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Ataxia-telangiectasia (A-T) is a syndrome of cancer susceptibility,
immune dysfunction, and neurodegeneration that is caused by
mutations in the A-T-mutated (ATM) gene. ATM has been impli-
cated as a critical regulator of cellular responses to DNA damage,
including the activation of cell cycle checkpoints and induction of
apoptosis. Although defective cell cycle-checkpoint regulation and
associated genomic instability presumably contribute to cancer
susceptibility in A-T, the mechanism of neurodegeneration in A-T
is not well understood. In addition, although ATM is required for
the induction of the p53 transcriptional program in response to
DNA damage, the identities of the relevant transcription factors
that mediate ATM-dependent changes in gene expression remain
largely undetermined. In this article, we describe a signal trans-
duction pathway linking ATM directly to the Ca2*/cAMP response
element-binding protein, CREB, a transcription factor that regu-
lates cell growth, homeostasis, and survival. ATM phosphorylated
CREB in vitro and in vivo in response to ionizing radiation (IR) and
H,0; on a stress-inducible domain. IR-induced phosphorylation of
CREB correlated with a decrease in CREB transactivation potential
and reduced interaction between CREB and its transcriptional
coactivator, CREB-binding protein (CBP). A CREB mutant containing
Ala substitutions at ATM phosphorylation sites displayed en-
hanced transactivation potential, resistance to inhibition by IR, and
increased binding to CBP. We propose that ATM-mediated phos-
phorylation of CREB in response to DNA damage modulates CREB-
dependent gene expression and that dysregulation of the ATM-
CREB pathway may contribute to neurodegeneration in A-T.

taxia—telangiectasia (A-T) is a recessive genetic syndrome
characterized by immune deficiency, cancer susceptibility,
and cerebellar degeneration (1). A-T is caused by mutations in
ATM, which encodes a protein kinase belonging to the phos-
phoinositide 3-kinase-related kinase gene superfamily (2). At
the cellular level, ATM-deficient cells grow poorly in culture, are
genetically unstable and display exquisite sensitivity to ionizing
radiation (IR) and radiomimetic drugs (1). A-T cells are also
characteristically defective in the G;-S, intraS, and G>-M cell
cycle checkpoints after y-irradiation (3), which is believed to
contribute to genomic instability and cancer susceptibility.
The checkpoint-signaling functions of ATM are achieved by
means of the coordinated phosphorylation of polypeptide sub-
strates, including p53, BRCA1, NBS1, and CHK2, which trans-
mit signals to the DNA repair, apoptosis, and cell cycle machin-
ery (3). Far less is known regarding the mechanism of cerebellar
degeneration in A-T. Purkinje and granule neurons, which are
most severely affected in human A-T, are not grossly abnormal
in ATM~'~ mice (4, 5). However, brains from ATM /'~ mice
display subtle developmental defects and are abnormally resis-
tant to IR-induced apoptosis (6, 7). It has been proposed that
neurodegeneration in human A-T is due to the developmental
escape of genomically damaged neurons, which are destined to
degenerate (6). A second hypothesis posits that neurodegenera-
tion occurs as the result of increased oxidative stress (8, 9). In
support of this hypothesis, brains from ATM~/~ mice display
markers of oxidative stress including increased levels of heme
oxygenase, thioredoxin, and reactive oxygen species (10-14).
The basis for enhanced oxidative stress in the absence of ATM
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has not been determined, but it may be a consequence of
persistent DNA damage (11).

Identification of ATM-dependent signaling pathways that
regulate neuron homeostasis or survival is imperative for un-
derstanding the neurodegenerative process in A-T. One rela-
tively well characterized stress-response and neuron-survival
factor is the Ca’*/cAMP response element-binding protein,
CREB. CREB is a basic leucine zipper family transcription
factor that plays key roles in neuronal development, function,
and survival (15). CREB transcriptional activity is up-regulated
in response to many cellular stimuli, including cAMP, Ca?*,
hypoxia, UV light, and growth factors (16, 17). The canonical
CREB activation pathway involves stimulus-induced phosphor-
ylation of CREB on Ser-133 by PKA or other Ser-133 kinases
(18). The phosphorylation of Ser-133 promotes an interaction
between the kinase-inducible domain (KID) of CREB and the
transcriptional coactivator CREB-binding protein (CBP), which
potentiates the expression of CREB target genes (19-22).
CREB activity is also subject to negative regulation. Phosphor-
ylation of Ser-142 by calmodulin kinase II (CaMKII) or casein
kinase 2 inhibits CREB transcriptional activity and destabilizes
the interaction between the KID and CBP (23-25).

