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Overexpression of the c-myc oncogene contributes to the devel-
opment of a significant number of human cancers. In response to
deregulated Myc activity, the p53 tumor suppressor is activated to
promote apoptosis and inhibit tumor formation. Here we demon-
strate that p53 induction in response to Myc overexpression
requires the ataxia-telangiectasia mutated (ATM) kinase, a major
regulator of the cellular response to DNA double-strand breaks. In
a transgenic mouse model overexpressing Myc in squamous epi-
thelial tissues, inactivation of Atm suppresses apoptosis and ac-
celerates tumorigenesis. Deregulated Myc expression induces DNA
damage in primary transgenic keratinocytes and the formation of
�H2AX and phospho-SMC1 foci in transgenic tissue. These findings
suggest that Myc overexpression causes DNA damage in vivo and
that the ATM-dependent response to this damage is critical for p53
activation, apoptosis, and the suppression of tumor development.

p53 � DNA damage

The c-myc oncogene is overexpressed in a large percentage of
human tumors, including cancers of lymphoid, mesenchymal,

and epithelial origin. Increased Myc activity contributes to
tumorigenesis by promoting proliferation and making cells re-
fractory to some antimitogenic signals. Myc is a transcription
factor that regulates the expression of a number of genes
involved in cell cycle control and metabolism (1, 2). It has also
been suggested that deregulated Myc expression leads to DNA
damage and genomic instability and in this way also contributes
to cancer development (3–5).

The p53 tumor suppressor limits cell proliferation and tumor
development in response to increased Myc activity by promoting
apoptosis (6–8). One mechanism by which Myc overexpression
is signaled to p53 is through the ARF (p14ARF in humans and
p19Arf in mice) tumor suppressor (9). ARF regulates p53 by
binding to and inhibiting the action of Mdm2, a negative
regulator of p53 (10). Like p53 loss, the inactivation of Arf
suppresses apoptosis and promotes tumorigenesis in response to
Myc overexpression (9, 11–13).

The activity of p53 is also regulated in response to DNA
damage and other stresses by posttranslational modifications,
including phosphorylation (14). Phosphorylation of p53 at N-
terminal residues is especially critical because these modifica-
tions can inhibit Mdm2 binding, increase p53 transcriptional
activation capacity, and promote additional posttranslational
modifications that regulate DNA binding. The ataxia-
telangiectasia mutated (ATM) and ATM-and Rad3-related
(ATR) kinases directly phosphorylate p53 on serine-15 (15–17).
In addition, ATM indirectly regulates other p53 phosphorylation
events by phosphorylating and activating additional kinases such
as Chk2, Chk1, and Plk3 (18–24). Other proteins phosphorylated
by ATM as part of the DNA damage response include Mdm2,
BRCA1, SMC1, NBS1, and E2F1 (25–32). It is thought that
ATM responds primarily to DNA double-strand breaks whereas
ATR responds to UV radiation-induced DNA damage and
blocks in transcription (33).

Recent reports have demonstrated that the ATM DNA dam-
age response pathway is activated early during the formation of
several types of human tumors (34, 35). This finding is consistent
with findings from cell culture experiments showing that a
number of oncogenic factors, such as E2F1, cyclin E, and Myc,
stimulate the phosphorylation of p53 and some other ATM
targets (3, 12, 34, 36–38). It has been suggested that the
activation of this checkpoint response by oncogenic stresses
inhibits the formation of cancer. In the present study, a trans-
genic mouse model overexpressing Myc in squamous epithelial
tissues is used to demonstrate that ATM plays a critical role in
activating p53, inducing apoptosis, and suppressing tumorigen-
esis in response to Myc.

