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Summary

Activating transcription factor 2 (ATF2) is regulated
by JNK/p38 in response to stress. Here, we demon-
strate that the protein kinase ATM phosphorylates
ATF2 on serines 490 and 498 following ionizing radia-
tion (IR). Phosphoantibodies to ATF2490/8 reveal dose-
and time-dependent phosphorylation of ATF2 by ATM
that results in its rapid colocalization with �-H2AX
and MRN components into IR-induced foci (IRIF). Inhi-
bition of ATF2 expression decreased recruitment of
Mre11 to IRIF, abrogated S phase checkpoint, reduced
activation of ATM, Chk1, and Chk2, and impaired ra-
dioresistance. ATF2 requires neither JNK/p38 nor its
DNA binding domain for recruitment to IRIF and the
S phase checkpoint. Our findings identify a role for
ATF2 in the DNA damage response that is uncoupled
from its transcriptional activity.

Introduction

Activating transcription factor 2 (ATF2) is a member of
the bZIP family of transcription factors, which has been
implicated in transcriptional regulation of a wide set of
genes, including cytokines (Liu and Green, 1990; Falvo
et al., 2000; Tsai et al., 1996), cell cycle control proteins
(Shimizu et al., 1998), and apoptosis factors (Bhoumik
et al., 2002). ATF2 transcriptional activity requires ho-
modimerization or heterodimerization with other mem-
bers of the bZIP family, of which c-Jun has been best
characterized (van Dam et al., 1993).

Several studies have implicated ATF2 in DNA repair,
although mechanisms underlying its possible regula-
tion and function are not well understood. ATF2 was
indirectly implicated in regulating repair of ionizing radi-
ation (IR)-induced double strand breaks (DSB; Masson
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et al. [2001]), as well as in repair of UV-induced lesions
(Hayakawa et al., 2003). An additional link between
ATF2 and DNA repair comes from its association with
TIP49b (Cho et al., 2001), a member of the chromatin
remodeling complex (Kanemaki et al., 1999), which is
part of the TIP60 histone acetylase complex implicated
in DSB repair (Ikura et al., 2000). Studies in S. pombe
implicated Atf1/Pcr1 (an ATF2 homolog) in meiotic re-
combination hot spots (Steiner et al., 2002). Further,
atf1 and pcr1 are required for deacetylation of histone
H3 (and H4), a prerequisite for subsequent H3 lysine 9
methylation and Swi6-dependent heterochromatin as-
sembly (Jia et al., 2004; Kim et al., 2004). Lysine 9 meth-
ylation of histone H3 was also shown to be important
for locus-specific stability of polycomb complexes,
which have been implicated in transcriptional control
(Ringrose et al., 2004). These observations indicate that
via its effect on chromatin organization ATF2 may con-
tribute to the DNA damage response.

The ATM protein kinase phosphorylates key factors
in various damage response pathways, most notably
those that activate cell cycle checkpoints. ATM is con-
sidered a primary transducer of cellular responses to
DSBs and is missing or inactivated in patients with
ataxia telangiectasia (Shiloh, 2003). ATM/ATR sub-
strates include the transcription factor p53 (Banin et al.,
1998), p53’s E3 ubiquitin ligase Mdm2 (Maya et al.,
2001), the BRCA1 protein (Cortez et al., 1999), the
checkpoint protein Chk2 (Matsuoka et al., 1998), the
cohesin subunit Smc1 (Kim et al., 2002), and the dam-
age response proteins H2AX, Mdc1/NFBD1, Nbs1, and
53BP1 (Paull et al., 2000, Goldberg et al., 2003, Lim et
al., 2000, Wang et al., 2002). Here, we identify ATF2 as
a previously unrecognized substrate for the ATM family
of kinases and demonstrate its role in the DNA dam-
age response.

Results

ATM Phosphorylates ATF2 on Amino
Acids 490 and 498
Examination of the ATF2 amino acid sequence iden-
tified two highly conserved sites within the C-terminal
of ATF2 for phosphorylation by phosphatidylinositol
3-kinase-like (PIKK) family members ATM/ATR/DNA-PK
(Figure 1A). Immunokinase reactions using Flag-ATM
revealed efficient phosphorylation of GST-ATF2 in vitro
(Figure 1B). Mutation of either of the two putative sites
reduced, and mutating both sites abolished, ATM phos-
phorylation of ATF2. Phosphorylation of ATF2 was not
observed using immune complexes obtained from A-T
cells (Figure 1C), similar to what has been observed
with the ATM target p53 (Banin et al., 1998). These ob-
servations indicated that ATM is capable of phosphory-
lating ATF2 on serines 490 and 498 in vitro.

We next generated phosphoantibodies that specifi-
cally recognize ATF2 phosphorylated on aa 490 and 498
(p-ATF2). Recognition of ATF2 by these phosphoanti-
bodies was inhibited by phosphorylated but not by
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Figure. 1. ATM Phosphorylates ATF2 on Amino Acids 490 and 498