CREB is a bona fide neuron survival factor. Overexpression
of dominant-negative CREB mutants causes death of cultured
neurons and genetic disruption of CREB in mice results in axonal
growth defects and perinatal lethality (26-28). Furthermore,
conditional disruption of CREB and the CREB-related factor,
CREM, causes apoptosis of postmitoticneurons (29). The antiapo-
ptosis functions of CREB are attributable to CREB-dependent
transcription of prosurvival genes such as Bcl-2 and neuron
growth factors (26, 30, 31).

Despite extensive literature investigating CREB activation,
little is known regarding the regulation of CREB in response to
overt DNA-damaging stimuli. Given that genetic inactivation of
CREB and ATM yield neuronal phenotypes, we were intrigued
by the possibility that ATM functions upstream of CREB in a
DNA damage-induced signaling pathway. We now present evi-
dence that ATM regulates CREB phosphorylation and trans-
activation potential directly in response to IR and oxidative
stress by means of a Ser-133 phosphorylation-independent
mechanism. These findings have implications for understanding
how ATM modulates gene expression in response to stress
stimuli, and they may provide a link between CREB dysregu-
lation and neurodegeneration in A-T.

Materials and Methods

Cell Culture and Antisera. K562 and human embryonic kidney
(HEK) 293T cells were maintained in RPMI medium 1640 and

This paper was submitted directly (Track Il) to the PNAS office.

Abbreviations: A-T, ataxia—telangiectasia; CBP, CREB-binding protein; CGN, cerebellar
granule neuron; HEK, human embryonic kidney; IR, ionizing radiation; KID, kinase-induc-
ible domain.

*Y.S. and S.L.V. contributed equally to this work.
*To whom correspondence should be addressed. E-mail: rstibbetts@wisc.edu.

© 2004 by The National Academy of Sciences of the USA

www.pnas.org/cgi/doi/10.1073/pnas.0307718101



z
/|
~ |

MEM containing 10% FCS, respectively. G-361 osteosarcoma
cells, L40, and AT59 lymphoblasts were provided by Yosef
Shiloh (Tel Aviv University, Tel Aviv). C3ABR, AT1, and AT3
lymphoblasts were provided by Martin Lavin (Queensland In-
stitute of Medical Research, Queensland, Australia). All lym-
phoblast cultures were maintained in RPMI medium 1640,/10%
FCS. For the generation of a-pS-121 antisera, rabbits were
immunized with a keyhole limpet hemocyanin-conjugated
CREB phosphopeptide (CSVITDpSQKRR) derived from amino
acids 117-125 of human CREB. The resulting antiserum was
affinity-purified as described (32). Other Abs used in this study
include a-CREB (Cell Signaling Technology, Beverly, MA),
a-pS-133 (Upstate Biotechnology, Lake Placid, NY), a-ATM
(Ab-3, Calbiochem), and a-GST (Sigma).

Plasmid Constructs. The CREB:pSPORT6 plasmid was obtained
by means of the IMAGE EST sequencing consortium (Invitrogen).
GST-KIX was a gift from Jennifer Nyborg (Colorado State
University, Fort Collins) and was expressed and purified as
described (33). FLAG-CBP was kindly provided by Pang Yao
(Duke University, Durham, NC). Histidine-tagged CREB (HIS-
CREB) was generated by subcloning a full-length human CREB
cDNA into the Sa/l-HindIII sites of pET 28a (Novagen). The
HIS-CREB proteins were purified by nickel chromatography
according to the manufacturer’s instructions. Transient trans-
fection of HEK 293T cells was performed by using calcium
phosphate DNA precipitation.

