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Introduction

The cellular response to DNA damage engages numerous 
signal transduction pathways that rapidly affect downstream 
processes, including transcription, DNA replication, and cell 
cycle status, to enable either DNA repair or cell death.1,2 Cen-
tral to the DNA damage response are members of the phos-
phatidyl inositol 3-kinase-like kinase (PIKK) family,3,4 which 
are activated in response to double-stranded DNA breaks 
(DSBs) promoted by genotoxic insult.5 Among the PIKK 
family members are ATM (ataxia-telangiectasia mutated), 
ATR (ataxia-telangiectasia and Rad-3-related), and DNA PK 
(DNA protein kinase catalytic subunit).2,6 ATM substrates 
functioning in the DNA damage response are the checkpoint 
signaling kinases Chk2 and Chk17,8; checkpoint mediators 
ATF2, BRCA1, 53BP1, and MDC19-12; the histone variant 
H2AX; and the diverse effectors that function in DNA repair, 
cell cycle, and cell death control, such as RAD9, RAD17, 
SMC1, FANCD2, and p53.13-19 Mutation or loss of ATM 
impairs DNA damage-induced p53 activation.20 Consistent 
with its key role in the DNA damage response, impaired acti-
vation of ATM results in higher sensitivity to ionizing radia-
tion (IR), spontaneous lymphomagenesis, infertility, and 
neurologic abnormalities.2,21,22

DNA damage also activates the Jun N-terminal kinase 
(JNK), which augments PIKK function. Impaired activa-
tion of JNK or its substrates, such as c-Jun, ATF2, or p53, 
affects cell cycle control that is integral to a cell’s ability to 
initiate proper repair processes. Hence, concerted activity 
of ATM, JNK, and their substrates is a prerequisite for an 
intact cellular response to DNA damage and repair. Intrigu-
ingly, some JNK substrates are also ATM substrates, 
although the phosphoacceptor sites for the two kinases are 
distinct, and modification by either can confer a distinct 
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functional outcome. Among the shared substrates are p53, 
c-Jun, and ATF2. p53 phosphorylation on Ser15 is ATM 
dependent and implicated in its transcriptional activities 
and stability.17,23 Similarly, JNK phosphorylation of p53 on 
Thr81 contributes to p53 stability and activity.24 In contrast, 
phosphorylation of ATF2 by JNK is required for its tran-
scriptional activities, whereas phosphorylation by ATM 
results in localization of ATF2 to DNA repair foci, indepen-
dent of its transcriptional function.10,25,26 Notably, c-Jun can 
be also found within DNA repair foci following IR.27

Our previous studies revealed that in addition to its tran-
scriptional activity (reviewed in Lopez-Bergami et al., 
201028), ATF2 also functions in the DNA damage response 
that requires phosphorylation by ATM on serines 490/498 
of the human protein (corresponding to mouse residues 
472/480).10,25 ATF2 phosphorylation by ATM is required 
for ATF2 to localize with the MRN complex proteins in 
DNA repair foci and to contribute to the intra-S-phase 
checkpoint. Furthermore, inhibition of ATF2 expression 
attenuates the degree of ATM activation after IR10 through 
ATF2’s association with and control of the histone 
acetyltransferase.

Here we assessed the physiological significance of ATF2 
phosphorylation by ATM using mice in which both the 

ATM phosphoacceptor sites on ATF2 (serines 472/480) 
were mutated to alanine (ATF2KI mice). We show that these 
mice were more sensitive to IR and, when crossed with p53 
knockout (KO) mice, developed similar tumor types more 
rapidly than either ATF2KI or p53KO mice. Notably, the cell 
cycle regulatory protein p21 did not accumulate in IR-
treated ATF2KI-derived cells and tissues, suggesting a 
mechanism underlying the impaired response to DNA dam-
age. Lastly, induction of skin carcinogenesis in ATF2KI 
mice was faster and resulted in a higher number of low-
grade skin tumors. Our data establish the role of ATF2 
phosphorylation by ATM in acute cellular response to DNA 
damage and tumor susceptibility.

Results
Generation of ATF2KI mice. The vector used for gene tar-

geting in mouse ES cells contained ATF2 sequences 
mutated on Ser472/480 (corresponding to human residues 
490/498; Fig. 1A) and was based on a construct used previ-
ously to generate an ATF2 conditional mouse line.29 Proper 
homologous recombination in AMK6 ES cells (129S7 
background) generated a knock-in allele of ATF2 bearing 
the Ser472/480 mutations. Founder mice were derived from 
blastocyst injection experiments and breeding of the chime-
ric mice. The resulting F1 generation mice that were hetero-
zygous for the targeted ATF2 allele were crossed with 
Protamine-Cre transgenic mice30 to delete the floxed drug 
selection marker in the sperm cells of mice inheriting both 
the Cre transgene and the ATF2KI allele. The ATF2KI/+, Pr-
Cre mice were bred to wild-type (WT) C57Bl/6 mice to 
generate the ATF2KI model, which was subsequently back-
crossed with C57Bl/6 mice for 9 generations. This resulted 
in the recovery of the ATF2KI allele on an inbred C57Bl/6 
background. A restriction fragment-based PCR reaction 
was established and utilized for rapid genotyping (Fig. 1B). 
ATF2KI mice were born exhibiting the expected Mendelian 
frequency and were indistinguishable from ATF2WT 
littermates.

