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While the contribution of specific tumor suppressor networks to cancer development has been the subject of
considerable recent study, it remains unclear how alterations in these networks are integrated to influence the
response of tumors to anti-cancer treatments. Here, we show that mechanisms commonly used by tumors to
bypass early neoplastic checkpoints ultimately determine chemotherapeutic response and generate tumor-specific
vulnerabilities that can be exploited with targeted therapies. Specifically, evaluation of the combined status of
ATM and p53, two commonly mutated tumor suppressor genes, can help to predict the clinical response to
genotoxic chemotherapies. We show that in p53-deficient settings, suppression of ATM dramatically sensitizes
tumors to DNA-damaging chemotherapy, whereas, conversely, in the presence of functional p53, suppression of
ATM or its downstream target Chk2 actually protects tumors from being killed by genotoxic agents. Furthermore,
ATM-deficient cancer cells display strong nononcogene addiction to DNA-PKcs for survival after DNA damage,
such that suppression of DNA-PKcs in vivo resensitizes inherently chemoresistant ATM-deficient tumors to
genotoxic chemotherapy. Thus, the specific set of alterations induced during tumor development plays a dominant
role in determining both the tumor response to conventional chemotherapy and specific susceptibilities to
targeted therapies in a given malignancy.
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Following DNA damage, cells activate distinct signaling
networks that mediate cell cycle checkpoints, DNA
repair, and apoptosis. These pathways and networks are
highly interconnected through complex nonlinear rela-
tionships (Sancar et al. 2004), but how they function
together at the systems level is poorly understood. The
selective sensitivity of cancer cells to DNA-damaging
chemotherapy suggests that interconnections between
cell cycle checkpoint and survival pathways may be
altered in tumors. These network-level differences could
be used to specifically enhance the killing of tumor cells.

One of the master regulators of the DNA damage
response is the protein kinase ATM, which recruits and

phosphorylates a variety of proteins involved in all three
of these DNA damage responses—DNA repair, cell
cycle regulation, and programmed cell death—through
downstream targets such as H2AX, MDC1, Rad50,
Nbs1, Chk2, p53, and MDM2 (Matsuoka et al. 1998,
2007; Khosravi et al. 1999; Rotman and Shiloh 1999;
Hirao et al. 2000; Lim et al. 2000; Schultz et al. 2000;
Burma et al. 2001; Kim et al. 2002; Goldberg et al. 2003;
Verdun et al. 2005; Harrison and Haber 2006). Primary
cells from ataxia telangiectasia (A-T) patients and ATM

knockout mice are hypersensitive to ionizing radiation
(IR) and chemotherapy-induced DNA double-strand
breaks (DSBs) (Shiloh et al. 1983; Barlow et al. 1996;
Chun and Gatti 2004). Consistent with this idea, ATM-
deficient tumors have been shown to be sensitive to
DNA DSB-inducing cancer treatments (Tribius et al.
2001). Thus, it has been proposed that ATM inhibition
might provide a general strategy to sensitize tumors to

6These authors contributed equally to this work.
Corresponding authors.
7E-MAIL hemann@mit.edu; FAX (617) 252-1891.
8E-MAIL myaffe@mit.edu; FAX (617) 452-4978.
Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.1815309.

GENES & DEVELOPMENT 23:1895–1909 � 2009 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/09; www.genesdev.org 1895

 Cold Spring Harbor Laboratory Presson November 10, 2024 - Published by Downloaded from 

http://www.cshlpress.com


the cytotoxic effects of DNA-damaging therapies by
preventing the execution of critical survival programs,
such as activation and maintenance of cell cycle check-
points and initiation of DNA repair (Hickson et al. 2004;
Helleday et al. 2008). Small molecule-based ATM inhib-
itors have been shown to sensitize cancer cells to DNA-
damaging agents and are currently under investigation
for their use as DSB-sensitizing agents for anti-cancer
therapy.