Protein Analysis and Kinase Assays. ATM kinase assays were
performed as described (34). Extracts were immunoprecipitated
with 1 pg of control IgG or «a-ATM at 4°C for 1 h. The
immunoprecipitates were washed and incubated with 1 ug of
HIS-CREB substrate per reaction. GST-KIX pull-down assays
were performed as described (33). Briefly, HEK 293T cell
extracts were prepared by using lysis buffer (35), and 100 pg of
extract was incubated with 20 pug of GST-KIX immobilized on
glutathione agarose beads in 1 ml of PBS containing 0.1%
Nonidet P-40 and protease inhibitors (5 wg/ml leupeptin/10
pg/ml pepstatin/5 ug/ml aprotinin) at 4°C for 4 h. The beads
were washed three times with PBS containing 0.5% Nonidet
P-40 and eluted by boiling in 2 X SDS sample loading buffer. For
CREB-CBP coimmunoprecipitations, HEK 293T cells were
cotransfected with FLAG-CBP (4 pg) and CREB (0.4 pug)
expression plasmids. At 24 h later, cells were exposed to 20 Gy
of IR or mock irradiated and harvested 1 h later in coimmuno-
precipitation buffer (50 mM Tris, pH 7.5/100 mM NaCl/0.5%
Tween-20/0.2% Nonidet P-40) with protease inhibitors. Extracts
were immunoprecipitated by using FLAG M2-agarose affinity
gel (Sigma), washed in coimmunoprecipitation buffer contain-
ing 200 mM NaCl, and analyzed by SDS/PAGE and immuno-
blotting with a-CREB and o-FLAG Abs.

Luciferase Assays. Gal4-CREB luciferase assays were performed
by using the PathDetect trans-reporting system (Stratagene).
The Gal4-CREB plasmid (pFA2-CREB) expresses the N-
terminal 280 aa of CREB fused to the Gal4 DNA binding
domain. HEK 293T cells were cotransfected with 50 ng of WT
or mutant Gal4-CREB expression vectors and 1 ug of GAL4-
LUC. At 24 h later, the cells were exposed to IR (20 Gy) or mock
irradiated. Luciferase activity was measured 1 h later by using a
Moonlight luminometer (Pharmingen). Presented results were
normalized for B-galactosidase expression and represent the
averaged values of at least three independent experiments.

Results

CREB Is Phosphorylated in Response to IR and H;0,. To explore the
potential relationship between ATM and CREB, we initially
tested whether CREB was phosphorylated on Ser-133 after
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Fig. 1. ATM-dependent phosphorylation of CREB in response to IR and
oxidative stress. (A) K562 cells were exposed to 20 Gy of IR and then harvested
at the indicated times. Cell extracts were analyzed by SDS/PAGE and immu-
noblotting by using an Ab specific for the Ser-133 phosphorylation site of CREB
(a-pS-133, Upper) or a-CREB (Lower). (B) IR-induced CREB electrophoretic
mobility shift is abolished by phosphatase treatment. Cell extracts prepared
from unirradiated or y-irradiated K562 cells were treated with A phosphatase
(PPase) or sham treated and then analyzed by immunoblotting with a-CREB.
(C) Phosphorylation of CREB in response to H,0,. K562 cells were treated with
increasing concentrations of H,0; for the indicated times. Cell extracts were
prepared and analyzed by immunoblotting with «-CREB. (D) Phosphorylation
of CREB in ATM deficient lymphoblasts. Cells expressing WT ATM (L40, C3ABR)
or mutant ATM (AT59, AT3) were left untreated or exposed to 10 Gy of IR. Cell
extracts were prepared and analyzed 1 h later by SDS/PAGE and immuno-
blotting with a-CREB.

exposure to IR, an archetypal ATM-activating stimulus (3). K562
cell extracts were prepared at various times after exposure to 20
Gy of IR and subjected to immunoblot analysis by using an Ab
specific for Ser-133-phosphorylated CREB (a-pS-133). CREB
from untreated cell extracts migrated as a major species of ~40
kDa and a minor species of 42 kDa on SDS/PAGE gels (Fig. 14).
After exposure to IR, a greater fraction of CREB migrated as
the slow-mobility form, although the overall band intensities did
not change. The induction of the electrophoretic mobility shift
was maximal by 30 min after IR and declined to unstimulated
levels by 24 h. The IR-induced electrophoretic mobility shift was
revealed also by using a «-CREB Ab (Fig. 14 Lower), was
detectable with IR doses as low as 2 Gy (see Fig. 6, which is
published as supporting information on the PNAS web site), and
was fully reversed upon phosphatase treatment of the cell
extracts, indicating that the observed mobility shift was a con-
sequence of phosphorylation (Fig. 1B). H,O, also induced the
time- and dose-dependent phosphorylation of CREB (Fig. 1C).
Based on these results, we conclude that CREB is phosphory-
lated on a site distinct from Ser-133 in K562 cells after IR or
H,0; treatment.