(A) Outline of major functional domains in ATF2 and the amino acid sequence section that harbors the phosphoacceptor sites for ATM in
human, mouse, rat, chicken, and frog. ATM phosphor-acceptor sites on ATF2 are highlighted. Domains indicated: PR, proline rich; ZNF, zinc
finger; bZip, basic leucine zipper.
(B) In vitro phosphorylation of ATF2 by ATM. Immunokinase reactions were performed using Flag-tagged wild-type (wt) or kinase-dead mutant
forms of ATM expressed in 293T cells that had been immunopurified from IR-treated cells. Protein G-bound ATM was incubated with a
bacterially expressed and purified spliced form of GST-sATF2 (�35–395) using 32PγATP. GST-sATF2 was separated on SDS-PAGE followed by
immunoblot (middle panel) and autoradiography (upper panel). Control for the equal amount of ATM used in these reactions is shown in the
lower panel.
(C) Immunokinase reactions were carried out as detailed in (B), except that the ATM used for these reactions was immunopurified from G361
melanoma cells, which harbor high levels of ATM, and from A-T cells after mock or 5 Gy IR treatment. GST-ATF2 (wt or mutated on S490A,
S498A, or both) was expressed in bacteria and purified for kinase reactions using immunoprecipitated ATM. GST-p53 (aa 1–80) served as
positive control. Ponceau staining revealed the amount of substrate used and immunoblot of ATM confirmed the high level of ATM expression
in G361 but not in A-T cells.
(D) ATF2 phosphorylation on aa 490 and 498 is induced within 1 hr after NCS but not UV treatment. 293T cells were transfected with wt or
mutant (on both aa 490 and 498) forms of HA-ATF2 followed by treatment with UV (254 nm, 24 J/m2) or radiomimetic drug NCS (300 ng/ml).
Proteins prepared 1 hr later were used for immunoblot analysis with antibodies raised against the phosphorylated form of ATF2 on aa 490
and 498 (p-ATF2). The membrane was reprobed with antibodies to HA to reveal relative expression of the transfected constructs.
(E) Kinetics of ATF2 phosphorylation by ATM. Melanoma cells (MeWo) were subjected to IR (5 Gy) and proteins were prepared at the indicated
time points. Analysis of ATF2 phosphorylation on aa 490 and 498 (p-ATF2), ATF2 expression levels (middle panel), and β-actin are shown.
(F) Dose-dependent phosphorylation of ATF2 by ATM. MeWo cells were subjected to IR at the indicated doses, and proteins prepared after
1 hr were subjected to analysis as indicated in panel (D).
(G) Wild-type, but not kinase-dead, ATM induces phosphorylation of endogenous ATF2 in A-T cells. GM05849 cells derived from an ATM
patient treated by IR (5 Gy) and proteins prepared 1 hr later were subjected to immunoblot analysis with p-ATF2 antibodies. The membrane
was reprobed with total ATF2 antibodies (second panel). β-actin and ATM expression is shown in the lower panels.
nonphosphorylated peptides on these sites (Figure S1A d
Uin the Supplemental Data available with this article on-

line), a finding that establishes the specificity of these o
1antibodies. p-ATF2 detected the wt but not ATF2 mu-

tated on the 490 and 498 phosphoacceptor sites ex- t
opressed in cells within 1 hr after treatment with the ra-
iomimetic drug neocarzinostatin (NCS) but not with
V irradiation (Figure 1D). Phosphorylation of ATF2 was
bserved as soon as 15 min after IR with a peak after
hr (Figure 1E). Doses, as low as 0.5 Gy, were sufficient

o induce phosphorylation of ATF2, although the level
f phosphorylation increased proportionately to the IR
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dose (Figure 1F). Phosphorylation of endogenous ATF2
on 490 and 498 was also seen in human diploid fibro-
blasts (IMR90; Figure S1B) but not in A-T cells sub-
jected to IR treatment (Figure 1G). Ectopic expression
of wt but not the kinase-dead form of ATM restored
endogenous ATF2 phosphorylation on aa 490 and 498
in A-T cells (Figure 1G). These data suggest that follow-
ing formation of DSB, phosphorylation of ATF2 on aa
490 and 498 is mediated by ATM.

ATF2 Phosphorylated by ATM Is Colocalized
with �-H2AX and Components of the MRN
Complex in DNA Repair Foci
To investigate possible changes in localization of ATF2,
we performed a series of immunocytochemistry analy-
ses. After IR, ATF2 was identified by antibodies to ATF2
phosphorylated on aa 490 and 498 within foci resem-
bling those formed in response to DSB (Figure 2A). The
Figure 2. p-ATF2 Is Localized Immediately after IR to DSB Repair Foci

(A) ATF2 foci colocalize with γ-H2AX foci as early as 3 min after IR. IMR90 cells were subjected to IR (12 Gy) and fixed at the indicated time
points, followed by analysis using antibodies to p-ATF2 and to γ-H2AX.
(B) IR-induced ATF2 foci formation. Cells (WM793) were untreated or irradiated (6 Gy), fixed 1 hr after irradiation, and stained with anti-ATF2
antibody (C19).
(C) ATF2 is localized in repair foci following low doses of IR. IMR90 cells were subjected to IR (0.5 Gy, 1 Gy, or 2 Gy) and fixed at the indicated
time points, followed by analysis using antibodies to p-ATF2 and to Mre11.
(D) ATF2 associates with Nbs1. 293T cells were transfected with HA-ATF2 wt or mutant on ATM phosphoacceptor sites and were subjected
to IR (6 Gy) 24 hr later. Proteins prepared prior to and 1 hr after IR were subjected to immunoprecipitation with antibodies to HA followed by
immunoblot analysis using antibodies to Nbs1, as indicated. The membrane was reprobed with antibodies to ATF2 to reveal amounts precipi-
tated (lower panel). NS, nonspecific; PEF, empty vector driven by elongation factor promoter.
signal was out-competed using the phosphorylated,
but not the nonphosphorylated, peptide, demonstrat-
ing the specificity of ATF2 phosphoantibodies in immu-
nocytochemistry analysis (Fig. S1c).