ATF2KI mice are more sensitive to IR. Given the role of ATF2 
in the DNA damage response and the crosstalk between 
ATF2 and ATM signaling, we first assessed phenotypes 
seen in ATM mutant mice or mice carrying mutation in 
ATM substrates. Phenotypes common to these mice are an 
impaired DNA damage response, coupled with improper 
repair and higher IR sensitivity.20,21 Mice homozygous for 
loss of ATM often develop spontaneous lymphomagenesis 
at the age of 2 to 4 months.21,22 Unlike ATM mutant mice, 
ATF2KI mice did not develop spontaneous tumors (data 
not shown; see Fig. 5A). To assess abnormalities in the 
hematopoietic system, lymphocytes from thymus, spleen, 
bone marrow, and the peritoneal cavity were analyzed by 
fluorescence-activated cell sorting (FACS), but no 
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Figure 1.  Generation of ATF2KI mice. (A) Scheme outlines strategy used 
to replace serines 472/480 with alanines on a genomic clone used for 
homologous recombination. Location of the loxP-PGK-neo-loxP cassette 
is indicated. DTA is a negative selection marker. (B) Restriction fragment-
based genotyping of ATF2KI mice. Noted is one of the two MwoI sites lost 
upon S472A substitution. Representative ethidium bromide–stained gel 
depicts the different PCR garments obtained following MwoI digestion for 
each of the possible genotypes.
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differences in B and T cell development or distribution of 
distinct lymphocyte subpopulations were seen between the 
ATF2WT and ATF2KI mice (data not shown).

To determine whether ATF2KI mice are sensitive to IR, 
we exposed them to 8Gy of IR. While >70% of ATF2WT lit-
termates (n = 8) survived beyond 30 days, over 75% of the 
ATF2KI animals (n = 11) died within 30 days, indicating that 
ATF2KI mice are more sensitive to IR than ATF2WT mice 
(Fig. 2A). A lethal dose in which 50% of mice died (LD50) 
following IR was calculated to be >30 days for the ATF2WT 
mice, compared with 20 days for the ATF2KI mice (Fig. 
2A). Thus, ATF2 phosphorylation by ATM contributes to 
IR resistance.

Terminal transferase-mediated dUTP nick end-labeling 
(TUNEL) analysis of spleen tissues at 3 hours, 24 hours, 
and 6 days after IR (8Gy) showed increased cell death 3 
hours after IR in both ATF2WT and ATF2KI mice (Fig. 2B and 
data not shown). Significantly, CD4 and CD8 double-posi-
tive thymocytes underwent apoptosis following IR (Fig. 2C). 
Although a significant loss of thymocytes was observed 48 
hours after 5Gy IR, no difference was observed in the dis-
tribution of double-positive thymocytes (Fig. 2C). The two 
groups also showed no difference in apoptosis of lympho-
cytes from spleen, bone marrow, and the peritoneal cavity 
(data not shown).

Since IR targets hematopoietic stem cells and causes 
anemia in mice,31 we performed whole-blood analysis of 
hematocrit (HCT), hemoglobin, red blood cells, and white 
blood cells in ATF2WT and ATF2KI mice. In both groups, we 
observed immediate leucopenia 24 hours after IR and ane-
mia 6 days after IR, yet no difference was observed between 
the two groups (data not shown).

ATF2KI mice exhibit increased intestinal cell apoptosis and 
more severe liver damage after IR. Proliferating clonogenic 
crypt cells in the intestine are sensitive to IR, and apoptosis 
of these cells leads to depletion of villus cells, organ failure, 
and eventually cell death.32-35 BrdU staining performed on 
intestine sections from control and irradiated mice was col-
lected at 24 hours and at 6 days after IR (8Gy). Analysis 
revealed a temporary reduction in the number of BrdU-
positive crypt cells 24 hours after IR (Fig. 3A-B, D-E), which 
was restored 6 days after IR in both ATF2WT and ATF2KI 
mice (Fig. 3C,F). However, different from the response 
seen in control mice, we observed increased apoptosis in 
intestinal crypt cells of irradiated ATF2KI mice (Fig. 3G-I). 
Therefore, although the rate of proliferation of crypt cells 
was unchanged in ATF2KI mice, increased apoptosis seen in 
crypt cells likely resulted in depletion of this critical cell 
population and could account, in part, for the greater sensi-
tivity of ATF2KI mice to IR. Previous studies showed that 
IR can also induce hepatic steatosis.36 Hepatic steatosis is a 
physiological response of liver to damage and often is 

reversible.37 Conditional knockout of ATF2 showed that 
ATF2 is essential for early liver development.29 We there-
fore evaluated pathology of liver from both ATF2WT and 
ATF2KI mice before and after IR. We found increased oil 
red staining in ATF2WT animal (2/3) 6 days after IR (Fig. 
3J); however, all the ATF2KI livers (6/6) stained negative 
(Fig. 3K). With the data that ATF2KI mice suffer from more 
apoptosis in multiple organs, it seems that ATF2KI mice also 
suffer from more severe liver damage, and the damage is 
more severe than the reversible hepatic steatosis. These 
results suggest that ATM-dependent phosphorylation of 
ATF may be essential to maintain liver homeostasis under 
both normal and stressed conditions.

Though ATF2KI mice showed greater sensitivity to IR, it 
seems that these mice suffered more severe damage in mul-
tiple organs (i.e., intestine, liver). Thus, the acute lethality 
could be attributed to the failure of multiple organs com-
bined with anemia.

Attenuated expression of p21 following IR of in ATF2KI mice. 
To determine the cellular and molecular basis of increased 
sensitivity of ATF2KI mice to IR, we isolated primary 
murine embryonic fibroblasts (MEFs) from both ATF2WT 
and ATF2KI embryos and subjected them to genotoxic stress 
in culture using the genotoxic drug etoposide (ETO).38,39 
Cells were then analyzed for changes in cell cycle distribu-
tion. Compared with ATF2WT MEFs, ATF2KI MEFs exhib-
ited impaired ability to undergo ETO-induced cell cycle 
arrest (Fig. 4A). Prolonged exposure to ETO (5 µM) 
resulted in a notably lower increase in G2/M in the ATF2KI 
MEFs (20%), compared with ATF2WT cells (40%; Fig. 4A). 
These findings point to the role of ATF2 phosphorylation by 
ATM in cellular response to DNA damage and the control 
of cell cycle progression.