We next examined the ATM dependence of IR-induced
CREB phosphorylation. In contrast to cell lines expressing WT
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Fig.2. ATM phosphorylates CREB in vitro. (A) Primary amino acid sequence
and schematic depiction of CREB. Locations of potential ATM phosphorylation
sites are shown in bold and indicated by asterisks. (B) ATM kinase assay.
Detergent extracts from G-361 cells were immunoprecipitated by using con-
trol rabbit IgG (=) or a-ATM Abs (+). The immunoprecipitates were incubated
with either a WT HIS-CREB fusion protein substrate (WT) or a HIS-CREB
substrate containing the indicated single or combination Ala substitutions.
Kinase reactions were performed in the presence of [y-32JATP, and the reac-
tion products were analyzed by SDS/PAGE and autoradiography. (C) Effects of
ATM phosphorylation site mutations on CREB electrophoretic mobility. HEK
293T cells were transfected with expression plasmids encoding WT CREB (WT);
CREB bearing single Ala substitutions at Thr-100, Ser-111, or Ser-121; or a
CREB3A mutant containing Ala substitutions at all three sites. At 24 h after
transfection, the cells were treated with H,O, or vehicle for 1 h. Cell extracts
were then immunoblotted with «-CREB.

ATM (L40, C3ABR), the IR-induced electrophoretic mobility
shift of CREB was absent in the ATM-deficient cell lines AT59
and AT3 (Fig. 1D). In AT59 cells, a fraction of CREB migrated
as the slow-mobility form in the absence of IR. However, the
abundance of this species did not increase after IR exposure,
indicating that ATM is required for the inducible component of
CREB phosphorylation. The A-T cell lines also displayed a
complete defect in HO»-induced CREB phosphorylation (Fig.
6B). Finally, both IR and H,O»-induced CREB phosphorylation
were inhibited by the ATM inhibitor caffeine (Fig. 6C). These
findings strongly suggest that functional ATM is required for the
phosphorylation of CREB in response to IR and oxidative stress.

ATM Phosphorylates CREB in Vitro. CREB contains six Ser/Thr-Gln
(SQ/TQ) motifs that may serve as phospho-acceptor sites for
ATM and ATR kinase family members (Fig. 24). Three of these
residues (Thr-100, Ser-111, and Ser-121) are located near the
N-terminal boundary of the KID, which spans amino acids
100-160 of CREB (21). To determine whether CREB is phos-
phorylated by ATM in vitro, we used a HIS-CREB fusion protein
substrate in ATM kinase assays. HIS-CREB was phosphorylated
upon incubation with a-ATM immunoprecipitates but not im-
munoprecipitates prepared by using control IgG (Fig. 2B).
Experiments using ectopically expressed, hemagglutinin-tagged
WT and kinase-inactive ATM revealed that a functional ATM
kinase domain was essential for in vitro phosphorylation of
CREB (see Fig. 7, which is published as supporting information
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on the PNAS web site). Individual Ala substitutions at Thr-100,
Ser-111, or Ser-121 inhibited ATM-catalyzed phosphate incor-
poration, and the mutation of Ser-111 had a particularly strong
inhibitory effect, reducing HIS-CREB phosphorylation by
~70% (Fig. 2B). Mutation of Thr-100, Ser-111, and Ser-121 in
combination reduced HIS-CREB phosphorylation to near-
background levels, whereas mutation of Thr-186, Thr-215, and
Thr-256 individually (data not shown) or in combination (Fig.
2B) had little effect. We conclude that ATM phosphorylates
CREB on Thr-100, Ser-111, and Ser-121 and that Ser-111
represents the major in vitro phosphorylation site.

CREB Is Phosphorylated on Ser-111 and Ser-121 in Intact Cells. To
examine initially whether CREB is phosphorylated on one or
more ATM phosphorylation sites in vivo, we transfected HEK
293T cells with plasmids encoding WT CREB (CREBWYT) or
CREB containing individual or combination Ala substitutions at
Thr-100, Ser-111, or Ser-121, and we then examined the H,O,-
induced electrophoretic mobility shift of the overexpressed
proteins. Most overexpressed CREBWYT migrated as the hyper-
phosphorylated form on SDS/PAGE gels, and exposure to H,O,
caused a further increase in the phosphorylated fraction (Fig.
2C). Ala substitutions at Thr-100 (CREB!%4) and Ser-121
(CREB!?!4) partially suppressed the basal level of hyperphos-
phorylated CREB, but they had no effect on the H,O»-induced
mobility shift (Fig. 2C). In contrast, a Ser-111—Ala mutation
abolished the H,O;-induced mobility shift and this effect was
recapitulated by using a CREB?** mutant containing Ala sub-
stitutions at all three phosphorylation sites. These findings
suggest that CREB is phosphorylated on Thr-100, Ser-111, and
Ser-121 in vivo, and that phosphorylation of Ser-111 is required
for the H,O;-induced mobility shift.