To further assess the possible role of ATF2 in the DNA
damage response, we determined whether ATF2 foci
colocalize with other DNA damage response proteins
recruited to DSB sites. Significantly, ATF2 foci were de-
tected as early as 3 min after IR and were colocalized
with γ-H2AX (Figure 2A), which have been associated
with DSB sites and represent one of the earliest re-
sponses to DNA damage (Paull et al., 2000). Over the
time period following IR the number of such foci de-
creased, whereas their size increased (Figure 2A), sim-
ilar to what was observed with other members of the
MRN complex. IRIF detected by p-ATF2 antibodies
were also observed using antibodies against the non-
phosphorylated form of ATF2, suggesting that a major
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fraction of ATF2 is recruited to such foci (Figure 2B), p
Tsimilarly to what was seen with Mre11 (Maser et al.,

1997). ATF2 foci were formed in response to doses as t
Alow as 0.5 Gy (Figure 2C), in line with the finding that

minimal degrees of DSB suffice for activation of ATM S
c(Bakkenist and Kastan, 2003). Inhibition of ATF2 ex-

pression by specific RNAi efficiently blocked detection s
sof ATF2 phosphorylation by the p-ATF2 antibodies after

IR (Figures S2A and S2B) and abolished the localization S
tof ATF2 in IRIF recognized by ATF2 (Figure S2C) and

p-ATF2 Ab (Figure S2D). c
nAs early as 10 min after IR, and in a dose-dependent

manner, p-ATF2 foci colocalized with Rad50 and Mre11 t
A(Figures S3A and S3B), and at a later time point, also

with Nbs1 (Figure S3C). Importantly, p-ATF2 was also g
ffound within these foci following detergent-based ex-

traction (Figure S3D), indicating that p-ATF2 is tightly
tbound to damaged DNA. These observations establish

the recruitment of p-ATF2 to IRIF. A series of immuno- i
fprecipitations confirmed the association of ATF2 with

Nbs1 (Figure 2D) and Mre11 (data not shown), which u
swere not dependent on ATM-phosphorylation of ATF2,

similar to what was observed for other MRN compo- u
Dnents (Stewart et al., 2003).
T
iATF2 Localization into IRIF Is ATM Dependent
sTo ascertain the role of ATM in ATF2 recruitment to IRIF,
twe used A-T cells. ATF2 foci were not found in IRIF in
wA-T cells (up to 5 Gy) and within early time periods (up
fto 1 hr) after IR. Upon reconstitution of exogenous ATM
winto the A-T cells, ATF2 was found in IRIF (Figure 3A).
sThese observations provide direct evidence of ATM’s
crole in localization of ATF2 in IRIF.
tCells from patients with the Nijmegen breakage syn-
cdrome (NBS) are deficient in NBS and exhibit impaired
Trecruitment of Mre11-Rad50 into IRIF (Carney et al.,
I1998). Therefore, we next assessed possible changes
din ATF2 localization into IRIF of NBS cells. Neither ATF2
qnor γ-H2AX were identified within such foci within 1 hr

after exposure of NBS cells to a low dose of IR (0.5 Gy
tor 2 Gy; Figure 3B). However, ATF2 was seen in IRIF of
cNBS cells after exposure to a higher dose of IR and in
Igreater numbers at a later time point (5 Gy; 1 hr; Figure
13B). These data suggest that Nbs1 is important for im-
fmediate recruitment of ATF2 into IRIF formed upon ex-
sposure to low-dose IR, similar to its recruitment of
cMre11 and Rad50 (Carney et al., 1998). Upon exposure
2to high doses of IR, the localization of ATF2 to IRIF is
rdistinct from the MRN complex.
r
tATF2 Is Required for the IR-Induced S Phase
pCheckpoint and for Radioresistance
tCommon to cells obtained from NBS and A-T patients
pis impaired S or G2/M phase checkpoint control after
tIR (Shiloh, 2003, Lim et al., 2000). We accordingly moni-
gtored changes in DNA synthesis after IR of cells whose
tATF2 expression was inhibited by specific RNAi (Figure

4A and S2a). Inhibition of ATF2 expression caused a
decrease in the fraction of cells found in the S phase A

Nof the cell cycle under normal growth conditions (Figure
S4A). Expression of a transcription-inactive form of G

sATF2 (aa 69 and 71) in cells whose ATF2 expression
was inhibited failed to increase the rate of DNA synthe- q

sis, in contrast to the expression of either wt or phos-
homutant (490 and 498) forms of ATF2 (Figure S4B).
his finding is consistent with the ability of ATF2 mu-
ated in its ATM phosphoacceptor sites to activate an
TF2 reporter to the same level as wt ATF2 (Figure
5A). Thus, ATF2 affects the rate of DNA synthesis and
ell cycle progression in cells maintained under non-
tressed conditions through its ability to activate tran-
cription, of cyclin A and cyclin D (Beier et al., 1999;
himizu et al., 1998). Given these results, it was impor-

ant to distinguish between the effects of ATF2 on the
ell cycle checkpoint after IR and its role during normal
onstressed growth conditions. To this end we iden-
ified melanoma cell lines (MeWo and LU1205) in which
TF2 does not alter cell cycle distribution under normal
rowth (Figures S4C and S4D); these cells were used

or the subsequent analysis.
Consistent with IR-induced S phase arrest, IR-

reated MeWo cells infected with control RNAi exhib-
ted about 40% and 60% inhibition of DNA synthesis
ollowing exposure to 5 Gy and 15 Gy, respectively (Fig-
re 4B). Strikingly however, inhibition of ATF2 expres-
ion using two different retroviral RNAi constructs (Fig-
res 4B and S2A) markedly attenuated inhibition of
NA synthesis after IR to only 10%–15% (Figure 4B).
his finding suggests that ATF2 is required for the intact

ntra-S phase checkpoint. Cells in which ATF2 expres-
ion was inhibited (using ATF2 RNAi) were reconstitu-
ed with a transcriptionally inactive form of ATF2 which
as sufficient to restore the inhibition of DNA synthesis

ollowing IR to the degree seen upon reconstitution
ith the wt form of ATF2 (Figure 4B). Conversely, recon-
titution with ATF2 mutated on both ATM phosphoac-
eptor sites failed to restore inhibition of the radioresis-
ant DNA synthesis (RDS) phenotype following IR,
aused by inhibition of ATF2 expression (Figure 4B).
hese observations suggest that ATF2 is important for