Among proteins that mediate cell cycle arrest, including 
G2/M arrest following DNA damage, is p21, which is 
induced following genotoxic stimuli.40-42 Consistent with 
the impaired ability of ATF2KI MEFs to undergo genotoxic 
stress-dependent cell cycle arrest, these cells failed to 
induce p21 following exposure to IR (Fig. 4B,C), compared 
to ATF2WT cells that had a 3-fold induction of p21 expres-
sion 3 hours after exposure to DNA damage (10Gy IR; Fig. 
4B,C). Notably, neither p21 mRNA or protein levels 
increased in ATF2KI MEFs (Fig. 4B,C). Importantly, this 
impaired activation of p21 following DNA damage was 
also seen in vivo. Comparison of the levels of p21 RNA and 
protein extracted from the brains (in which ATF2 expres-
sion is higher compared to other tissues) of ATF2WT and 
ATF2KI animals before and after IR revealed impaired 
induction of p21 expression in ATF2KI mice (Fig. 4D). ATM 
activity, as indicated by ATM phosphorylation at residue 
1981 and the degree of p53 phosphorylation on Ser15, did 
not differ between the ATF2WT and ATF2KI MEFs (data not 
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shown). These findings suggest that mutant ATF2 did not 
affect ATM activity. Impaired p21 activation and a corre-
sponding G2/M arrest following DNA damage are likely to 

provide a molecular mechanism for the increased sensitiv-
ity of ATF2KI mice to IR. Consistent with this possibility, 
p21 mutant mice are more sensitive to IR.33
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Figure 2. ATF2KI mice are more sensitive to ionizing radiation (IR). (A) Kaplan-Meier survival analysis. Age-comparable adult wild-type (ATF2WT) and 
knock-in (KI) animals received 8Gy whole-body irradiation. Thirty days after irradiation, 75% of the ATF2KI group died, while 70% of the animals in the 
ATF2WT group survived the irradiation using Kaplan-Meier survival analysis. (B) Terminal transferase-mediated dUTP nick end-labeling (TUNEL) analysis 
of spleen from ATF2WT and ATF2KI animals obtained 3 or 24 hours after 8Gy IR or corresponding controls. (C) Fluorescence-activated cell sorting (FACS) 
analysis of thymus and spleen from ATF2WT and ATF2KI animals performed 48 hours after exposure to 5Gy IR. Shown are representative data (n = 4 for 
ATF2WT, n = 5 for ATF2KI).
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Regulation of p21 is subject to a complex set of regula-
tory cues at the level of transcription translation and post-
translational modifications. Among key regulators of p21 
transcription is p53, which is unaltered in ATF2KI cells, 
consistent with earlier studies demonstrating that ATF2 
phosphorylation by ATM does not affect its transcriptional 
activity.21 Thus, a p53-independent mechanism is likely to 
contribute to impaired IR-induced p21 transcription seen in 
the ATF2KI cells and tissues.

GeneGo enrichment analysis identifies preferential changes 
in DNA damage/checkpoint networks in irradiated ATF2KI cells. 
To further elucidate the molecular differences in DNA dam-
age response between ATF2WT and ATF2KI mice, we used 
microarray analysis to assess global transcription programs 
in ATF2WT and ATF2KI MEFs before and after IR. To do so, 
the ontology enrichment analysis workflow was employed 
in MetaCore to determine which networks in the GeneGo 
process may be altered when comparing data sets obtained 
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Figure 3. ATF2KI mice exhibit increased intestinal cell apoptosis and more severe liver damage after ionizing radiation (IR). (A-F) BrdU staining of 
intestine of wild-type (ATF2WT) and ATF2KI animals was performed on nonirradiated (control a and b) and irradiated mice at 24 hours and 6 days after 
IR. Note decrease in BrdU-positive cells that reside in the crypt at the 24-hour time point, which restores at the day 6 time point. (G, H) Terminal 
transferase-mediated dUTP nick end-labeling (TUNEL) staining (right panels) reveals marked increase (P < 0.05) in apoptosis in the crypt cells of the 
intestine in the ATF2KI compared with the ATF2WT animals. (I) Summary of the increased apoptosis in the crypt cell. (J, K) Oil red staining of the liver 
showed that IR increases hepatic steatosis in ATF2WT, while ATF2KI liver stained negative for oil red.
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from irradiated ATF2KI versus 
ATF2WT cells. Notably, the MetaCore 
analysis revealed that the processes 
associated with the DNA damage 
checkpoint are those that exhibit the 
most significant difference among the 
two groups (Fig. 5A). The number of 
genes involved in DNA damage 
checkpoint remained largely similar 
in both groups (80 in ATF2WT and 74 
in AFT2KI samples), with cyclins (A, 
A2, D3) found to express following 
IR in the ATF2WT but not in the 
AFT2KI MEFs (Fig. 5B). Notably, the 
expression level of genes recorded in 
both samples was lower in AFT2KI 
versus ATF2WT samples. This statisti-
cally significant difference was 
shown to be 10.3 [-log (P value)] in 
ATF2WT versus 8.3 in the group (Fig. 
5A). Real-time qPCR analysis con-
firmed that cyclin A and cyclin D3 
have higher expression in ATF2WT 

MEFs than knock-in (ATF2KI) MEFs 
(Fig. 5C). As these cyclins are impli-
cated in cell cycle checkpoint transi-
tion, the lack of their expression in 
the ATF2KI MEFs is consistent with 
the impaired cell cycle arrest pheno-
type identified for the ATF2KI MEFs 
and upon expression of ATF2, which 
is mutated in the ATM phosphoryla-
tion site.10 These findings also point 
to a more global change in checkpoint 
control genes whose expression is 
attenuated in AFT2KI cells.