ATM Phosphorylation Sites Antagonize CREB-CBP Complex Formation.
The three ATM phosphorylation sites in CREB lie within the
KID, which binds to CBP through a 94-aa region termed the KIX
domain, in a Ser-133 phosphorylation-dependent manner (25).
To determine whether the ATM sites modulate CREB-CBP
interactions, we used a GST-KIX pull-down assay that measures
the binding of soluble CREB proteins to GST-KIX immobilized
on glutathione agarose beads (25). HEK 293T cells were trans-
fected with CREBYT, CREB?4, or CREB!334 expression plas-
mids and exposed to IR or mock irradiated. Cell extracts were
then incubated with GST-KIX beads, and the bound proteins
were analyzed by SDS/PAGE and immunoblotting with
a-CREB. The GST-KIX pull-down assay revealed that
CREBYT bound to GST-KIX, whereas CREB!33A containing
an Ala substitution at Ser-133 showed reduced affinity (Fig. 34).
In contrast, the KIX-binding capacity of CREB?A was elevated
4- to 5-fold relative to CREBWT (Fig. 34 and data not shown).
The CREBWYT and CREB32 proteins exhibited comparable
reactivity with the a-pS-133 Ab, suggesting that differential
binding to GST-KIX was not a consequence of differences in
Ser-133 phosphorylation (data not shown).

The effects of IR on the CREB-KIX interaction were exam-
ined also. IR exposure inhibited the interaction between
CREBWT and GST-KIX, but it had no effect on the binding of
the CREB3A mutant (Fig. 34). During these experiments, we
noted that, in comparison with CREBWYT, the binding of
CREB!34 to GST-KIX was more strongly inhibited by IR (Fig.
3A4). This finding suggested that ATM-mediated phosphoryla-
tion of CREB!*A disrupted a low affinity CREB!334-KIX
interaction. Consistent with this possibility, the KIX-binding
activity of a CREB?4/133A mutant, containing Ala substitutions
at Ser-133 and all three ATM sites, was resistant to IR (Fig. 3B).
IR also inhibited the interaction between endogenous CREB
and GST-KIX, and the observed inhibition was reversed by the
ATM inhibitor, wortmannin (Fig. 3C). The combined findings
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Fig. 3. ATM phosphorylation sites antagonize CREB-CBP complex forma-
tion. (A) Analysis of CREB-KIX interactions by GST-KIX pull-down assay. HEK
293T cells were transfected with vector, CREBWT, CREB3A, or CREB'33A expres-
sion plasmids. Equal amounts of cell extracts from irradiated (20 Gy, 1 h) or
unirradiated cells were incubated with GST-KIX agarose beads. Bound pro-
teins were eluted and analyzed by immunoblotting with a-CREB. Short and
long exposures of the film are shown. Expression levels of the transfected
CREB proteins are shown in Bottom. (B) IR-dependent inhibition of CREB'33A-
KIX interactions requires intact ATM phosphorylation sites. HEK 293T cells
were transfected with CREB'33A or CREB3A/133A containing Ala substitutions at
Ser-133 and all three ATM phosphorylation sites. GST-KIX pull-down assays
were then performed as described in A. (C) Effect of wortmannin (Wm) on
CREB-KIX interactions. HEK 293T cells were exposed to 20 uM Wm or vehicle
for 30 min and then exposed to IR (20 Gy) or mock-irradiated. After 1 h, cell
extracts were incubated with GST-KIX and the levels of bound CREB deter-
mined by immunoblotting. (D) CREB3A shows enhanced coimmunoprecipita-
tion with full-length CBP. HEK 293T cells were cotransfected with FLAG-CBP
and either CREBWT or CREB3A expression vectors. At 24 h later, cells were
exposed to IR or mock irradiated, and cell extracts were immunoprecipitated
with a-FLAG. Levels of the coimmunoprecipitated CREB proteins were deter-
mined by blotting with a-CREB and expression levels of CREB and FLAG-CBP
were assessed by blotting with «-CREB and a-FLAG, respectively.

imply that ATM phosphorylation sites antagonize CREB-KIX
interactions and that phosphorylation of Ser-133 counteracts the
inhibitory effects of these residues.