Given this preclinical data, it is surprising that, while
some reports show loss of ATM in tumors correlates with
beneficial clinical outcomes, a large number of studies
show the exact opposite result. In fact, certain studies
suggest that loss of ATM may correlate with actual
resistance to DNA-damaging chemotherapy and poor
patient survival (Haidar et al. 2000; Ripolles et al. 2006;
Austen et al. 2007). Similarly, loss of p53, a known ATM
target, has also been shown to correlate with both favor-
able and poor prognoses (Rahko et al. 2003; Bertheau et al.
2007). Thus, the status of either of these tumor suppres-
sor genes alone appears to be insufficient to predict
therapeutic outcome. Furthermore, there are significant
differences between the p53 and ATM loss-of-function
phenotypes in cells, precluding any simple epistatic
relationship between these two prominent tumor sup-
pressor genes.

p53 signaling contributes to two major cellular re-
sponses following DNA damage—cell cycle arrest and
apoptosis (Vogelstein et al. 2000). However, it remains
largely elusive which cues dictate the choice between
p53-mediated cell cycle arrest and apoptosis. Here we
provide genetic and biochemical evidence using a diverse
collection of cell lines in culture, two murine cancer
models, and human clinical data that ATM functions to
direct the p53 response toward a dominant apoptotic
outcome in tumor cells after genotoxic stress. In cells
and tumors that lack a functional p53 pathway, ATM
inactivation is sufficient to globally sensitize them to
killing by genotoxic chemotherapy, demonstrating a syn-
thetic lethal interaction between these two tumor sup-
pressor genes.

Further investigation into the binary switch-like role of
ATM in modulating p53-directed proapoptotic versus
procytostatic signaling led to the discovery of an addi-
tional synthetic lethal interaction between ATM and
DNA-PKcs, the two kinases that control the major DSB
repair pathways—homologous recombination (HR) and
nonhomologous end-joining (NHEJ), respectively. We
show that depletion of DNA-PKcs can resensitize in-
herently chemoresistant ATM-deficient p53-containing
tumors to DNA DSB-inducing anti-cancer drugs in vitro
and in vivo. These findings imply that ATM-deficient
cancer cells become addicted to DNA repair via the NHEJ
pathway to survive DNA DSBs. Thus, by correlating
ATM, Chk2, p53, and DNA-PKcs status in human
tumors, our study establishes a framework for predicting
the effect of ATM mutation or pharmacological inhibi-
tion on patient survival, and provides a new therapeutic
strategy to sensitize inherently therapy-resistant tumors
that show loss of ATM but contain intact p53.

Results

ATM acts as a binary switch by regulating the ability
of p53 to induce cell death after chemotherapy

To functionally dissect the contribution of core compo-
nents of the DNA damage signaling network (Fig. 1A) for
cancer cell responses to genotoxic chemotherapy, we
used a retroviral RNAi approach in conjunction with 16
different murine and human cell lines and two indepen-
dent mouse models of cancer. Our retroviral transfer
vector encoded for miR30 embedded shRNAs and GFP
coexpression to tag shRNA-expressing cells. We assayed
cellular survival in a GFP-based competition assay (Fig.
1B), in which the ratio of GFP-positive and GFP-negative
cells was scored by flow cytometry before and after
exposure to DNA-damaging chemotherapeutics. In this
assay, the change in the relative abundance of GFP-
positive, shRNA-expressing cells in a partially trans-
duced population after DNA damage is a direct reflection
of relative cellular proliferation and survival. Retroviral
transduction of shRNAs targeting ATM and Chk2 led to
stable suppression of target genes in murine embryonic
fibroblasts (MEFs) (Supplemental Fig. 1A), without affect-
ing cellular proliferation and survival (data not shown).
We initially analyzed the effects of ATM depletion by
comparing p53-proficient and p53-deficient MEFs trans-
formed with H-rasV12. For p53-proficient tumor cells, we
chose to use p19ARF�/�;H-rasV12 MEFs, since they allow
for bypass of Ras-induced senescence, while retaining an
intact p53 response following DNA damage (Stott et al.
1998). When p53-deficient H-rasV12 MEFs were exposed
to either the DNA cross-linking agent cisplatin or the
topoisomerase II inhibitor doxorubicin, we observed
a robust survival defect in cells expressing an ATM-
specific shRNA (Fig. 1C). A similar chemosensitizing
effect was observed when the canonical ATM substrate
Chk2 was depleted in p53-deficient H-rasV12 MEFs (Fig.
1C). In striking contrast, when ATM or Chk2-specific
shRNAs were expressed in p53-proficient H-rasV12 trans-
formed MEFs, the exact opposite effect was seen (Fig. 1D).
In the context of functional p53, depletion of ATM or
Chk2 resulted in a substantial survival benefit in shRNA-
expressing cells following cisplatin and an even more
pronounced survival benefit after doxorubicin. Similar
results were obtained in long-term colony survival assays
using either RNAi or the well-characterized ATM in-
hibitor KU-55933. In these experiments, cells expressing
an ATM shRNA, or cells pretreated with KU-55933 for 30
min, were exposed to doxorubicin for 4 h before replating
5 3 103 cells into fresh media. Surviving colonies were
counted 2 wk later (Fig. 1E,F). In p53-deficient MEFs,
ATM abrogation strongly reduced the number of surviv-
ing colonies, while in p53-proficient MEFs, ATM abroga-
tion resulted in substantially more surviving colonies
when compared with their respective controls (Fig. 1E,F).
In an additional line of experimentation, we analyzed the
effects of RNAi-mediated ATM depletion in cell lines
derived from two well-established mouse models of lung
adenocarcinoma. ATM depletion in tumor cells derived
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from lung adenocarcinomas that lost both alleles of p53
and expressed oncogenic K-rasG12D from its endogenous
promoter (Jackson et al. 2005) resulted in a substantial
increase in the sensitivity to doxorubicin (Supplemental
Fig. 2A,B). In contrast, ATM depletion in tumor cells
derived from K-rasG12D-driven lung adenocarcinomas
with retained p53 function (Johnson et al. 2001) resulted
in resistance to the cytotoxic effects of doxorubicin
treatment (Supplemental Fig. 2C,D). These data suggest
that p53-mediated cell death in response to DNA-

