were treated with the caspase-3 inhibitor, Z-VAD (40 μM), 1 h before
exposure to UVA. Harvested cells were used for the DNA ladder assay (upper panel) or to
detect γH2AX, caspase-3 (full length and active fragments), pJNK and JNK, p-c-Jun (Ser63)
and c-Jun. Detection of total H2A and β-actin was used to confirm equal protein loading.
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(E) As for (A), cells following UVA exposure were lysed at the indicated time to detect
caspase-3 (full length and active fragments). β-actin was used to confirm equal protein loading.
For all experiments, cells not exposed to UVA served as negative controls (−).
(F) H2AX−/− MEFs 48 h after transfection with pcDNA4 (vector), pcDNA4/H2AX-wt, or
pcDNA4/H2AX-139A and H2AX-wt and H2AX−/− MEFs without transfection were treated
with UVA. Harvested cells were used for the DNA ladder assay (upper panel) and western
analysis to detect γH2AX and H2AX or H2AX-139A from the anti-his-immunoprecipitated
complex.
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Figure 7.
H2AX phosphorylation results in enhanced DNA cleavage by CAD
(A) H2AX-wt and H2AX−/− MEFs were exposed to UVA (40 kJ/m2) or treated with a caspase-3
inhibitor, Z-VAD, 1 h before UVA exposure. Then the cytosolic or S-100 fractions were
extracted and incubated with naked DNA (plasmid pcDNA3) as described in “Experimental
Procedures.” The reaction samples were separated by 1.8% agarose gel electrophoresis (left
panel). The S-100 (80 μg) fractions isolated from UVA (40 kJ/m2)-treated H2AX−/− MEFs
were incubated with DNA (8 μg) and H2AX protein (0.5 μg) that had or had not been
preincubated at 30 °C for 30 min with an active JNK2 to promote H2AX phosphorylation. The
reaction samples were separated by 1.8% agarose gel electrophoresis (right panel). (B) The
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S-100 (80 μg) fractions isolated from UVA (40 kJ/m2)-stimulated H2AX−/− MEFs were
incubated with DNA (8 μg) and different doses of nonphosphorylated H2AX. Each reaction
sample was divided into two parts. One part was separated by 1.8% agarose gel electrophoresis
for DNA degradation analysis (upper panel) and another part was used to monitor H2AX
protein level (lower panel).
(C) The S-100 fractions (80 μg) isolated from UVA (40 kJ/m2)-exposed H2AX−/− MEFs were
incubated with DNA (8 μg) and different doses of H2AX, which had or had not been
preincubated at 30 °C for 30 min with an active JNK2 to induce phosphorylation. The reaction
samples were separated by 1.8% agarose gel electrophoresis. The western blot (lower panel)
indicates the level of γH2AX.
(D) H2AX was phosphorylated first by JNK2 and then mixed with DNA (8 μg) and CAD
immunoprecipitated from H2AX-wt or H2AX−/− MEFs exposed or not exposed to UVA. The
reaction samples were separated by 1.8% agarose gel electrophoresis to visualize DNA
degradation. The western blot indicates that CAD was precipitated from H2AX-wt or
H2AX−/− MEFs (lower panel).
(E) H2AX was incubated with PBS (lane 1, input), Ni-NTA agarose (lane 2), or Ni-NTA
agarose-DFF40 (lane 3) for protein binding. Then the binding was analyzed by western blot
and Coommassie blue staining.
(F) A model of apoptosis regulated by cooperation between the JNK/H2AX pathway and
caspase-3/CAD (DFF40) pathway is proposed. When cells are exposed to UVA, JNK is
activated and translocated into the nucleus where it phosphorylates H2AX. At the same time,
UV-activated JNK can also stimulate caspase-3 activation through the release of cytochrome
c from the mitochondria. Phosphorylated nuclear H2AX regulates DNA fragmentation
mediated by CAD (DFF40) during apoptosis.
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