R-induced S phase checkpoint control, for which it
oes not require phosphorylation on aa 69 and 71 (re-
uired for its transcriptional activities, as noted below).
Since radiosensitivity of cells is also affected by pro-

eins involved in DSB repair, we monitored survival of
ells expressing different ATF2-RNAi after exposure to
R. Inhibition of ATF2 expression reduced (up to over
0-fold at a dose of 6 Gy) the number of colonies
ormed within 12 days following IR (Figure 4C), further
ubstantiating the previously reported role of ATF2 in
ell survival following DNA damage (Bhoumik et al.,
002). Additional analysis was carried out in A-T cells
econstituted with different forms of ATF2. As expected,
econstitution of A-T cells with ATM restored resistance
o IR (over 15-fold; Figure 4D). Inhibition of ATF2 ex-
ression in A-T cells did not alter the level of sensitivity
o IR (Figure 4D). Nevertheless, inhibition of ATF2 ex-
ression in A-T cells reconstituted with ATM reduced
heir level of resistance (Figure 4D). These findings sug-
est that ATM is required for ATF2-mediated radioresis-
ance.

TF2’s Role in the DNA Damage Response Does
ot Require Its Transcriptional Activity
iven ATF2’s role as a transcription factor, we next as-
essed whether its transcriptional activities are re-
uired for its DNA damage response. Since phosphory-
lation of ATF2 by JNK/p38 on Thr69/71 is prerequisite
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Figure 3. Localization of ATF2 in IRIF Requires ATM and at Early Time Points, Nbs1

(A) ATF2 localization in IRIF is ATM dependent. Control or A-T (AT22IJE-T) cells and A-T cells that were reconstituted for ATM by exogenous
expression were subjected to IR (2 Gy) and fixed at the indicated time points, followed by analysis as detailed above. γ-H2AX staining is
also shown.
(B) Nbs1 is important for immediate localization of ATF2 to repair foci after exposure to low dose IR. Control fibroblasts (GM00637) or NBS
(NBS-ILB1) cells were subjected to IR at the indicated doses, and cells were fixed at 15 min or 60 min as indicated. Staining was carried out
using antibodies to phospho-ATF2 or γ-H2AX.
to its transcriptional activities, we first monitored ATF2
localization within IRIF in cells pretreated with a phar-
macological inhibitor of p38/JNK. As shown in Figure
5A, localization of ATM-phosphorylated ATF2 in DSB
repair foci was not affected by inhibition of p38/JNK
activity, suggesting that amino-terminal phosphoryla-
tion of ATF2 is not required for its localization in IRIF.
The latter is consistent with the notion that IR is a poor
inducer of p38/JNK kinases within the time frame and
at the doses used in the current study (Chen et al., 1996).

We next used cells whose ATF2 expression was in-
hibited and reconstituted with wt or transcriptionally in-
active (mutated on aa 69 and 71) ATF2 or ATM phos-
phorylation mutant ATF2 (aa 490 and 498). Expression
levels of ectopic ATF2 forms were normalized to that of
endogenous ATF2 (Figure 4A). Whereas cells express-
ing ATF2 490 and 498 no longer exhibited ATF2 within
DSB-induced repair foci following IR, ATF2 mutated on
aa 69 and 71 was found within such foci, like the wt
ATF2 protein (Figure 5B). Thus, this requirement of ATF2
was similar for reconstitution of repair foci and the IR-
induced S phase checkpoint (Figure 4B).

To further substantiate that ATF2’s role in the DNA
damage response is independent of its transcriptional
activities, we used mouse embryo fibroblasts (MEFs)

obtained from ATF2 mutant mice, in which the com-
plete DNA binding and part of the leucine zipper do-
mains were deleted, thereby rendering ATF2 transcrip-
tionally inactive with impaired dimerization capabilities
(Breitwieser et al., unpublished studies). Immunoblot
analysis confirmed that the mutant ATF2 protein mi-
grated faster (Figure S5B) and was no longer found on
the promoter of target genes, as revealed by CHIP as-
says (Figure S5C). Importantly, despite the lack of DNA
binding and leucine zipper domains, ATF2 was found
within DSB repair foci after IR, similar to the wt form
(Figure 5C). This finding substantiates our conclusion
that transcriptional activities of ATF2 are not required
for its function in the DNA damage response.

Since ATF2 transcriptional activities are primarily me-
diated by its heterodimerization with c-Jun, we as-
sessed possible changes in ATF2 localization within
IRIF in c-Jun−/− cells. As shown (Figure 5D), ATF2 local-
ization into DSB-repair foci was normal in c-Jun−/−

cells, suggesting that ATF2 does not require c-Jun for
its localization into IRIF.