damaging chemotherapy depends on the presence of
functional ATM signaling.

The depletion of ATM or Chk2 shRNA-expressing
populations that we observed in p53-deficient cells could
be the result of reduced proliferation, or cell death. To
evaluate the difference between p53+/+ and p53�/� cells,
we stained MEFs with antibodies against cleaved caspase-
3 and analyzed them by flow cytometry. While ATM- and
Chk2-depleted p53�/� MEFs showed increased apopto-
sis after DNA-damaging chemotherapy when compared

Figure 1. Functional integration of the
ATM–Chk2 and p53 pathways determines
the in vitro response to genotoxic chemo-
therapy. (A) Core components of the DNA
damage response examined in this study.
(B) Schematic representation of the GFP
enrichment assay. Following drug treat-
ments, the surviving population was as-
sayed by flow cytometry to determine the
percentage of GFP/shRNA-expressing cells.
(C) Suppression of ATM and Chk2 in
H-rasv12;p53�/� MEFs sensitizes cells to
doxorubicin (1 mM) and cisplatin (1 mM).
Bars indicate the mean of three experi-
ments, with error bars indicating standard
deviation. (D) Suppression of ATM and
Chk2 in H-rasv12;Arf�/� MEFs confers re-
sistance to doxorubicin (1 mM) and cis-
platin (1 mM) in vitro (n = 3). Cells were
treated as in C. (E–H) Clonogenic survival
assays. (E) ATM inhibition (10 mM KU-
55933 30 min prior to doxorubicin, top

row) or shRNA-mediated ATM depletion
(bottom row) results in reduced long-term
survival in doxorubicin-treated (1 mM),
p53-deficient MEFs. The bottom panel is
a quantification of the results shown. (F)
ATM inhibition or shRNA-mediated ATM
depletion (as in E) confers a long-term
survival benefit in doxorubicin-treated (1
mM), p53-proficient MEFs. (G) p53 mutant
human cancer cells show increased doxo-
rubicin sensitivity when ATM is inhibited.
Cells were pretreated with KU-55933 (10
mM) for 30 min and colony survival assays
were performed as in E. (H) p53-proficient
human cancer cells show increased doxo-
rubicin resistance when ATM is inhibited.
Cells were treated as in G. Assays were
performed in triplicate for each condition
and representative images are shown.
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with control cells (Supplemental Fig. 3A–C,G), the oppo-
site was true for p53-proficient MEFs (Supplemental Fig.
3D–F,H). These cells appeared to be protected from DNA
damage-induced apoptosis, as indicated by a significant
reduction of apoptotic cells when compared with control
cells. Together these data indicate that the combined loss
of p53 and ATM/Chk2 is synthetic lethal in the context of
DNA-damaging chemotherapy, while the inactivation of
each of these genes in isolation confers chemoresistance.