ATF2KI mutations accelerate tumor 
progression in the p53 mutant mice. 
p53 mutant (p53KO) mice die of 
tumors prematurely through accumu-
lation of somatic mutations result-
ing from genomic instability.43-46 
Heterozygous loss of p53, combined 
with oncogene activation or loss of 
tumor suppressors, can also accelerate 
tumorigenesis due to the increased 
burden of mutations.47 Given the p53-
independent role of ATF2 in the DNA 
damage response and impaired p21 
seen in ATF2KI mice, we assessed 
changes in tumorigenesis in p53KOx-
ATF2KI mice. To do so, we compared the 
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Figure 4.  Expression of p21 is attenuated in ATF2KI cells and tissues subjected to genotoxic 
stress. (A) Murine embryonic fibroblasts (MEFs) prepared from wild-type (ATF2WT) and ATF2KI 
animals were subjected to treatment with etoposide (ETO), and cells were harvested 8 or 24 
hours later for assessment of cell cycle distribution using fluorescence-activated cell sorting 
(FACS). Shown is the relative increase in the percentage of cells found to be in G2/M following 
ETO treatment. (B) Analysis of p21 transcripts was performed using qPCR analysis of cDNA 
prepared from RNA of the ATF2WT and ATF2KI MEFs at the indicated time points and doses of 
ionizing radiation (IR). (C) Western blot analysis of proteins prepared from ATF2WT or ATF2KI 
MEFs following IR (10Gy) or nonirradiated controls. Level of Ser15 on p53 and serine 139 on 
γH2AX (S139) served as controls for the cellular response to IR. Level of p21 proteins are shown 
(upper panel). (D) Real-time qPCR was performed on cDNA prepared from brain of ATF2WT 
or ATF2KI animals 3 and 24 hours after 8Gy IR. Representative experiment shown (out of 3 
experiments, each using triplicates; error bars represent standard deviation). Western blots were 
performed with the same samples as the qPCR to determine the relative level of p21 protein.
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following 4 groups: p53WTxATF2WT, p53WTxATF2KI, 
p53KOxATF2WT, and p53KOxATF2KI; p53WTxATF2WT and 
p53WTxATF2KI groups survived up to 1 year without tumors, 
whereas the p53KOxATF2WT and p53KOxATF2KI groups 
died of tumors within 280 days of birth (Fig. 6A). The 
median survival for p53KO mice was 207 days compared 
with 132 days for the p53KOxATF2KI group (Fig. 6A).

Histological analysis of tumor types in the p53KO versus 
p53KOxATF2KI groups revealed that the majority of tumors 
were histologically similar, with the predominant tumor in 
both groups being T cell lymphoma found in the lymph 
nodes, spleen, and liver (Suppl. Fig. S5). The lymphoma in 
both groups was stained positive with the T cell marker 

CD3 (Suppl. Fig. S1) and appeared histologically identical 
in representative sections from all tissues in both genotypes. 
Interestingly, in addition to the T cell lymphomas, ATF2KI 
groups were found to have two skin tumors that were also 
reported in the p53KO animals (not shown). The table in Fig-
ure 6B summarizes the incidence and type of tumors identi-
fied in the two mouse groups.

These findings prompted us to assess changes in lym-
phocyte or thymocytes prior to the overt appearance of dis-
ease among the ATF2WT, ATF2KI, p53KO, and ATF2KIxp53KO 
animals. Flow cytometry of lymphocyte populations per-
formed on 4- to 5-month-old animals showed no apparent 
alterations in lymphocyte or myeloid cell numbers, nor did 
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genes are listed in the circle. (C) qPCR analysis of cyclin A2 and cyclin D3 transcript levels performed on MEF from ATF2WT and ATF2KI mice following the 
indicated.
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it reveal any phenotype in the blood, spleen, or lymph node 
(data not shown). However, analysis of the thymus revealed 
severe alterations in the thymocyte populations in both 
p53KO and ATF2KIxp53KO animals but not in ATF2WT or 
ATF2KI genotypes. A 3- to 5-fold increase in total thymic 
cell numbers, which was associated with a loss of CD4 and 
CD8 single-positive cells and expansion of CD4/

CD8 double positives, was found in p53KO (1/3) and 
ATF2KIxp53KO (2/3) animals (Fig. 6C). Other changes iden-
tified in these groups included a marked increase (~2.5-
fold) in cell size, associated with reduced expression of 
CD3ε and a modest increase of CD25 levels (ATF2KIx-
p53KO) and a 3-fold increase toward CD4 single-positive 
cells, associated with increased cell size (p53KO). These 

p53KO ATF2WT p53KO ATF2KI

lymph node lymphoma 15 11

splenic lymphoma 8 8

lymphoma in the liver 0 4

squamous cell carcinoma 0 1

sarcoma 1 1

peripheral nerve sheath tumor 1 0

A B

C

Figure 6. ATF2KI accelerates tumor formation in p53KO animals. ATF2KI animals were crossed with p53KO animals, and the following genotypes were 
monitored for tumor development and survival: p53WTxATF2WT, p53WTxATF2KI, p53KOxATF2WT, and p53KOxATF2KI. (A) Kaplan-Meier survival analysis 
showed p53KOATF2KI mice died of tumors earlier than p53KOATF2WT mice, with a median survival difference of 75 days (P < 0.0001). The p53WTATF2WT 
and p53WTATF2KI animals survived and showed no sign of tumors or sickness up to 1 year. (B) Summary of tumor types among the two genotypes. 
(C) Fluorescence-activated cell sorting (FACS) analysis of thymic cells from 3- to 4-month-old mice of the wild-type (ATF2WT) and ATF2KI genotypes 
for frequency and size (FSC) of double-positive (DP), CD4 and CD8 single-positive (CD4+ or CD8+) positive cells. Values indicate the percentage and 
standard deviation (where noted, n = 3) of live cells.
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data are consistent with the finding of T cell lymphoma as 
the major tumor type seen in both ATF2KIxp53KO and p53KO 
genotypes (Fig. 6B, Suppl. Fig. S1). Together these data 
suggest that ATF2 KI mutation reduces the age of disease 
onset and possibly affects its severity, but not the type of 
tumor formed.