Results
ATM Is Required for p53 Accumulation and Phosphorylation in Re-
sponse to Myc. K5 Myc-transgenic mice display hyperproliferative
epidermis and spontaneously develop tumors in the skin and oral
epithelium (39, 40). K5 Myc mice also exhibit aberrant apoptosis
in their epidermis that depends largely on functional p53 (40).
Consistent with these findings, K5 Myc-transgenic epidermis
contains elevated levels of p53 protein compared with nontrans-
genic epidermis (Fig. 1A). To determine whether this elevated
p53 in K5 Myc tissue is phosphorylated, antisera specific for the
serine-18 phosphorylated form of murine p53 was used in a
Western blot of epidermal protein isolated from K5 Myc mice.
As a positive control for phosphorylated p53, epidermal protein
from a nontransgenic mouse irradiated with 10 Gy of ionizing
radiation (IR) was used (Fig. 1 A, lane 1). K5 Myc mice contained
elevated levels of total and phosphorylated p53 that were similar
to those of IR-treated mice whereas phosphorylated p53 was
barely detectable in epidermal extracts from an untreated,
nontransgenic sibling mouse (Fig. 1 A). This finding that Myc
overexpression leads to p53 phosphorylation in K5 Myc tissue in
vivo agrees with previous results by others on the ability of Myc
to stimulate p53 phosphorylation in cultured fibroblasts (3, 36).

Human p53 serine-15 and the homologous murine p53
serine-18 are phosphorylated by several members of the phos-
phatidylinositol 3-kinase family, including ATM and ATR (15–
17). To determine whether ATM is involved in p53 stabilization
and serine-18 phosphorylation in the K5 Myc model, these mice
were bred into an Atm-null background. The total level of p53
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protein in K5 Myc tissue was significantly reduced and serine-18
phosphorylation was undetectable in the absence of ATM
(Fig. 1 A).

To further examine the requirement for ATM in mediating p53
accumulation and phosphorylation induced by Myc, normal human
fibroblasts (NHFs) and primary fibroblasts from a patient with
ataxia-telangiectasia (AT) were obtained. These cells were infected
with a recombinant adenovirus expressing Myc (AdMyc) or a
control adenovirus expressing GFP (AdGFP). As a positive control
for ATM-dependent phosphorylation, these cell cultures were also
irradiated with IR. Exposure to IR induced the phosphorylation of
ATM on serine-1981, a marker of ATM activation (41). Phosphor-
ylation of ATM also occurred in NHFs infected with AdMyc but not
AdGFP (Fig. 1B). As expected, IR induced p53 phosphorylation at
serine-15 in NHFs, and this was significantly reduced in the AT cells
(Fig. 1B). Phosphorylation of p53 also occurred in NHFs infected
with AdMyc but not AdGFP. In AT cells, however, overexpression
of Myc did not induce significant levels of phosphorylated p53 (Fig.
1B). Thus, ATM is required for p53 accumulation and phosphor-
ylation in response to Myc overexpression in both primary trans-
genic epidermal tissue and cultured primary human fibroblasts.

Myc Induces �H2AX and Phospho-SMC1 Foci in Vivo. Consistent with
the Western blot data from cells infected with the AdMyc virus,
ATM phosphorylated at serine-1981 could also be detected in
primary tissue from K5 Myc mice by immunofluorescence (Fig.
2). Phosphorylated ATM localizes to subnuclear foci that are

sites of DNA double-strand breaks (41). The staining pattern of
phospho-ATM in Myc-transgenic epidermis was similar to the
focal pattern of staining in mouse epidermis exposed to IR (Fig.
2). This finding suggests that transgenic expression of Myc may
cause DNA double-strand breaks as the mechanism for ATM
activation. One of the most commonly used and sensitive mark-
ers for detecting DNA double-strand breaks is the formation of
subnuclear foci containing the phosphorylated form of the
histone variant H2AX, termed �H2AX (42, 43). As expected,
exposure of wild-type mice to IR led to the formation of
subnuclear �H2AX foci (Fig. 2). In unirradiated K5 Myc epi-
dermis, �H2AX foci were also observed in most nuclei, and this
depended on the presence of ATM. (Fig. 2). K5 Myc epidermis
also stained positive for other markers of DNA double-strand
breaks, including phospho-SMC1 (Fig. 2). SMC1 is phosphory-
lated by ATM and, like �H2AX, localizes to sites of DNA
double-strand breaks (26, 27, 44). As with �H2AX, phospho-
SMC1 displayed a focal pattern of staining in K5 Myc epidermis,
similar to the pattern observed in IR-treated epidermis, and this
depended on the presence of ATM (Fig. 2). Thus, transgenic
expression of Myc in the epidermis results in the ATM-
dependent formation of �H2AX and phospho-SMC1 foci that
may represent sites of double-strand breaks.