Further experiments were performed to confirm that ATM
phosphorylation sites modulate CREB-CBP interactions in
intact cells. HEK 293T cells were cotransfected with CREBWT
or CREB** and full-length FLAG-CBP expression plasmids.
Cells were exposed to 20 Gy of IR or mock irradiated, and cell
extracts were immunoprecipitated with «-FLAG. Immunoblot
analysis using a-CREB revealed that IR inhibited the coimmu-
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Fig. 4. Ala substitutions at ATM phosphorylation sites enhance CREB tran-
scriptional activity. (A) HEK 293T cells were cotransfected with GAL4-Luc, and
Gal4-CREBWT, Gal4-CREB3A, or Gal4-CREB'33A, Transfected cells were exposed
to IR (20 Gy) or mock irradiated and harvested 1 h later for luciferase assays.
The data were normalized for cotransfected B-Gal expression and are plotted
as relative luciferase activity. The data represent the averaged results of at
least three experiments (Gal4-CREBWT and Gal4-CREB3A, n = 5). (B) Transcrip-
tional activity of full-length CREB toward a CRE-Luc promoter construct. HEK
293T cells were cotransfected with a 5X-CRE-Luc reporter construct and ex-
pression plasmids encoding CREBWT or CREB3A. Transfected cells were exposed
to IR or mock irradiated and processed for luciferase assays as described in A.

noprecipitation of CREBWT with FLAG-CBP. In contrast,
CREB?3# demonstrated enhanced coimmunoprecipitation with
CBP that was resistant to inhibition by IR (Fig. 3D). These results
confirm the GST-KIX binding data and suggest that ATM
phosphorylation sites antagonize CREB-CBP complex forma-
tion in vivo.

Effects of ATM Phosphorylation Site Mutations on CREB Transactiva-
tion Potential. The CBP-binding results described above sug-
gested that ATM phosphorylation sites may impact CREB
transactivation potential. To test this possibility, we used a
reporter gene assay in which the DNA binding domain of yeast
Gal4 is fused to the N-terminal 280 aa of CREB (see Materials
and Methods). HEK 293T cells were cotransfected with a lucif-
erase construct containing tandem GAL4 binding sites (GAL4-
Luc) and plasmids encoding Gal4-CREBWT, Gal4-CREB3A, or
Gal4-CREB'3A, The transfected cells were then exposed to IR
or mock irradiated, and luciferase assays were performed 1 h
later. This assay revealed that the transcriptional activity of
Gal4-CREB3A was consistently 2-fold higher than the activity of
Gal4-CREBWT in the absence of stimulus (Fig. 44). Exposure to
IR inhibited the basal activity of Gal4-CREBWT but affected the
activity of Gal4-CREB3A only marginally. The inhibition of
Gal4-CREBYT was modest, ranging from 30% to 50% in
multiple experiments. The activating effects of ATM phosphor-
ylation site mutations on CREB transactivation potential were
also observed by using a SX-CRE-luciferase reporter and full-
length CREB constructs, and they could be recapitulated by
single amino acid substitutions at Ser-111 or Ser-121 (Figs. 4B
and 8B, which is published as supporting information on the
PNAS web site). In addition, cellular exposure to the ATM
inhibitors wortmannin (20 uM) or caffeine (5 mM) had a slight
enhancing effect on CREB transactivation potential (Fig. 84).
These data suggest that ATM-mediated phosphorylation antag-
onizes CREB transactivation potential.

Mutation of the three ATM phosphorylation sites activated
CREB, whereas mutation of the PKA site at Ser-133 inhibited
CREB activity. Therefore, we tested whether the CREB3A
mutation could rescue the activation defect of the CREB!34
mutant. The transactivation potential of Gal4-CREB3A/133A mu-
tant containing Ala substitutions at Thr-100, Ser-111, Ser-121,
and Ser-133 was comparable with that of Gal4-CREB!'334
indicating that Ala substitutions at ATM sites are insufficient to
activate Gal4-CREB independently of the Ser-133 phosphory-
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Fig.5. Stress-induced phosphorylation of CREB on Ser-121. (A) H,0,-induced
phosphorylation of CREB on Ser-121 is ATM-dependent. Cells expressing WT
ATM- (K562, L40) or ATM-deficient cells (AT59, AT1BI) were left untreated or
exposed to 200 uM H,0; and harvested 1 h later. Cell extracts were analyzed
by SDS/PAGE and immunoblotting with a-pS-121 (Upper) and a-CREB (Lower).
(B) Time course of IR-induced Ser-121 phosphorylation. HEK 293T cell extracts
were prepared at the indicated time points after irradiation with 10 Gy and
analyzed by immunoblotting with a-pS121 and a-CREB. (C) ATM-mediated
phosphorylation of CREB in CGNs. Mouse CGNs were exposed to 10 Gy of IR or
mock irradiated. Cell extracts were prepared at the indicated times and
analyzed by immunoblotting with a-pS121 and a-CREB. Where indicated, the
samples were treated with wortmannin (20 uM) 15 min before irradiation.