ATF2KI mice develop faster and a higher number of low-
grade skin tumors. As an independent model to assess the 
possible role of ATF2KI in tumorigenesis, we subjected the 
ATF2KI and control group to the two-stage skin carcino-
genesis protocol in which a single treatment with DMBA 
as the tumor initiator is followed by weekly topical appli-
cation of the tumor promoter TPA to the skin, resulting  
in the formation of skin papillomas.48 In the C57/B6 
strain, this protocol results in papillomas as early as 15 
weeks following DMBA/TPA treatment, with subsequent 
development to squamous skin carcinomas by 20 weeks.49,50 
Consistent with reported studies, skin tumors were 
observed in the control group 16 weeks after initiating the 
study50 (Fig. 7A). Notably, these lesions were observed as 
early as 11 weeks following DMBA/TPA administration in 
the ATF2KI mice (Fig. 7, Suppl. Fig. S2). Further, both the 
percentage of animals bearing tumors and the average 
tumor number per animal are higher in the ATF2KI group 
(Figs. 7a, 7b, Suppl. Fig. S2). Markedly, the ATF2KI group 
exhibited 15 papillomas compared with 5 papillomas in the 
ATF2WT control group (15 animals per group; Fig. 7B), 
indicating a higher incidence and multiple papillomas per 
animal in the ATF2KI group. These data indicate that 
latency period and incidence of skin tumor development 
are shorter in the ATF2KI animals.

Histological and pathological analysis of the tumors 
developed in both of the genotypes was complemented by 
immunostainings using antibodies to desmin and keratin 
markers, which distinguish (see Materials and Methods for 
details) squamous cell carcinomas (SCC) from the most 
advanced tumor type, spindle cell carcinomas (SPC; Fig. 7C, 
Suppl. Fig. S4). This analysis, performed 20 weeks following 
DMBA treatment, revealed that the ATF2KI group developed 
more cancerous lesions and at earlier time points compared 
to the control animals (Fig. 7A-C, Suppl. Fig. S4).

Papilloma conversion to SCC was overall comparable 
between the two groups (85% in the ATF2KI vs. 93% in the 
ATF2WT group; Fig. 7B,C, Suppl. Figs. S3, S4), suggesting 
that progression to carcinoma did not differ among the two 
groups. Notably, however, further progression to the more 
malignant stage, SPC, which is characterized by expression 
of EMT markers, was more pronounced in the ATF2KI com-
pared with the ATF2WT group (15% vs. 7%, respectively; 
Suppl. Fig. S3). BrdU staining confirmed a highly prolifer-
ative state in papillomas and SCC forms (Fig. 7D, Suppl. 
Fig. S5). These findings suggest that ATF2 phosphorylation 

by ATM is important in the prevention of early stages of 
skin tumor formation, as reflected by the higher number 
and shorter latency. Further, ATM phosphorylation of ATF2 
is also important in the progression of SCC to SPC, the 
more advanced form of skin tumors, as noted by the higher 
incidence of EMT-bearing SPC tumors identified in ATF2KI 
animals, compared with the ATF2WT group.

Discussion
The present study provides genetic evidence for the role of 
ATF2 in the DNA damage response and demonstrates the 
importance of ATF2 phosphorylation by ATM in radiation 
resistance as in tumorigenesis, using three different experi-
mental models. Mice carrying ATF2 mutated in ATM phos-
phoacceptor sites exhibited greater sensitivity to IR and 
were more prone to develop tumors when crossed with p53 
mutant mice or when subjected to skin carcinogenesis  
protocols. These findings underscore the physiological sig-
nificance of our initial studies identifying ATF2 as an ATM 
substrate. Those studies provided biochemical evidence for 
ATF2 phosphorylation by ATM on residues 490/498 (of the 
human protein) and showed that such phosphorylation in 
response to DNA damage localized ATF2 to repair foci 
along with members of the MRN complex, as in the intra-S-
phase checkpoint.10,25,26 Here, we reveal the significance of 
ATF2 as an ATM substrate in susceptibility to tumorigene-
sis as to DNA damage, pointing to its role in maintaining 
genomic stability.

Significantly, ATF2’s role in the DNA damage response 
can be separated from its function as a transcription factor. 
In agreement, mice carrying a transcriptionally inactive 
form of ATF2 exhibit a lethal phenotype,29 unlike the 
ATF2KI mice studied here. In the present study, mutation of 
the ATF2 ATM phosphoacceptor sites did not appear to 
cause any overt phenotypes in nonirradiated animals but 
heightens sensitivity in response to genotoxic stress. This 
observation indicates the importance of ATF2 in the cellular 
response to exogenous DNA damage. ATF2 was also found 
to play an important role in tumor susceptibility, given the 
shorter latency of tumor development seen when the muta-
tion was crossed to p53 mutant mice. Thus, in the absence 
of a p53 protective mechanism,51,52 ATF2 appears to aug-
ment mechanisms underlying genomic stability. This func-
tion appears to be p53 independent, as revealed from our 
mouse genetic studies.

Consistent with these findings, ATF2KI mice subjected to 
a two-stage skin carcinogenesis protocol developed a 
greater number of cancerous lesions more rapidly than non-
mutated mice, augmenting changes induced by Ras onco-
gene mutation and tumor promotion, which in this protocol 
constitutes the underlying mechanism of tumor formation. 
Notably, ATF2KI mice were prone to develop tumors that 
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Figure 7.  Low-grade skin tumors develop faster and at higher incidence in ATF2KI mice subjected to skin carcinogenesis protocol. Mice of the ATF2WT 
and ATF2KI genotypes were subjected to single application of DMBA followed by weekly topical application of TPA (see Materials and Methods for details). 
Measurement of lesions was performed at the indicated time points. (A) Number of tumors over time for each of the two groups is outlined. (B) The 
number of papillomas and tumors found in ATF2WT and ATF2KI animals is shown, based on histological and immunological analysis. (C) Tumors were 
subjected to H&E, K14, desmin, or BrdU staining as indicated. Shown are representative images (magnification 20x). Histopathological and immunological 
analysis identified the tumor types as papilloma, squamous cell carcinoma (SCC), or spindle cell carcinoma (SPC). (D) Papillomas and SCC were subjected 
to BrdU analysis. Also shown is corresponding H&E staining.