To further rule out any specific effects of ARF de-
ficiency or murine biology on therapeutic response, we
examined the effects of ATM inhibition in a diverse panel
of human cancer cell lines using colony formation assays
(Fig. 1G,H; Supplemental Fig. 4). In MDA-MB-453 (breast
cancer) and SW1573 and NCI-H460 (both lung cancer)
cell lines, which are p53-proficient, ATM inhibition
significantly protected cells from doxorubicin-induced
cell death. In contrast, in HT-29 (colon cancer), A431
(epithelial cancer), NCI-H23 (lung cancer), and NCI-2122
(lung cancer) cell lines, all of which carry mutations in
p53, ATM inhibition resulted in a dramatically reduced
number of surviving colonies (Fig. 1G,H; Supplemental
Fig. 4). Given the genetic diversity of these human cancer
cell lines, these results suggest a dominant role for ATM/
Chk2 in regulating the ability of p53 to modulate cell
death after DNA-damaging chemotherapy.

Inhibition of ATM promotes drug resistance
in p53-proficient tumor models

Next, we sought to determine whether ATM similarly
affected the impact of p53 on therapeutic response to
chemotherapy in vivo. The effect of ATM suppression on
chemosensitivity in transformed H-Rasv12 MEFs was
examined in vivo using a nude mouse allograft model.
Cells (106) were injected into the flanks of NCRnu/nu
mice and resulting tumors were allowed to grow to ;1
cm in diameter before treatment with doxorubicin was
administered as indicated in Figure 2A,B. Consistent with
the in vitro phenotypes seen in cell culture, suppression
of ATM in H-Rasv12;p53�/� tumors strongly sensitized
these tumors to the cytotoxic effects of doxorubicin.
While tumors arising from cells expressing a control
shRNA showed a moderate reduction in volume after
five treatment cycles, tumors expressing an ATM-specific
shRNA displayed a dramatically increased sensitivity,
mirrored by a significant reduction in tumor volume
(Fig. 2A). This observation further strengthens the
notion of a synthetic lethal interaction between p53
and ATM in the context of DNA-damaging che-
motherapy.

Similar to what was observed in vitro, suppres-
sion of ATM strongly protected tumors arising from
H-Rasv12;p53+/+ MEFs from the cytotoxic effects of doxo-
rubicin in vivo. While control shRNA-expressing tumors
responded favorably to treatment with five cycles of
doxorubicin, tumors arising from ATM-depleted cells
showed only a minimal reduction in volume at the end
of the doxorubicin course (Fig. 2B). To eliminate the
possibility of tumor/cell-type specificity in the observed

chemotherapeutic resistance of p53-proficient tumors,
a second mouse model using Em-Myc;p53+/+ or Em-
Myc;p53�/� lymphoma cells expressing an ATM shRNA
was examined. Transduced Em-Myc;p53+/+ cells were
injected into recipient mice, which were treated follow-
ing lymphoma onset and monitored for tumor-free sur-
vival. As shown in Figure 2, C and D, tumors formed from
vector-transduced cells responded favorably to doxorubi-
cin, with 90% of mice bearing these tumors showing
complete tumor regression after treatment. In contrast,
ATM- or Chk2-deficient tumors responded very poorly to
treatment. At 5 d after doxorubicin, most ATM- or Chk2-
deficient, but p53-proficient, tumors increased in size,
and none of the 20 mice bearing these tumors exhibited
complete remission (Fig. 2C,D).

As seen in transformed p53�/� MEFs, down-regulation
of ATM in Em-Myc;p53�/� tumors strongly sensitized
these tumors to the cytotoxic effects of genotoxic che-
motherapy (Fig. 2E). While tumors arising from cells
expressing a control vector showed a transient response
to therapy, tumors expressing an ATM-specific shRNA
displayed a dramatically increased therapeutic sensitivity
with a significant extension of tumor-free survival. These
two different murine tumor models directly confirm the
central role of ATM as a binary switch that dictates the
effect of p53 activation on tumor response to chemother-
apy in vivo.