lation site (Fig. 8B). In addition, IR preexposure did not
attenuate forskolin-induced CREB activation, suggesting that
the canonical phospho-Ser-133-dependent activation pathway is
dominant to the ATM pathway in this assay (data not shown). In
summary, the combined data suggest that ATM phosphorylation
sites negatively regulate CREB transactivation potential and are
congruent with the CBP-binding results.

Ser-121 Is a Highly Inducible ATM Phosphorylation Site. The results
described above strongly suggested that ATM phosphorylates
CREB in response to DNA damage and that the putative ATM
phosphorylation sites at Thr-100, Ser-111, and Ser-121 nega-
tively regulate CREB transactivation potential and binding to
CBP. To prove unequivocally that Thr-100, Ser-111, and Ser-121
are bona fide ATM phosphorylation sites, we attempted to
generate phospho-specific Abs that recognize each residue. We
successfully generated an Ab that recognizes phosphorylated
Ser-121 (a-pS-121). a-pS-121 demonstrated robust and phos-
phatase-sensitive reactivity with CREB after cellular exposure
to H,O, (Figs. 54 and 94, which is published as supporting
information on the PNAS web site). As a specificity control, we
demonstrated that a-pS-121 recognized ectopically expressed
CREBWT but not CREB'>'A (Fig. 9B). Phosphorylation of
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CREB on Ser-121 was defective in the ATM-deficient cell lines
AT59 and AT1, indicating that ATM is responsible for phos-
phorylation of this site in vivo (Fig. 54). As expected, IR strongly
induced the phosphorylation of Ser-121 (Fig. 5B). UV light,
aphidicolin, and the hypoxia-mimetic drug deferoxamine mesy-
late also induced Ser-121 phosphorylation but with delayed
kinetics and lower magnitude in comparison with IR or H,O,
(see Fig. 10, which is published as supporting information on the
PNAS web site, and data not shown). From these findings, we
conclude that the phosphorylation of CREB on Ser-121 repre-
sents a general response to cellular stress.

The phosphorylation of endogenous CREB on Ser-121 was
highly inducible by IR, yet a fraction of CREB was phosphor-
ylated on Ser-111 in the absence of DNA damage, as evidenced
by the presence of the slow mobility form on SDS/PAGE gels
(Figs. 14 and 2C). Therefore, we postulated that Ser-111
phosphorylation is required for phosphorylation of Ser-121.
Consistent with this possibility, a Ser-111—Ala substitution
completely blocked the H,O,-induced phosphorylation of Ser-
121 (see Fig. 10C). These data are consistent with a model in
which the phosphorylation of Ser-111 primes the inducible
phosphorylation of Ser-121 in response to stress stimuli.

CREB has been implicated as a positive regulator of neuron
survival, whereas ATM promotes apoptosis of neurons in re-
sponse to DNA damage (7, 15). Therefore, the neuronal func-
tions of ATM and CREB may be linked. As a first step toward
establishing this possibility, we tested whether CREB was phos-
phorylated on Ser-121 in cerebellar granule neurons (CGNs)
isolated from 7-day-old mice. Exposure of CGNs to IR resulted
in Ser-121 phosphorylation that was maximal 1-2 hours after IR
and was suppressed by wortmannin (Fig. 5C). From this result,
we conclude that the ATM-CREB pathway is activated by DNA
damage in primary neurons.