326		  Genes & Cancer / vol 1 no 4 (2010)

also progressed to more advanced stages compared with 
ATF2WT animals. These findings point to the roles of ATM 
phosphorylation of ATF2 in both initiation and progression 
phases of skin tumor development. A possible explanation 
for the role of ATM-phosphorylated ATF2 in tumor pro-
gression may lie in its ability to affect expression of pro-
teins that play a central role in cell cycle and mitosis.

The results in both tumor models—skin carcinogenesis 
and p53KO mice—revealed that in the absence of ATM 
phosphorylation of ATF2, there is greater susceptibility to 
develop cancerous lesions, pointing to a tumor suppressor 
function. The DNA damage function of ATF2, acquired 
upon its phosphorylation by ATM, augments its reported 
role as a tumor suppressor, which requires its transcrip-
tional activity, at least in context of skin carcinogenesis and 
tumors carrying mutant p53.

Of note, localization of ATF2 phosphorylated by ATM in 
DNA repair foci could not be assessed in mouse cells or tis-
sues since available phospho-antibodies raised against the 
human protein fail to recognize the phosphorylated mouse 
protein (sequences flanking the phosphoacceptor sites dif-
fer among the two species). Also, tissue or species differ-
ences may be attributed to the lack of ATF2-dependent 
changes in ATM activity, which were observed in human 
transformed cells but not in nontransformed mouse cells 
used in the present study.

Intriguingly, ATF2KI mice phenocopy p21–/– mice in IR 
sensitivity.33 Consistent with these observations is the strik-
ing difference between the p53 and p21 mutant mice; p53 
knockout confers IR resistance, while p21–/– mice are more 
IR sensitive. Thus, despite the fact that p21 is a major target 
of p53 activation in response to DNA damage,40-42 p21-
dependent radiosensitivity is p53 independent. Our findings 
support these differences, as ATF2 phosphorylation by ATM 
was required for p21 activation following DNA damage.

To address the question of how ATM phosphorylation of 
ATF2 contributes to the activation of p21 transcription, we 
analyzed a gene expression array and identified a cluster of 
genes involved in DNA damage checkpoint control as those 
most altered in expression by ATM phosphorylation of ATF2, 
consistent with our earlier finding of ATM-phosphorylated 
ATF2 role in intra-S-phase checkpoint control.10 Since ear-
lier studies revealed that ATM phosphorylation of ATF2 
does not affect its transcriptional activity per se, it is possi-
ble that such modification affects a more global gene 
expression program, possibly mediated by recruitment of 
histone-modifying enzymes. In agreement, ATF2 associates 
with TIP60 HAT and with SUV39a HDMET26 (unpublished 
findings). Furthermore, mass spectrometry analysis of 
ATF2KI-bound proteins identified a different class of his-
tone tails bound to ATF2WT versus ATF2KI proteins (Ronai 
et al., unpublished data), implying that diverse recognition 
of modified histones may underlie ATF2’s ability to con-
tribute to specific patterns of gene expression.

In all, this study provides genetic evidence for the role of 
ATF2 in the control of response to DNA damage and sus-
ceptibility to develop tumors, implying a role in maintenance 
of genomic stability. Impaired phosphorylation of ATF2 by 
ATM resulted in higher sensitivity to IR, accelerated tumor-
igenesis in p53KO background, and higher incidence of early 
appearing papillomas in the skin carcinogenesis model. The 
present studies reveal that while inactivating ATF2 phos-
phorylation by ATM is not sufficient for spontaneous tumor 
formation, it effectively enhances genomic instability 
induced by mutant oncogenes or tumor suppressor genes. 
The latter is consistent with the reported tumor suppressor 
function associated with expression of a transcriptionally 
inactive form of ATF2, in mammary and nonmalignant skin 
tumors.53,54 In both cases, the transcriptionally dead ATF2 
selectively expressed in mammary or keratinocyte cells was 
not sufficient to render a tumor phenotype. Yet, when com-
bined with inactivated p53 or activated Ras, it accelerated 
the formation of mammary or nonmalignant skin tumors, 
respectively.28,53,54 How much of the latter phenotype can 
be attributed to the role of ATF2 in DNA damage response, 
as opposed to its transcriptional activities, will require fur-
ther studies. Available data suggest that the two functions of 
ATF2 regulate distinct cellular mechanisms that comple-
ment each other in cellular response to stress and DNA 
damage.

Materials and Methods

Cells. MEFs were isolated from 13.5-day-old embryos 
according to standard protocol (http://discovery.wisc.edu/
media/MIR_Images/RegBioPDFs/harvesting_MEF.pdf). All 
the MEFs cells used in this study have undergone fewer than 
5 passages in culture and the MEFs used for cell cycle profil-
ing fewer than 3 passages. Etoposide (cat. no. 341205, Cal-
biochem, San Diego, CA) was dissolved in DMSO and used 
at the working concentration of 5 µM for the indicated time.

Engineering ATF2KI mice. ATF2 genomic sequences were 
isolated by screening a 129/ola mouse cosmid library 
(RZPD, Berlin, Germany). ATF2KI mutant clones (Ser to 
Ala substitutions corresponding to human residues 490 and 
498, respectively) were generated by in vitro mutagenesis 
(Promega, Madison, WI) and insertion of genomic sequences 
into vector pPGKneobpAlox2PGKDTA (kindly received 
from Frank Gertler, Massachusetts Institute of Technology, 
Cambridge, MA). The ATF2KI targeting vector was electro-
porated into AMK6 mouse (129S7-based) ES cells, and the 
cells were placed under G418 selection. Surviving clones 
were arrayed in a 96-well format, and DNA was prepared by 
Proteinase K treatment and ethanol precipitation of the 
genomic DNA. The DNA was resuspended in 20 µL TE, and 
3 µL was used in a nested PCR assay employing primers to 
the Neomycin drug selection gene and to ATF2 sequences 
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that were 3′ of exon 11 and not included within the targeting 
vector. Proper targeting of ATF2 in the ES cells was indi-
cated by the presence of a 2-kb PCR fragment in these reac-
tions. Two independent clones were identified in these 
experiments and expanded for use in blastocyst microinjec-
tions. Both clones gave rise to high-degree chimeric mice, 
which were subsequently bred to C57Bl/6 mice. Germline 
transmission of the targeted allele as assessed by coat color 
was obtained using both ES clones, which was confirmed by 
genotyping of select agouti F1 offspring. These mice were 
then crossed with Protamine-Cre transgenic mice to obtain 
ATF2KI/+, Pr-Cre male mice, which were bred with C57Bl/6 
wild-type mice. Mice were identified by PCR analysis in the 
F2 litter that correctly deleted the drug selection marker 
within the ATF2KI targeted allele, resulting in the ATF2KI 
model. The ATF2KI mice were utilized in a congenic back-
crossed with C57Bl/6 inbred mice for 9 additional genera-
tions, then intercrossed in order to obtain ATF2KI 
homozygous mice on a pure C57Bl/6 genetic background.