Myc Induces DNA Damage in Vivo. To confirm that transgenic
expression of Myc caused DNA damage, primary keratinocytes
were isolated from K5 Myc mice and immediately used in the
single-cell gel electrophoresis (comet) assay. Keratinocytes iso-
lated from mice exposed to IR were used as a positive control for
DNA damage. In the absence of IR, only a few wild-type
keratinocytes had a detectable comet tail (Table 1). After IR
treatment, the majority of keratinocytes had comet tails, indic-
ative of DNA damage. Many keratinocytes isolated from K5 Myc
mice also had detectable comet tails, although the number of
positive cells and the length of the comet tails was lower than in
the IR-treated keratinocytes. Nonetheless, measurement of the
comet tail moment confirmed that K5 Myc keratinocytes had
significantly more DNA damage compared with untreated wild-
type keratinocytes (Table 1). Taken together, these findings
suggest that transgenic expression of Myc induces DNA damage
that is then recognized by the ATM response pathway.

Fig. 1. ATM-dependent accumulation and phosphorylation of p53 in re-
sponse to Myc. (A) Western blot analysis was performed on epidermal protein
lysates from nontransgenic (lanes 1–3) and K5 Myc-transgenic (lanes 4 and 5)
mice that were wild-type (lanes 1, 2, and 4) or nullizygous (lanes 3 and 5) for
Atm. The wild-type mouse in lane 1 was treated with 10 Gy of IR 30 min before
it was killed. Antisera specific to total p53 (Top), phospho-serine-15 p53
(Middle), or �-tubulin (Bottom) were used as indicated. (B) NHFs (lanes 1–4) or
primary fibroblasts from an AT patient (AT, lanes 5–8) were mock-treated
(lanes 1 and 5), exposed to 10 Gy of IR (lanes 2 and 6), or infected with AdGFP
(lanes 3 and 7) or AdMyc (lanes 4 and 8) at a multiplicity of infection of 100.
Cells were harvested for protein extract 1 h after IR or 24 h after infection, and
Western blot analysis was performed by using antisera or antibody specific for
phospho-serine-1981 ATM, total ATM, phospho-serine-15 p53, activated
caspase-3, or �-actin as indicated.

Fig. 2. K5 Myc-transgenic tissue stains for markers of DNA double-strand
breaks. Immunofluorescent staining was performed on skin sections from
untreated wild-type mice, wild-type mice exposed to 3 Gy of IR 20 min before
killing, K5 Myc mice, and K5 Myc, Atm�/� mice by using antibodies specific for
ATM phosphorylated at serine-1981 (p-ATM), �H2AX, or SMC1 phosphory-
lated at serine-957 (p-SMC1).
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ATM Promotes Apoptosis Induced by Myc. Activation of p53 in
response to Myc overexpression leads to the induction of apo-
ptosis. Consistent with this, infection of NHFs with AdMyc, but
not AdGFP, resulted in the formation of the activated, cleaved
form of caspase-3 (Fig. 1B). In contrast, Myc overexpression did
not increase the level of activated caspase-3 in AT cells. This
finding suggests that ATM participates in Myc-induced apopto-
sis. To determine whether this is the case in vivo, the effect of
Atm status on apoptosis in K5 Myc mice was examined by
measuring the number of epidermal keratinocytes staining for
the activated form of caspase-3. Inactivation of Atm resulted in
a significant decrease in the number of apoptotic cells observed
in K5 Myc-transgenic epidermis (Fig. 3A). In contrast to the
impaired apoptosis observed in response to Myc overexpression,
Atm�/� mice had normal levels of apoptosis in the epidermis
after exposure to UV radiation (Fig. 3B). This finding demon-
strates that the absence of ATM does not cause a general
impairment of apoptosis in mouse keratinocytes, but rather

inactivation of Atm specifically inhibits apoptosis in response to
Myc overexpression.