ATF2 Is Important for IR-Mediated Activation
of ATM, Chk1, and Chk2
Given the role of ATF2 in the regulation of IR-induced
cell cycle checkpoints, we assessed the possible effect

of ATF2 on activities of Chk1, Chk2 and its kinase ATM.
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Figure 4. ATF2 Is Required for Checkpoint Control and Resistance to IR

(A) Mutant ATF2 forms expressed at levels of endogenous ATF2. Wild-type, transcriptionally inactive (T69, 71A), and ATM phosphomutant
(S490 and 498A) forms of ATF2 were transfected into MeWo cells after inhibiting endogenous ATF2 expression with RNAi to achieve expres-
sion levels equivalent to that of endogenous ATF2 (transfection efficiency = 65%). Immunoblot analysis using ATF2 antibodies was carried
out 36 hr after transfection. These conditions were used throughout the related experiments.
(B) ATF2 is required for inhibition of DNA synthesis after IR. MeWo cells were infected with ATF2-RNAi (192U5, which targets 5# UTR) followed
by transfection of empty vector or ATF2 forms. DNA synthesis was monitored using 14C followed by 3H-thymidine labeling. Change in the
percent of DNA synthesis is shown based on five independent experiments 45 min after treatment with IR (5 Gy or 15 Gy). Calculation is
based on the ratios of [3H]:[14C] and expressed DNA synthesis, which was normalized to control values (0 Gy) for every individual sample
(pSuper, ATF2 RNAi, and the like). Data shown reflect triplicate measurements carried out in three experiments, which were used for calculat-
ing standard deviation as reflected in error bars.
(C) ATF2 affects cell radiosensitivity. Sensitivity to IR was determined by the colony formation assay in U2OS cells infected with control or
two different ATF2 RNAi (Figure S4A; 192U5 and 1207). Surviving fraction is plotted as log of colonies after IR/colonies without IR. Error bars
reflect standard deviations of triplicate samples for each point based on three experiments.
(D) ATM is required for ATF2-dependent radioresistance. A-T cells and A-T cells reconstituted with ATM (4000 cells per 60 mm plate) were
subjected to IR at the indicated doses, and CFE were counted 18 days later. Cells were also subjected to infection with two different ATF2
or a control RNAi, to determine the role of ATF2 in radioresistance in A-T cells. The surviving fractions were plotted by calculating the log of
colonies after IR/colonies without IR. Error bars reflect standard deviation based on triplicate analysis.
Significantly, IR-induced activation of ATM, measured L
Rby immunokinase assays using p53 as a substrate, was

markedly reduced in cells whose ATF2 expression was B
sinhibited (Figure 6A). Subsequent analysis was carried

out by monitoring ATM phosphorylation on Ser 1981 2
t(Bakkenist and Kastan, 2003). After exposure to low-

dose IR (0.5 Gy) the level of ATM activation was re- o
pduced upon inhibition of ATF2 expression, similar to

what was observed in NBS cells (Figure 6B). These data (
5suggest that ATF2, somewhat similar to Nbs1, contrib-

utes to maintenance of ATM activity in response to the h
oformation of DSB.

Consistent with its effect on ATM, ATF2 was also im- u
cportant in IR-induced activation of Chk1, measured by

its phosphorylation on Ser 317 (Figure 6B). Similarly, f
linhibition of ATF2 expression reduced the level of Chk2

phosphorylation measured by its phosphorylation on w
nThr 68 in response to IR (Figure 6C). Collectively these

data indicate that ATF2 plays an important role in the e
Mactivation of ATM, and consequently of Chk1 and Chk2.
ocalization of Mre11 and Nbs1 in IRIF Foci Is
educed upon Inhibition of ATF2
ecause Mre11 has been implicated in the upstream
ignaling required for activation of ATM (Uziel et al.,
003; Carson et al., 2003; Lee and Paull, 2004; Cos-
anzo et al., 2004), we explored possible effects of ATF2
n localization of Mre11 to IRIF. Inhibition of ATF2 ex-
ression by RNAi reduced recruitment of Mre11 to IRIF

Figure 7A). Counting the number of IRIF revealed a
0% decrease in cells whose ATF2 expression was in-
ibited (Figure 7B). The effect of ATF2 on recruitment
f Mre11 into IRIF did not affect Mre11 expression (Fig-
re 7C). Inhibition of ATF2 expression also reduced re-
ruitment of Nbs1 into IRIF (Figure S5D). Unlike the ef-
ect of ATF2 on recruitment of Mre11 and Nbs1,
ocalization of neither 53BP1 nor Mdc1/NFBD1 into IRIF
as altered upon inhibition of ATF2 expression (data
ot shown). Collectively, these data suggest that ATF2
xpression contributes to the selective recruitment of
re11 and Nbs1 into IRIF.
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Figure 5. ATF2 Role in the DNA Damage Response Is Uncoupled from Its Transcriptional Activity

(A) ATF2 phosphorylation by JNK/p38 is not required for recruitment to DSB repair foci after IR. A pharmacological inhibitor of p38/JNK
(SB203580, 10 �M, which is sufficient for inhibition of both JNK and p38 kinases) was added to MeWo cells 2 hr before mock treatment or
IR (5 Gy). The inhibitor was kept in the medium for 1 hr after treatment, when cells were fixed and subjected to analysis with antibodies to
γ-H2AX and p-ATF2.
(B) Colocalization of transcriptionally inactive ATF2 with γ-H2AX in IRIF following IR. ATF2 forms (wt, transcriptionally inactive [T69,71A],
and ATM phosphomutants [S490/A] were transfected into MeWo cells that were inhibited for ATF2 expression with corresponding RNAi.
Immunostaining of the exogenous forms of ATF2 was carried out 2.5 hr after IR using antibodies to the Flag tag (green). Cells were also
analyzed using antibodies to γ-H2AX (red).
(C) ATF2 lacking the DNA binding domain is localized to DSB-induced foci. ATF2 mutant cells expressing a transcriptionally inactive form of
ATF2 that lacks DNA binding and part of the leucine zipper domains were subjected to mock or IR treatment (6 Gy) and analyzed to detect
ATF2 localization in DSB-induced foci using p-ATF2 antibodies.
(D) ATF2 foci are formed in IR-treated c-Jun−/− cells. Cells lacking c-Jun were irradiated (12 Gy) and fixed 1 hr later for immunostaining using
p-ATF2 and γ-H2AX antibodies.
Discussion