Mouse genotyping. Genomic DNA was isolated from tail 
tissue with protocol reported before.53 DNA was subjected 
to PCR reaction, resulting in amplification of an 857-bp 
DNA fragment spanning exon 11 and mutant phosphoac-
ceptor sites. Digestion of the amplified fragment with the 
restriction enzyme MwoI resulted in the formation of 2 
fragments, with MW of 287 and 570 bp (Fig. 1B). The pres-
ence of the point mutation, which displaces the phosphoac-
ceptor site at aa 472/480, results in the formation of an 
additional site for MwoI cleavage. As a result, mutant allele 
exhibits 3 fragments of 119, 287, and 451 bp in the case of 
the homozygous allele. A heterozygous form will exhibit all 
4 fragments (Fig. 1B). The integrity of this analysis was 
confirmed by sequencing reactions performed when the 
method was set up and later in 10% of samples subjected to 
confirmation analysis.

Whole-body irradiation. All the animals from both ATF2WT 
and KI group were between 2 and 3 months old. These ani-
mals were fed with neomycin (Fisher Bioreagents CAT. No. 
BP266925; 2 g/L in drinking water) a week before 
γ-irradiation and were kept on neomycin after irradiation. 
The Kaplan-Meier survival curve and statistics were cre-
ated with GraphPad Prism 5.

Cell sorting. Cell cycle and death analysis: 106 MEFs 
were fixed in 70% ethanol in phosphate-buffered saline 
(PBS) at –20°C. Before FACS analysis, MEFs were washed 
and resuspended in PBS with 0.1% bovine serum albumin 
(BSA), 50 µg/mL propidium iodide (PI; cat. no. P4170, 
Sigma-Aldrich, St. Louis, MO), and 50 µg/mL RNAse A 
(cat. no. R4875, Sigma-Aldrich) for staining for 30 minutes 
in the dark. FACS analysis was performed at the flow 

cytometry core facility in the Burnham Institute. Flow 
cytometry—B/T cell analysis: Single-cell suspensions were 
prepared from spleen, inguinal lymph node, and thymus by 
physical dissociation between glass slides and from perito-
neal cavity by lavage with 10 mL PBS. Cells were manually 
counted using a hemacytometer. Cells were stained as fol-
lows according to the manufacturer’s instructions; all anti-
bodies were from eBisocience. Thymus and lymph node: 
anti-CD4 FITC, -CD25 PE, -CD8a PerCP, -CD11b PE-Cy7, 
-CD3ε APC, and -B220 APC-Cy7. Peritoneal cavity: anti-
CD5 biotin followed with anti-IgD FITC, -CD23 PE, sAv 
PerCP-Cy5.5, -CD1b PE-Cy7, -IgM APC, and -B220 APC-
Cy7. Bone marrow: anti-IgD FITC, -CD43 PE, -B220 
PerCP-Cy5.5, -CD1b PE-Cy7, -IgM APC, and -CD19 
APC-Cy7. Spleen: anti-CD5 biotin followed with anti-
CD21 FITC, -CD23 PE, -sAv PerCP-Cy5.5, -CD1b 
PE-Cy7, -IgM APC, and -B220 APC-Cy7. Flow cytometric 
data were acquired on a FACSCanto 6-color flow cytometer 
(BD Biosciences, San Jose, CA), and data were analyzed 
with FlowJo software (TreeStar, Ashland, OR).

Pathological evaluation of skin tumors. All tumor samples 
(94) were stained with H&E and scored for the following: 
invasion of the basement membrane, presence/absence of 
atypical squamous cells, high nuclear to cytoplasmic diam-
eter ratio, intercellular bridges, inflammation, hyperchro-
masia, keratinous pearls, the appearance of the stroma, 
nuclei shape, and if any clusters of tumor cells were pres-
ent. Samples were then taken and immunohistopathology 
was performed. Using desmin as an indicator, samples were 
first categorized by the presence or absence of desmin; 
samples were then analyzed for keratin markers. Using the 
following criteria, all samples were categorized into the fol-
lowing tumor types:

1.	 Squamous cell papilloma (SCP): The subjacent ves-
sels and connective tissue (fibrovascular core) grow 
to sustain and feed the tumor. The tumor cells resem-
ble normal squamous cells, but there is an increase 
of the layer number: hyperkeratosis; the basement 
membrane is intact. Negative for desmin and K10 
and positive for K14. Diminished to absent K14 
signal with strong desmin and K10 signal in the core.

2.	 Squamous cell carcinoma (SCC): intraepidermal 
proliferation of atypical keratinocytes. Hyperkera-
tosis, acanthosis, and confluent parakeratosis are 
seen within the epidermis, and the keratinocytes lie 
in complete disorder, resulting in the classic “wind-
blown” appearance. Cellular atypia, including pleo-
morphism, hyperchromatic nuclei, and mitoses, is 
prominent. Tumor cells transform into keratinized 
squames and form round nodules with concentric, 
laminated layers, called “cell nests” or “epithelial/ 
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keratinous pearls.” The surrounding stroma is re-
duced and contains inflammatory infiltrate (lym-
phocytes). Diminished to absent K14 signal with 
sporadic desmin signal localized in linear tube-like 
structures and high K10 signal with sporadic K8 
detection.