Discussion

We have delineated an ATM—CREB signaling pathway linking
the genome surveillance apparatus to a key regulator of gene
expression and cell survival. Our findings indicate that ATM
regulates CREB by means of a noncanonical, Ser-133 phos-
phorylation-independent mechanism involving the direct phos-
phorylation of three closely spaced amino acids (Thr-100, Ser-
111, and Ser-121) located within the KID of CREB. Given that
the ATM phosphorylation sites are clustered, and that phos-
phorylation of at least two of the sites (Ser-111 and Ser-121) is
induced by a wide variety of stress stimuli, we collectively refer
to Thr-100/Ser-111/Ser-121 as a S/TQ domain. ATM is re-
quired for both IR and H>O»-induced CREB phosphorylation.
However, CREB was also phosphorylated on Ser-121 in re-
sponse to UV light, aphidicolin, and hypoxia, which are stimuli
that activate the ATM-related kinase, ATR (36). It is, therefore,
likely that ATM and ATR regulate CREB phosphorylation
collectively in response to stress stimuli. Our findings further
suggest that the phosphorylation of Ser-111 is required for the
DNA damage-inducible phosphorylation of Ser-121 (see Fig.
10C). Interestingly, Ser-111, which is a preferred ATM phos-
phorylation site in vitro, also conforms to a consensus casein
kinase 2 site. Casein kinase 2 displays high basal activity in vivo
and has been implicated as a CREB kinase (37, 38). It is,
therefore, conceivable that casein kinase 2 plays a role in priming
the damage-inducible phosphorylation of Ser-121.

Although the functional implications of the ATM-CREB
pathway remain to be fully elucidated, our findings suggest that
one outcome of ATM-mediated CREB phosphorylation is the
inhibition of CBP binding. Combination or single ATM phos-
phorylation-site mutations enhanced the CBP-binding affinity of
CREB 4- to 5-fold, whereas IR inhibited the binding of both
endogenous CREB and transiently transfected CREB to CBP.
Relative to endogenous CREB, the CBP-binding of overex-
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pressed CREBWVT was generally less sensitive to IR. We suspect
that the difference is caused by the strong constitutive phos-
phorylation of transiently transfected CREB on Ser-111 (Fig.
2C), which may blunt the IR-inducible component of the re-
sponse. The enhanced CBP-binding activity of CREB?* relative
to CREBWT, even in the absence of IR, supports this hypothesis
(Fig. 34). Notably, the 4- to 5-fold increased CBP-binding
capacity of CREB?* translated into an ~2-fold enhancement of
CREB transactivation potential. The modest activating effects of
ATM phosphorylation site mutations on CREB activity are
reminiscent of findings that examined the impact of Ala substi-
tutions at the inhibitory CaMKII phosphorylation site at Ser-142
(23, 24). However, the nonlinearity between the CBP binding
and transactivation parameters suggests that the impact of the
ATM phosphorylation sites on CREB transcriptional functions
may not be modeled adequately by generic CREB reporter
assays but instead may be gene and promoter context-dependent.

Precisely how ATM phosphorylation sites modulate the
CREB-KIX interaction is not known. The Ser-111 and Ser-121
phosphorylation sites lie within a-helix A of the KID, which does
not contact the KIX domain directly (39). We propose that
ATM-mediated phosphorylation induces a conformational
change in the KID that attenuates binding to KIX. Consistent
with this possibility, an Ala substitution at Ser-111 grossly altered
CREB electrophoretic mobility (Fig. 2C), suggesting that phos-
phorylation of this residue may impact CREB conformation.
Our results further suggest that the phospho-Ser-133-dependent
binding of CREB to the KIX domain is dominant over the
inhibitory effects of the ATM phosphorylation sites. Specifically,
the CREB'33A mutant, which displays weak CBP-binding affin-
ity, unmasked a strong inhibitory effect of IR on the CREB-KIX
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interaction that was reversed when the ATM phosphorylation
sites were mutated (Fig. 3B). This finding suggests that the
phosphorylation of CREBWT on Ser-133 opposes the antago-
nistic effects of ATM phosphorylation sites on CREB-KIX
complex formation.

The broad implications of the ATM pathway for CREB-
dependent gene expression are presently unclear. It is conceiv-
able that, by modulating CBP binding affinity, ATM alters the
repertoire of CREB-dependent gene expression. Given that the
PKA pathway preferentially activates CR E-containing promot-
ers that possess a TATA box (40), it is possible that ATM
principally affects the expression of TATA-less CREB targets,
which include DNA repair factors and cell cycle regulators (40).
Further studies are needed to examine comprehensively the
impact of the ATM—CREB pathway on basal and stress-induced
expression of CREB target genes. Finally, given that CREB is a
neuron survival factor, it is attractive to speculate that ATM-
CREB pathway regulates neuron homeostasis and/or apoptosis.
Consistent with a neuronal function for the ATM-CREB path-
way, we found that ATM phosphorylated CREB in CGNs
exposed to IR (Fig. 5C). Future studies will be needed to
determine the function of the ATM-CREB pathway in neurons
and to ascertain whether dysregulation of the ATM-CREB
pathway contributes to neuropathogenesis in A-T.
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