The current study identifies ATF2 as a substrate for
ATM and reveals its role as a participant in the DNA
damage response. Concomitant to IR induced activa-
tion of ATM, ATM phosphorylates ATF2, resulting in its
rapid recruitment into IRIF and pointing to its possible
role as a sensor/adaptor in very early stages of the DNA
damage response. Further, our data show that ATM-
phosphorylated ATF2 is contributing to the recruitment
of Mre11 and Nbs1 to IRIF, a finding that points to its
role in coordinating the DNA damage response. ATF2
also affects the S phase checkpoint in response to IR
and affects radiosensitivity, similarly to what is seen in
cells that harbor mutant NBS1, MRE11, or A-T genes.
Our data also demonstrate that ATF2 is important for
activation of ATM as well as for concomitant activation
of Chk1 and Chk2. Further studies will delineate the
mechanism underlying ATF2 activation of ATM, which
is likely to contribute to maintenance of active ATM at
IRIF. Lastly, ATF2’s role in the DNA damage response is
distinct from its transcriptional activities, an observa-
tion that underscores the significance of our findings
and establishes a paradigm for uncoupling transcrip-
tion from DNA damage control.

Of interest is to address how ATF2 could contribute
to ATM activation. Two of the possibilities currently
considered relate to ATF2 being part of an upstream
signal for ATM or for ATF2 ability to be part of mecha-
nism that serves to maintain active ATM at IRIF. The link
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Figure 6. ATF2 Is Important for IR-Induced Activation of ATM and
Chk2

d
(A) ATF2 is important for activation of ATM. U2OS cells were in-

ifected with either control or ATF2 RNAi, and 72 hr later, cells were
psubjected to IR (6 Gy). Proteins prepared 1 hr after IR were sub-
ajected to IP with antibodies to ATM. Immunoprecipitated material

was used for immunokinase reactions using GST-p531–80 as a sub- e
strate. Upper panel depicts the autoradiograph, whereas lower m
panels show input and level of ATF2 as well as β-actin expression. w
(B) ATF2 and Nbs1 are important for ATM and Chk1 activation by AIR. GM00637 cells were subjected to infection with control or ATF2

dRNAi and were analyzed in parallel to NBL-ILB1 cells at the indi-
ocated time points following a low dose of IR (0.5 Gy) for ATM activa-
ption using phosphorylation of ATM on Ser1981 (upper panel) and

the phosphorylation of Chk1 on Ser317 (third panel). Also shown i
are total ATM (second panel), total Chk1 (fourth panel), ATF2 ex- A
pression (fifth panel), and β-actin, used as a loading control (lower a
panel).

l(C) Inhibition of ATF2 expression impairs IR-induced Chk2 phos-
qphorylation. Control or ATF2 RNAi-infected cells were treated by IR
c(0.5 Gy or 5 Gy) 72 hr postinfection and proteins prepared at the
lindicated time points. Immunoblot analysis using CHK2 antibodies

detects phosphorylated (Thr 68; upper panel) and nonphosphory- c
lated (second panel) forms of Chk2. Controls for the expression e
level of endogenous ATF2 and β-actin are shown. a

I

between ATF2 and chromatin organization is supported c
by independent studies from yeast and from mamma- c
lian systems. ATF2 associates with TIP49b (Cho et al., t

m2001), which is part of the TIP60 histone acetylase
omplex implicated in DNA repair and chromatin orga-
ization (Kanemaki et al., 1999; Ikura et al., 2000). Fur-
her, binding of TIP60 to phosphorylated H2AX was re-
ently shown to be an important step in subsequent
odifications that are part of the DNA damage re-

ponse (Morrison et al., 2004). Atf1 and pcr1 (pombe
omologs of ATF2) were shown to contribute to deacet-
lation of certain lysines on histone H3 and H4, a pre-
equisite for heterochromatin assembly (Jia et al., 2004;
im et al., 2004). The latter changes are consistent with

he notion that activation of ATM could be induced
pon changes in chromatin organization (Bakkenist and
astan, 2003). At this point, we equally entertain the
econd possibility, which would position ATF2 as part
f mechanism to maintain active ATM at the damaged
ites. Preliminary results revealed that for its ability to
ctivate ATM, ATF2 needs to be phosphorylated on res-

dues 490 and 498, but not on aa 69 and 71 (data not
hown). Thus, either initial increase in ATM activity
ould suffice to promote ATF2 contribution to DNA
amage response, and in turn to maintain ATM active
t the sites of DSB, or, other PIKK may mediate such
ctivation, which would consequently promote activa-
ion of ATM. Regardless of the initial signal, such
hanges are expected to result in maintaining active
TM at the site of DSB.
Upon its phosphorylation by ATM, ATF2 is recruited

o DSB repair foci as one of the immediate early events
3 min). While ATF2 colocalizes with components of the