3.	 Spindle-cell carcinoma (SPC): elongated cells with 
central, elongated nuclei that are arranged in entan-
gled fascicles and intertwining bundles that exhibit 
hyperchromasia, enlarged nuclear to cytoplasmic 
ratio, and no keratinization. Undetectable K14 with a 
widespread desmin signal and persistent K10 signal 
and strong but scattered K8.

Westerns and antibodies. Western blots were performed 
as described.26 Phospho-ATM (ser 1981) antibody (cat. no. 
ab36810, Abcam, Cambridge, MA) was used at 1:2000. 
ATM antibody (cat. no. 2873, Cell Signaling Technology, 
Beverly, MA) was used at 1:2000. Phospho-H2AX (ser 
139) antibody (05-636, Millipore, Billerica, MA) was used 
at 1:1000. Phospho-p53 (ser 15) antibody (cat. no. 9284, 
Cell Signaling Technology) was used at 1:2000. p21 anti-
body (BD Biosciences) was used at 1:1000.

Quantitative real-time PCR. Total RNAs were prepared 
with the GenElute Mammalian Total RNA Miniprep Kit 
(cat. no. MRN70, Sigma-Aldrich) and reverse-transcribed 
to cDNA using the High Capacity cDNA Reverse Tran-
scription Kit (cat. no. 4368814, Applied Biosystems, Foster 
City, CA). qPCR was performed with the SYBR® 
GreenER™ Reagent System (Invitrogen, Carlsbad, CA). 
The p21 and β-actin rimers were synthesized as published 
previously.55,56

Gene ontology analysis. Illumina Microarray data were 
obtained (mouse chip MouseRef-8_V2_0_R0_11278551_A) 
from control or irradiated (10Gy) MEF of ATF2WT (control) 
or ATF2KI mice. Raw array data were analyzed first in 
BeadStudio 3.0 (Illumina, Inc., San Diego, CA). Gene 
expression data were first corrected to background and nor-
malized by the cubic spline method. Changes in the level of 
expression and significance (P values) values for all genes 
(18133) were submitted for pathways and networks analy-
sis in MetaCore (GeneGO, Inc., Saint Joseph, MI). We used 
ontology enrichment analysis workflow in MetaCore to 
determine which GeneGo process networks are differen-
tially affected in two data sets (ATF2WT vs. ATF2KI). In this 
analysis, we used two cutoffs: threshold for gene expres-
sion was defined as 10 (genes that normalized gene expres-
sion level less than 10 were not included in the analysis), 
and P value cutoff used was P < 0.001 (genes with a P value 
for expression level more or equal to 0.001 were not 
included in the analysis).

Two-stage skin carcinogenesis protocol. For mouse skin 
carcinogenesis, the dorsal skin of each mouse (15 ATF2KI 
and 15 ATF2WT mice) was shaved, using an electric shaver, 
2 days before it was treated with a single topical application 
of 7,12-dimethylbenz(a)anthracene (DMBA; 10 µg in 100 
µL of acetone).57 One week later, the same area was shaved, 
and the mice were treated topically with phorbol 
12-myristate 13-acetate (PMA; 10 µg in 200 µL of acetone; 
Sigma) once a week for 32 weeks. At the termination of the 
experiment (32 weeks after first application of TPA), mice 
were euthanized.

Tissue harvest and histology. Representative biopsies from 
all skin tumors were collected, fixed in Z-fix (Anatech Ltd., 
Battle Creek, MI) for 24 hours, washed 3 times with PBS, 
and stored in PBS for less than 24 hours before embedding 
in paraffin. Deparaffinized sections (5 µm thick) were 
stained with H&E for pathological evaluation (IDEXX, 
Irvine, CA).

Histopathology and immunohistochemistry. All sections 
were deparaffinized, rehydrated, washed in PBS, and 
blocked with Dako protein block for 30 minutes at room 
temperature. Antigen retrieval was performed in a pressure 
cooker (Deni electric pressure cooker) in citrate buffer (pH 
6.0) for 15 minutes at 15 psi, pressure was released slowly, 
and samples were allowed to cool for 1 hour at room tem-
perature and used for anti–cytokeratin 10, biotinylated anti–
cytokeratin 14, anti–cytokeratin 8, antidesmin, and BrdU 
immunostaining. Antibodies/dilutions for the following 
markers were used in Dako antibody diluent and applied 
overnight at 4°C: rabbit anti–cytokeratin 10 and 14 (1:50, 
1:2000; Covance, Princeton, NJ), biotinylated anti–cytokeratin 
14 (1:1250; Lab Vision, Fremont, CA), rabbit antidesmin 
(1:250; Thermo, Waltham, MA), and cytokeratin 8 antibody 
(TROMA-1; 1:1000, Developmental Studies Hybridoma 
Bank). Secondary antibodies labeled with Alexa Fluor  
488, Alexa Fluor 594, or Alexa Fluor 594 streptavidin con-
jugate were placed on tissue sections for 1 hour at room 
temperature (1:400; Molecular Probes, Eugene, OR). 
Nuclei were counterstained using SlowFade Gold Anti-
fade reagent with 4,6-diamidino-2-phenylindole (DAPI; 
Vector, Burlingame, CA). BrdU staining (BrdU antibodies 
1:2000; BD Biosciences, San Jose, CA) was followed as 
above, but Dako secondary rabbit was used for 2 hours at 
room temperature in a humidified chamber washed in PBS 
and incubated with diaminobenzidine substrate (DAB) and 
counterstained with hematoxylin. TUNEL staining was 
performed according to the manufacturer’s instructions 
(cat. no. s7101, Millipore).

BrdU incorporation. DMBA/TPA–treated mice were 
injected i.p. with BrdU (0.1 mg/g of body weight; Sigma) 1 
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hour before the mice were euthanized. Dorsal skins or 
intestines were removed, fixed as stated, and processed for 
paraffin embedding.
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