The combined status of p53 and ATM is a key
determinant of the human clinical response
to chemotherapy

Our cell culture and mouse model data strongly suggest
that, despite the molecular complexity of DNA damage
response networks, a simple stratification based solely on
the combined status of the ATM–Chk2 pathway and the
p53 apoptotic network might help determine the re-
sponse of human cancer patients to genotoxic chemo-
therapy. Our in vitro and in vivo data suggest that ATM
inhibition is likely to benefit only a select group of cancer
patients; i.e., those with tumors that have lost p53. In
contrast, tumors with preserved ATM and p53 function
might become resistant to the effects of DNA-damaging
chemotherapy when simultaneously treated with ATM
inhibitors. To evaluate this, we examined the 10-yr cumu-
lative survival of 93 breast cancer patients for whom
tissue samples and clinical response data were available.
The presence of normal levels of both ATM and p53 in
tumors (defined as detectable levels of ATM and non-
stabilized p53 by immunohistochemistry [IHC]) (; Fig.
3A,B) correlated with favorable prognosis (Fig. 3C; Sup-
plemental Fig. 5). Similarly, the aberrant decrease or
absence of detectable ATM staining in the presence of
wild-type p53 levels correlated with a significantly re-
duced cumulative patient survival rate (Fig. 3C; Supple-
mental Fig. 5). Finally, the presence of both ATM and p53
alterations in single tumors, although quite rare (Fig. 3E),
invariably correlated with an excellent prognosis (Fig.
3D). Importantly, the incidence of aberrant ATM and p53
expression detected by IHC in our cohort is very similar
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to the incidence of ATM and p53 mutation reported
recently in a human cancer genome sequencing effort,
further validating our IHC-based approach (Ding et al.
2008).

These results indicate that the combined evaluation of
only two commonly mutated cancer genes, ATM and p53,
can facilitate the prediction of therapeutic outcome in
cancer patients treated with DNA-damaging chemotherapy,

Figure 2. The in vivo effect of ATM and Chk2 pathway abrogation on tumor chemosensitivity is strictly dependent on p53 status. (A)
ATM depletion sensitizes p53-deficient tumors to the cytotoxic effects of doxorubicin in vivo. H-RasV12-transformed p53�/� MEFs
expressing either a control shRNA (blue) or ATM-specific shRNA (red) were subcutaneously injected into the flanks of NCRnu/nu mice
(n = 4 for each experimental group). Arrows indicate the timing of intraperitoneal (i.p.) doxorubicin administrations. Asterisks indicate
significant size difference (Student’s t-test, two-tailed, P < 0.05). (Right panels) Maintenance of GFP expression in tumors was verified at
the termination point. (B) Depletion of ATM in tumors arising from Arf�/�;H-RasV12 MEFs confers resistance to doxorubicin in vivo
(n = 4 for each experimental group). Animals were subcutaneously injected with Arf�/�;H-RasV12 MEFs expressing either a control
shRNA (blue) or an ATM-specific hairpin (red). Doxorubicin was administered i.p. at the indicated times and tumor growth was
monitored as in A. (Right panels) Maintenance of GFP expression in tumors was verified at the termination point. (C) Suppression of
ATM or Chk2 in Em-Myc;Arf�/� mouse lymphoma confers resistance to doxorubicin in vivo. Lymphoma cells were transduced with vector
control, shATM, or shChk2; sorted for GFP; and injected into recipient mice. Resulting lymphomas were treated with 10 mg/kg doxorubicin.
Tumor-free survival displayed in Kaplan-Meier format. n = 10 for shATM and shChk2; n = 11 for vector control. (D) Representative images of
lymphoma burden before treatment and 5 d post-therapy. (E) ATM depletion sensitizes p53-deficient lymphomas to the cytotoxic effects of
cyclophosphamide in vivo. p53-null lymphomas were transduced and injected as in C. n = 8 for both vector and shATM.
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and further implies that the clinical use of ATM inhib-
itors should be limited to those patients carrying p53-
deficient tumors with retained ATM function.

ATM signaling is required specifically for the induction
of p53-dependent apoptosis, but not for p53-mediated
cell cycle arrest

The observation that chemosensitization or chemoresist-
ance following ATM inhibition in cells and tumors was
dependent on the functional status of p53 led us to
examine the molecular basis for this binary switch-like
phenotype. In the presence of p53, we found that ATM
signaling is required specifically for the up-regulation of
the proapoptotic p53 transcriptional target genes Puma
and Noxa. Both ATM and Chk2 knockdown cells showed
significant suppression of Puma and Noxa at both the
mRNA and protein level after doxorubicin treatment (Fig.
4A–D), indicating that ATM and Chk2 are required for
proper p53-mediated activation of an apoptotic program
in response to genotoxic chemotherapy. Interestingly,

suppression of Puma alone was able to confer chemo-
resistance both in vitro and in vivo (Fig. 4E–G), suggesting
that Puma is a critical effector molecule of the ATM-
dependent proapoptotic arm of this p53 response. In
marked contrast, the doxorubicin-induced up-regulation
of the cell cycle arrest-mediating p53 target genes p21 and
Gadd45a was unimpaired in ATM or Chk2 shRNA-
expressing cells (Fig. 4C,D). This observation strongly
suggests that ATM is specifically required to promote
p53-dependent apoptosis, while ATM signaling is dis-
pensable for the induction of a p53-dependent cell cycle
arrest.