RN complex and γ-H2AX, it also affects recruitment
f Mre11 and Nbs1 into repair foci. Of interest is that
TF2 did not affect localization of 53BP1 into repair
oci, suggesting that the latter are subject to a different
egulation, somewhat similar to the parallel interacting
athways shown for 53BP1 and Mdc1/NFBD1 in ATM
ctivation (Mochan et al., 2003).
Importantly, the contribution of ATF2 to the DNA

amage response is mediated by the transcriptionally
nactive form of the protein. This conclusion is sup-
orted by the following observations: (1) transcription-
lly inactive ATF2 (69/71 mutant) is recruited to IRIF as
fficiently as wt ATF2; (2) transcriptionally inactive ATF2
ediates the IR-induced S phase checkpoint as well as
t ATF2; (3) MEFs of ATF2 mutant mice in which the
TF2 DNA binding domain and part of the dimerization
omains were deleted exhibit physiologic localization
f this transcriptionally dead form of ATF2 into IRIF; (4)
38/JNK inhibitors do not interrupt localization of ATF2

nto IRIF; (5) ATF2 is found on promoters of RAD50 and
TM (4 hr after exposure to genotoxic stress) without
ltering their transcription (Hayakawa et al., 2004); and

astly (6) ATF2 localization into repair foci does not re-
uire its primary transcriptional heterodimeric partner
-Jun, as evident from analysis in c-Jun−/− cells. The

atter is of further interest in light of the report that
-Jun is also localized into DSB repair foci (MacLaren
t al., 2004). Since c-Jun was not shown to be associ-
ted with, or phosphorylated by, ATM, its localization in
RIF may be ATF2 dependent.

In all, ATF2 appears to play distinct functions in the
ell cycle and the DNA damage response. First is its
ontribution to the cell cycle under nonstressed condi-
ions. Transcriptional activity of ATF2 is necessary for
aintaining physiologic cell cycle control under normal
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Figure 7. ATF2 Is Affecting the Recruitment of the Mre11 Complex to DSB Repair Foci

(A) Inhibition of ATF2 reduces recruitment of Mre11 to IRIF. MeWo cells infected with ATF2 RNAi were subjected to IR (5 Gy) and 1 hr later,
fixed for IHC. Shown is staining with antibodies to Mre11 and γ-H2AX.
(B) Quantification of inhibition of Mre11 recruitment upon inhibition of ATF2. Data shown in panel (A) were quantified by multiple counts
and plotted.
(C) ATF2 does not alter expression of Mre11. IMR90 cells were infected with either control or ATF2 RNAi, and 72 hr later, cells were subjected
to IR (6 Gy). Proteins prepared 1 hr after IR were analyzed for Mre11 levels (upper panel) and ATF2 expression (middle panel). β-actin was
used as a loading control (lower panel).
nonstressed growth conditions, probably through its
established effects on cyclin A and cyclin D (Beier et
al., 1999; Shimizu et al., 1998). Second is the phosphor-
ylation of ATF2 by ATM required for its recruitment to
IRIF, as for its recruitment of MRN components and for
its role in IR-induced checkpoint control. For this func-
tion, ATF2 does not require its transcriptional activities.
Third is ATF2’s contribution to ATM activation, which is
likely to contribute to maintenance of active ATM at
sites of DNA damage. These observations raise the
possibility that the balance between transcriptionally
active and nonactive ATF2 (i.e., phosphorylated on the
69 and 71 sites versus the aa 490 and 498 sites) may
affect the cell’s ability to respond to DNA damage by
means of altered RDS and radioresistance. These find-
ings offer insight into our understanding of the immedi-
ate DNA damage response and into the relationship
between transcription and DNA damage control. In
as much, the present study establishes a paradigm for
a function of a transcription factor in the DNA dam-
age response that is independent of its transcriptional
activities.

Experimental Procedures

Cells
Cultures of HeLa, 293, IMR90, GM00637, and A-T (GM05849) cells
were obtained from Coriell repository or ATCC and maintained ac-
cording to the supplier’s recommendations. NBS-ILB1 cells (Kraak-
man-van der Zwet et al., 1999) were kindly obtained from T. Halazo-
netis; MeWo, LU1205, and WM793 melanoma cells were kindly
provided by M. Herlyn; and the A-T cells (AT22IJE-T) as well as
those that were reconstituted for ATM were obtained from Y. Shiloh
(Ziv et al., 1997). ATF2 mutant mice were generated by insertion of
loxP sites into genomic sequences flanking exons 8 and 9 of the
ATF2 gene (encoding the whole DNA binding and most of the leu-
cine zipper domain) and induction of recombination by transiently
expressing Cre recombinase in ES cells (W.B., unpublished data).
Primary mouse embryonic fibroblasts (MEFs) were generated from
E13.5 embryos derived from crossing heterozygous animals carry-
ing a germline allele of the mutant ATF2 gene.

Expression Vectors
ATF2 wt and mutant forms on aa 69, 71, 490, and 498 (generated
with the aid of a QuikChange site-directed mutagenesis kit, Strata-
gene) were cloned into BamHI and NotI sites within the mammalian
expression vector pEF HA or bacterial expression vector pGEX-4T.
Purification of GST-ATF2 was performed under standard condi-
tions. ATM constructs were previously described (Bakkenist and
Kastan, 2003).