ATM Inactivation Cooperates with Myc Overexpression in Tumorigen-
esis. Suppressing Myc-induced apoptosis, through the inactiva-
tion of p53 or Arf or the overexpression of Bcl-2, has been shown
to accelerate tumorigenesis in a number of experimental systems
(7, 8, 13, 45, 46). To determine whether Atm inactivation would
also promote Myc-driven tumor development, K5 Myc mice that
were wild-type, hemizygous, or nullizygous for Atm were gen-
erated and maintained. K5 Myc mice develop spontaneous
tumors in several K5-expressing tissues, including the skin and
oral epithelium, starting at �30 weeks of age (39, 40). Atm�/�

mice normally develop lymphomas by 6 months of age but very
rarely develop tumors in epithelial tissues (47–49). Consistent
with our previous results, no K5 Myc mouse wild-type for Atm
developed a tumor before 30 weeks of age (Fig. 4). Inactivation
of one Atm allele had no significant effect on the rate of tumor
development in K5 Myc mice. In contrast, 67% of K5 Myc mice
null for Atm developed an epithelial tumor by 30 weeks of age
(Fig. 4).

Similar to Atm�/� mice, more than half of the K5 Myc mice null
for Atm (15 of 26) developed a lymphoma before or concurrent with
the development of an epithelial tumor. However, all mice that
developed a lymphoma before developing an epithelial tumor were
removed from the study shown in Fig. 4 and Table 2. By 49 weeks
of age, 100% of K5 Myc, Atm�/� mice that did not develop a
lymphoma had developed an epithelial tumor. In contrast, only
40% of the transgenic mice wild-type or hemizygous for Atm
developed a tumor by 1 year of age (Fig. 4 and Table 2). All of the
epithelial tumors that arose in the K5 Myc mice were in the skin or
oral epithelium (Table 2).

These findings demonstrate that the absence of ATM, like the
absence of p53, cooperates with Myc overexpression to promote
the development of at least some types of epithelial cancers. To
determine whether a similar cooperation might also occur in
lymphoma development, Myc expression was examined in cell
lines derived from lymphomas that had arisen in Atm�/� mice
lacking the K5 Myc transgene. In all three Atm�/� thymic
lymphoma cell lines examined, Myc was highly overexpressed
compared with the levels of Myc observed in primary T cells
from wild-type or Atm�/� mice (Fig. 5). This result is consistent
with the observation that c-myc gene amplification is a common
event in lymphomas from Atm�/� mice (50). Together, these

Table 1. DNA damage in primary keratinocytes as measured by
comet assay

Cells
% with

tails

Average
olive

moment

Untreated 10.3 2.8 � 0.5
5-Gy IR 71.1 14.3 � 2.1*
K5 Myc 41.8 9.7 � 1.2*

*, P � 0.001, as compared with untreated wild-type samples.

Fig. 3. Inactivation of Atm reduces apoptosis in K5 Myc-transgenic mice. (A)
Skin sections taken from mice with the indicated genotypes were immuno-
histochemically stained with an antibody specific for the activated form of
caspase-3. The average number of positive epidermal cells per 10 mm of skin
was determined microscopically from at least four independent mice in each
group. The number of caspase-3-positive cells in K5 Myc-transgenic mice null
for Atm is statistically different from the number in K5 Myc-transgenic mice
wild-type for Atm by unpaired t test (P � 0.0175). (B) Three wild-type and three
Atm-null mice were treated with 200 mJ�cm2 UVB, and skin sections were
taken 24 h later. Skin sections were immunohistochemically stained for acti-
vated caspase-3, and the average number of positive cells per 10 mm of
epidermis was determined microscopically for each group.

Fig. 4. Inactivation of Atm accelerates epithelial tumorigenesis in K5 Myc-
transgenic mice. K5 Myc-transgenic mice wild-type (���), hemizygous (���),
or nullizygous (���) for Atm were monitored for spontaneous tumor devel-
opment for 1 year. Only tumors from squamous epithelial tissues are included.
Tumor incidence in K5 Myc-transgenic mice that are Atm�/� is statistically
different from transgenic mice that are Atm�/� or Atm�/� by univariate
ANOVA (P � 0.05).
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findings suggest that loss of ATM function also cooperates with
Myc overexpression in the development of the spontaneous
thymic lymphomas that arise in Atm�/� mice.