In p53-deficient cells that lack an ATM-dependent p53
apoptotic program, ATM signaling might be redirected to
primarily mediate cell cycle arrest; for example, through
Chk2/Chk1 modulation of Cdc25 (Bartek et al. 2004). To
test this hypothesis, we examined p53-null cells express-
ing either a control or an ATM-specific shRNA for evi-
dence of mitotic catastrophe, indicated by simultaneous
appearance of DNA damage (monitored by g-H2AX), mi-
totic markers monitored by phospho-histone H3 (pHH3),

Figure 3. Combined ATM and p53 status is
a key determinant for survival of breast
cancer patients treated with DNA-damaging
chemotherapy. (A,B) Examples of ATM, p53,
and Chk2 aberrations in human tumors.
Immunohistochemical staining with anti-
bodies against the indicated proteins, show-
ing parallel sections from a large-cell lung
carcinoma (NSCLC, with loss of ATM but
normal p53), small-cell lung carcinoma (SCLC,
with normal ATM pattern but overabundant,
mutant p53), and two colon carcinomas—
one with loss of ATM and normal p53, the
other with normal Chk2 but aberrant p53.
The letters ‘‘t’’ and ‘‘s’’ on the images indi-
cate the positions of tumor nests and stromal
cells, respectively, to highlight the selective
absence of ATM in the carcinoma cells. (C,D)
Kaplan-Meier curves showing overall sur-
vival in 93 breast cancer patients (omitting
those treated with IR). (C) ATM deficiency in
a p53 wild-type background correlates with
poor patient survival relative to tumors with
wild-type ATM and p53 (P = 0.0059). (D)
Relative survival of patients with tumors
showing ATM deficiency on a p53 mutant
background versus mutant p53 alone (P =

0.32). (E) The combined inactivation of
ATM/Chk2 and p53 is underrepresented in
human cancers. (Far left) ATM versus p53
status in 400 tumors examined for both pro-
teins. (Middle left) ATM/Chk2 versus p53
status in 279 tumors examined for all three
proteins. (Middle right) Chk2 versus p53
status in 335 tumors examined for both
proteins. (Far right) ATM/Chk2 versus p53
status in 456 tumors examined for p53 and
either ATM or Chk2 status.
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and activation of caspase-3. One day following doxorubi-
cin exposure, p53-deficient ATM-expressing cells showed
prominent g-H2AX staining; however, no evidence of
mitotic catastrophe was observed as indicated by the
absence of cleaved caspase-3 or pHH3 staining. These
data suggest that the S/G2/M DNA damage checkpoints

remained largely intact in p53-deficient cells (Fig. 5A). In
marked contrast, depletion of ATM in p53�/� MEFs
resulted in a large fraction of g-H2AX-positive cells that
also stained positive for pHH3 following doxorubicin
treatment. Interestingly, these cells appeared to commit
to death specifically in mitosis, as no cleaved caspase-3