Kinase Reactions
In vitro kinase assays were performed using G361, 293T, or U2OS
cells transfected with either FLAG-ATM wt or FLAG-ATM-KD (10
�g). Bacterially expressed and purified GST-ATF2 (full length or the
spliced form containing aa 1–48 and aa 310–505) or GST p53 1–80
aa were incubated with immunopurified endogenous or exogenous
ATM coupled to protein G beads in the presence of kinase buffer
(30 �l) containing 10 �Ci of [γ32P]ATP. The reaction mixtures were
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incubated at 30°C for 20 min before separation on SDS-PAGE, t
celectroblotting, and analysis on a phosphorimager.
G
GPhosphoantibodies to ATF2 Amino Acids 490 and 498
TAntibodies to phosphorylated aa 490 and 498 on ATF2 antibody
(were produced in rabbits immunized with keyhole-limpet hemocya-
Gnin-conjugated phosphopeptide (TEPALpSQIVM and APSpSQSQPSG),
Gderived from aa 485–494 and aa 495–502 of ATF2, respectively. The
rphosphospecific antibodies were affinity purified (Phosphosolu-
ptions).

Immunostaining
SCells were plated on cover slips and irradiated, fixed at indicated
Stime points, and processed as described (Maser et al., 1997; Car-
wney et al., 1998). Antibodies used were monoclonal or polyclonal
1γ-H2AX (1:500), pSmc1, Smc1 (Upstate Biotechnology), Mre11,

Nbs, Rad50 (1:500), ATM, 53BP1, Chk2 (Genetex Inc.), ATF2 (Santa
Cruz), p-ATF2 (1:500; Phosphosolutions), ATM-pSer1981 (Rockland

AImmunochemicals), Mdc1/NFBD1 (Bethyl Labs) and pChk1-S317,
pChk2-T68 (Cell Signaling).

W
SRNA Interference
AFor RNAi of ATF2 expression, the p-Super vector system that di-
frects synthesis of siRNAs in mammalian cells was used (Brummel-
akamp et al., 2002). The two targets chosen for RNAi of ATF2 were
aas follows: 5#UTR192 TAAAGCTCATGGCCCACCA210 (pRS192ut) and
Pwithin the coding sequence 1207AATGAAGTGGCACAGCTGA1225

I(pRS1207) of the human ATF2 gene (National Center for Biotechnol-
kogy Information [NCBI] accession number NM_001880).

Reconstitution experiments were carried out by transfection of
ATF2 plasmids (1 �g) with lipofectamine in MeWo cells that were R
infected (48 hr earlier) with ATF2 RNAi. R

A
Cell Cycle Checkpoint Analysis P
Cells (293 or MeWo) were infected with RNAi and 72 hr later were
labeled (24 hr) with 10 nCi/ml of [methyl-14C]-Thymidine (Perkin El- R
mer) followed by incubation (8 hr) with nonradioactive medium. The
cells were than transfected and 48 hr later were irradiated (0, 5, or B
15 Gy) using a 137Cs source (dose rate: 5.1 Gy/min). 45 min after A
irradiation cells were pulse-labeled (2.5 �Ci/ml of [methyl-3H]Thy- c
midine; Perkin Elmer) for 15 min. Inhibition of DNA synthesis was B
measured as described (Lim et al., 2000). The ratios obtained for L
3H (counts/min) over 14C (counts/min) (3H/14C ratio) were corrected (
for channel crossover. The ratio of DNA synthesis after exposure D
to ionizing radiation was calculated as 3H/14C ratio in irradiated

Bover the 3H/14C ratio in unirradiated cells.
IFor FACS analysis cells that were about 50% confluent were
streated with thymidine (2 mM in DMEM and FBS) for 16 hr. Cells
1were washed with PBS three times and incubated for 8 hr in DMEM
Band FBS in the absence of excess thymidine. Cells were then
Streated again with thymidine (2 mM) in DMEM and FBS (16 hr) to
sresult in cells that were arrested at the G1/S phase boundary of the
mcell cycle. Once synchronized in G1/S phase, cells were washed

with PBS, thereby allowing their release into the cell cycle. Cells B
were than harvested at various time points after G1/S phase, which s
corresponded to G2 and M phase as determined by flow cytom- C
etry analysis. C

a
Colony-Forming Assay a
U2OS, or early passage A-T cells were infected with control RNAi C
or ATF2 RNAi . 72 hr later cells were resuspended to reach same Y
density (5 × 104 cells/ml), irradiated, and subsequently plated in h
triplicates within the indicated range of cell densities. Cells were d
monitored for colony formation for 12 days (18 days for A-T cells) d
at 37°C. Colonies (containing 50 or more cells) were stained with

C2% crystal violet, 50% ethanol, and counted. Each point represents
oa triplicate sample in experiments reproduced twice.
a

CCHIP Assays
RWt and mutant MEFs were treated with anisomycin (25 �g/ml for
f30 min) and fixed in formaldehyde (1%). Whole cell extracts were
8sonicated and immunoprecipitated (IP) with ATF2 antibodies C19

(Santa Cruz Biotechnology) or with IgG control antibodies. Af- C
erward, reverse crosslinking DNA was purified using a PCR Purifi-
ation Kit (Qiagen) and amplified by PCR (35 cycles) using primers
CGAGGAACGCAGGACGCGCCGTG (5#) and GCCCTCGCGTTG
CAGGGAGCCCG (3#) for ATF3, CTCCTCTGCGCAGGCGCGTCC
C (5#) and GTAGAGCCCAGGAGCCGCGAGCTG (3#) for Cyclin A

CcnA) promoter sequences containing ATF binding sites, and
GGAAGCCCATCACCATCTTC (5#) and CACCAGTAGACTCCAC
ACATACTCA (3#) for the GAPDH control sequence. Control PCR

eactions were carried out using whole cell extracts (WCE) as tem-
late DNA.

upplemental Data
upplemental Data include five additional figures and can be found
ith this article online at http://www.molecule.org/cgi/content/full/
8/5/577/DC1/.
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