Discussion
Phosphorylation of several DNA damage response proteins,
including ATM, Chk2, p53, and H2AX, can be observed in
precursor stage cancers of the breast, colon, lung, skin, testes,
and urinary bladder (34, 35, 51). This has led to the suggestion
that, in many cancers, DNA damage occurs during the earliest
stages of tumor development, before genomic instability and the
loss of wild-type p53 function. In agreement with this idea,
forced expression of oncogenic growth factors, cyclin E, cdc25A,
or E2F1 in cultured cells can induce the ATM signaling pathway
(34, 35, 37, 38). Overexpression of Myc was also shown to induce
DNA damage in vitro (3, 5), but whether this occurs in vivo has
been a matter of debate (52). It has been reported that dereg-
ulated expression of Myc in the liver of transgenic mice leads to
chromosomal damage, but only when coexpressed with a TGF�
transgene (4).

Here we show that transgenic expression of Myc on its own
induces the ATM DNA damage response pathway, as evidenced
by ATM and p53 phosphorylation and the formation of �H2AX
and phospho-SMC1 foci. An increase in DNA damage over
background levels could also be detected in primary keratino-
cytes isolated from K5 Myc mice. This finding indicates that Myc
overexpression, a common event in human cancers, causes DNA
damage in vivo and could contribute to the activation of the
ATM signaling pathway that is observed in early-stage clinical
specimens.

In addition to promoting cell proliferation, Myc also induces
apoptosis, and this functions to suppress tumor development. A
number of mediators have been shown to be important for
Myc-induced apoptosis, with one of the most critical being p53
(6). It has been proposed that oncogenes such as Myc and DNA
damage activate p53 through distinct mechanisms. Specifically,
ARF is believed to be involved in the activation of p53 in
response to oncogenes whereas kinases such as ATM are thought
to be important for p53 activation in response to DNA damage
(53, 54). Indeed, in the K5 Myc mice used in this study,

inactivation of Arf reduced the level of apoptosis observed in the
epidermis (12).

However, the findings presented here demonstrate that
ATM is also critical for p53 activation and the induction of
apoptosis in response to Myc. In the absence of ATM, p53
accumulation and phosphorylation in response to Myc are
greatly reduced. Moreover, the spontaneous apoptosis ob-
served in the epidermis of K5 Myc mice is significantly
decreased by Atm inactivation. Atm inactivation reduced apo-
ptosis in K5 Myc-transgenic tissue to a level that is similar to
that observed when Arf was inactivated, but not to the near-
complete inhibition of apoptosis observed in the absence of
p53 (12, 39). This finding suggests that, in at least some cases,
the ARF and ATM pathways cooperate to activate p53 and
promote apoptosis. ATM phosphorylates additional targets,
including Mdm2 and Chk2, that could also potentially con-
tribute to p53 activation and apoptosis. Whether Myc pro-
motes the ATM-dependent phosphorylation of these other
targets remains to be determined.

Inhibition of Myc-induced apoptosis has been shown to ac-
celerate tumor development in a number of experimental sys-
tems (7, 8, 40, 45, 46). Consistent with this finding, Atm
inactivation not only impairs apoptosis but also accelerates
epithelial tumor development in K5 Myc mice. This finding
provides experimental evidence to support the idea that the
ATM DNA damage response pathway functions to suppress the
emergence of tumors from precancerous lesions. In addition to
impairing apoptosis, the absence of ATM may also promote
tumorigenesis by causing genetic instability. Cells from humans
and mice lacking ATM have defective telomere maintenance,
end-to-end chromosome fusions, and an increased frequency of
spontaneous translocations that could contribute to cancer
development (50, 55–58).

A previous study using a different transgenic mouse model
demonstrated that p53 induction and apoptosis induced by
another type of oncogenic stress were unaffected by the absence
of ATM (59). In this transgenic model, a fragment of SV40 T
antigen, which binds and inactivates Rb family members but not
p53, is expressed in the brain choriod plexus epithelium. Trans-
genic expression of this T antigen fragment induces aberrant
proliferation and apoptosis that depends on p53 and E2F1 (60,
61). The discrepancy in the ATM requirement for apoptosis in
our K5 Myc model and this T antigen model may be due to
differences in the oncogenic signal or to tissue-specific differ-
ences between the choriod plexus and the epidermis. Interest-
ingly, inactivation of Atm did not accelerate tumor development
in the T antigen transgenic mouse model (59). Thus, an onco-
genic stress that does not require ATM to activate p53 and
induce apoptosis does not cooperate with the absence of ATM
to promote tumor development. This finding suggests that it is
the ability of ATM to promote apoptosis in response to Myc that
is critical for suppressing tumorigenesis in K5 Myc mice, al-
though other activities of ATM, such as maintaining genomic
stability, may also play a role.

Table 2. Epithelial tumors in K5 Myc-transgenic mice

Genotype n
Tumor incidence

at 1 year, %
Average age of

onset, weeks Tumor types

Atm��� 15 (8 F, 7 M) 40 42.0 Two squamous papillomas and four SCC of skin
Atm��� 20 (12 F, 8 M) 40 44.8 Three squamous papillomas, one SCC of skin,

and four SCC of oral cavity
Atm��� 15 (7 F, 8 M) 100 29.2 Four squamous papillomas, three SCC of skin,

and nine SCC of oral cavity

F, female; M, male; SCC, squamous cell carcinoma.

Fig. 5. Thymic lymphoma cell lines from Atm knockout mice overexpress
Myc. Western blot analysis for Myc and �-actin was performed by using
extracts from primary thymocytes isolated from 4-week-old wild-type (lanes 1
and 2) or Atm-null (lanes 3 and 4) mice or from three independent thymic
lymphoma cell lines derived from Atm�/� mice (lanes 5–7).
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Materials and Methods
Mice. The generation of K5 Myc-transgenic mice is described in ref.
40. Briefly, the transgene contains the bovine K5 promoter (62), the
rabbit �-globin intron 2, the simian virus 40 polyadenylation signal,
and a murine c-myc genomic fragment. K5 Myc-transgenic mice
(line MM5) were bred to mice containing an inactivated Atm allele
(47) to generate K5 Myc mice heterozygous for Atm. Male K5 Myc
mice heterozygous for Atm were then bred to Atm heterozygous
female mice to generate K5 Myc and nontransgenic mice that were
homozygous, heterozygous, or nullizygous for Atm. K5 Myc mice
were originally in the SSIN strain background. Atm�/� mice were
obtained from The Jackson Laboratory and were in the C57BL�6J
strain background. The genetic background of mice in this study
was, therefore, a mixture of SSIN and C57BL�6J strains. Sibling
mice were used for comparisons in all experimental procedures. All
experiments with mice were performed in accordance with national
guidelines and regulations and approved by the Institutional Ani-
mal Care and Use Committee.

Cells and Viruses. NHFs and primary AT fibroblasts (Coriell Cell
Repositories, Camden, NJ) were maintained in MEM with 2 mM
glutamine, nonessential amino acids, and 15% FBS. Cells from
age-, sex-, and ethnicity-matched individuals GM08399 (wild
type) and GM02052 (from an AT patient) were used. Recom-
binant adenoviruses expressing human c-myc and GFP are
described in ref. 37.

Immunoblotting and Antibodies. Epidermal protein lysate was col-
lected by scraping dorsal skin and resuspending epidermal tissue in
modified RIPA lysis buffer (50 mM Hepes, pH 7.4�1% IGEPAL�
0.25% Na deoxycholate�150 mM NaCl�1 mM EDTA�1 mM
PMSF�1 mM NaF�1 mM Na3VO4) with 6 M urea containing
protease (Sigma, P-8340) and phosphatase (Sigma, P-2850) inhib-
itor mixtures. Protein extract was prepared by freeze-thawing
followed by supernatant collection after ultracentrifugation
(135,000 � g, Beckman TL-100). Cells were harvested and lysed in
RIPA lysis buffer with protease and phosphatase inhibitors, and
proteins were extracted as described above.

Protein samples (50 �g) were separated on 6–10% SDS�
PAGE gels depending on the protein size and transferred to
a poly(vinylidene dif luoride) membrane. After transferring,
the membranes were blocked in 5% milk in TBST (TBS and
0.01% Tween 20) for 30 min and probed with primary antisera
or antibodies for 1 h in 5% milk in TBST). The following rabbit
polyclonal antisera were acquired: p53 pS15 (catalog no. 9284;
1:1,000), p53 (catalog no. 9282; 1:1,000), and cleaved caspase-3
(catalog no. 9661; 1:1,000) from Cell Signaling Technology
(Beverly, MA) and c-Myc (catalog no. sc-788; 1:1,000) and
�-tubulin (catalog no. sc-9104; 1:2,000) from Santa Cruz
Biotechnology. The following mouse monoclonal antibodies
were obtained: ATM pS1981 (catalog no. 200-301-400;
1:1,000) from Rockland, ATM (catalog no. GTX70103;
1:1,000) from Genetex, and �-actin (catalog no. sc-8342;
1:2,000) from Santa Cruz Biotechnology. Bands were visual-
ized by using enhanced chemiluminescence reagent (Amer-
sham Pharmacia).

Single-Cell Gel Electrophoresis (Comet) Assay. Primary keratino-
cytes were isolated from adult mouse epidermis as described in

ref. 63. Briefly, dorsal skin samples were incubated in trypsin for
2 h at 32°C, and then the epidermal layer was separated from the
dermis. The scraped epidermis was stirred at 100 rpm on a
magnetic stirrer for 20 min at room temperature. The cells were
then pelleted and resuspended in PBS. Primary keratinocytes at
a concentration of 2 � 105 cells per ml were then embedded in
low-melting-point agarose on a glass slide by using the CometAs-
say kit and the manufacturer’s protocol (Trevigen, catalog no.
4250-050-K). Briefly, the embedded cells were incubated over-
night at 4°C in lysis solution (2.5 M NaCl�100 mM EDTA, pH
10�10 mM Tris�1% sodium lauryl sarcosinate�0.01% Triton
X-100) followed by incubation in alkaline solution (300 mM
NaOH�EDTA 1 mM) for 40 min to denature the DNA. The
samples were then washed twice in TBE buffer and electropho-
resed at 19 V for 10 min in 1� TBE buffer. The samples were
stained with 50 �l of SYBR Green, and nuclei were visualized
by fluorescent microscopy. Tail length and olive tail moment of
70 nuclei per slide were scored by using COMETSCORE software
(TriTek). Student’s t test was used to derive P values. Tail
moment is the product of the tail length and the fraction of total
DNA in the tail, which gives a measure of the extent of DNA
damage.

Phospho-ATM, �H2AX, and Phospho-SMC1 Immunofluorescence. For-
malin-fixed, paraffin-embedded mouse skin sections were depar-
affinized, boiled in 10 mM sodium citrate for 10 min, and blocked
in 50% goat serum for 30 min. Sections were then incubated
overnight at 4°C with antibodies against histone H2AX pS139
(�H2AX) (catalog no. 05-636, Upstate Biotechnology; 1:300),
ATM pS1981 (catalog no. 600-401-400, Rockland; 1:200) and
SMC1 pS957 (catalog no. 200-301-397, Rockland; 1:300). Alexa
Fluor 488-conjugated goat anti-rabbit or anti-mouse secondary
antibodies from Molecular Probes were used, and the sections
were imaged by using an Olympus laser confocal microscope or
an Olympus BX60 fluorescent microscope.

Activated Caspase-3 Immunohistochemistry. Formalin-fixed, paraf-
fin-embedded skin sections were immunohistochemically stained
with an antibody specific for the activated form of caspase-3 (R &
D Systems, 1:2,000 dilution) by using the Histostain-Plus kit
(Zymed). The stained slides were examined microscopically to
determine the average number of positive epidermal keratinocytes
per 10 mm of linear skin. For UV treatment, 6- to 8-week-old
wild-type and Atm�/� knockout mice were irradiated with 200
mJ�cm2 UVB from 12 Westinghouse FS20 sunlamps and killed 24 h
later. Skin samples were immunohistochemically stained and ana-
lyzed for activated caspase-3 as above.
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