Figure 4. Depletion of ATM or Chk2 strongly reduces p53-mediated induction of proapoptotic genes but preserves the induction of
p53-dependent cell cycle-regulating genes. (A–D) RNAi-mediated knockdown of ATM or Chk2 strongly reduces doxorubicin-induced
Puma and Noxa expression, but only mildly impairs p21 mRNA levels in p53-proficient MEFs. Cells expressing ATM or Chk2-specific
shRNAs were treated with 1 mM doxorubicin and mRNA levels of Noxa (A), Puma (B), and p21 (C) were analyzed (n = 3). (D) Depletion
of ATM or Chk2 in p53-proficient MEFs abolishes doxorubicin-induced Puma and Noxa protein levels. Protein levels of the p53 target
genes p21 and Gadd45a remains largely unchanged in ATM- or Chk2-depleted p53-proficient cells treated with doxorubicin (1 mM).
Noxa, Puma, and p21 were not detectable in p53-deficient MEFs, while Gadd45a was present, but at reduced levels. (E) shRNA-
mediated suppression of Puma and Noxa. Em-Myc cells were transduced with control, shPuma, or shNoxa shRNAs; sorted with for GFP
expression; and treated with 15 ng/mL doxorubicin for 12 h. mRNA levels of Puma and Noxa were analyzed by RT–PCR (n = 3). (F)
Suppression of Puma and Noxa in Em-Myc cells confers resistance to doxorubicin in vitro (n = 3). Cells were analyzed for GFP percentage
after doxorubicin treatment. Bars indicate the mean of three experiments 6SEM. (G) Suppression of Puma, but not Noxa, in lymphomas
arising from Em-Myc cells confers resistance to doxorubicin in vivo. Experiments were carried out as described in Figure 2C, with n = 10
for shPuma, n = 11 for vector control, and n = 5 for shNoxa.
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staining could be observed in cells that did not also stain
positively for pHH3 (Fig. 5A). This observation is consis-
tent with mitotic catastrophe, in which cells progress
through the cell cycle despite the presence of damaged
DNA and activate a mitosis-specific cell death program.
Thus, loss of ATM in p53-deficient cells results in fatal
DNA damage checkpoint abrogation.

When p53+/+;H-rasV12 MEFs expressing either a control
vector or ATM-specific hairpins were examined after

doxorubicin treatment, we detected positive staining
for g-H2AX in response to doxorubicin (Fig. 5B). None
of the cells, however, showed pHH3 staining, indicating
the preservation of functional DNA damage despite the
absence of ATM. Repression of ATM in these p53-
proficient cells strongly reduced the number of cleaved
caspase-3-positive apoptotic cells (Fig. 5B; Supplemental
Fig. 3D–F). These data further strengthen the notion that
p53 retains the ability to mediate a functional cell cycle

Figure 5. Depletion of ATM specifically sensitizes p53-deficient MEFs to doxorubicin-induced mitotic catastrophe. p53-deficient (A)
and p53-proficient (B) MEFs stably expressing ATM-specific shRNA were either mock-treated or exposed to 1 mM doxorubicin and
stained with antibodies detecting g-H2AX, cleaved caspase-3, pHH3, and Hoechst DNA dye. Costaining with g-H2AX, cleaved caspase-3,
and pHH3 was interpreted as mitotic catastrophe (indicated by arrowheads). (C,D) ATM depletion in p53-deficient MEFs prevents the
engagement of a functional G2/M checkpoint following doxorubicin. p53�/� cells expressing control shRNA mounted a robust G2/M
arrest in response to nocodazole, as evidenced by an accumulation of 4N cells (monitored by PI staining) and a lack of pHH3 staining. In
contrast, ;30% of ATM-depleted p53-null cells entered mitosis, indicating a bypass of the doxorubicin-induced G2/M arrest in these
cells. (E,F) ATM depletion in p53-proficient MEFs does not abrogate the G2/M checkpoint following doxorubicin. Asynchronously
growing ATM or control shRNA-expressing p53+/+ MEFs were treated as in C and examined for DNA content by flow cytmoetry. These
cells retained a doxorubicin-induced G2/M checkpoint, as evidenced by the accumulation of a largely pHH3-negative 4N population in
both the control and ATM shRNA-expressing cells.
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checkpoint even when the ATM-dependent proapoptotic
arm of the p53 response is lost. This could be due to
a requirement for ATM to allow proper accumulation of
p53, or to promote access of p53 to the promoters of
proapoptotic target genes. Alternatively, a parallel path-
way that remains intact in the absence of ATM might be
responsible for the retained ability of p53 to induce cell
cycle regulatory target genes. Additional experiments
directly examining cell cycle progression verified that
abrogation of ATM/Chk2 signaling in p53�/� cells
resulted in cell cycle checkpoint bypass and mitotic entry
despite the presence of DNA damage, while cell cycle
checkpoints were preserved in ATM- or Chk2-depleted
p53-proficient cells (Fig. 5C–F). Thus, p53-dependent cell
cycle arrest, but not p53-dependent apoptosis, can occur
in the absence of upstream ATM activity. These data
suggest that ATM acts as a p53-dependent binary switch,
dictating whether the effect of genotoxic chemotherapy is
the induction of cell cycle arrest or an apoptotic program.

ATM-deficient tumors can be sensitized to genotoxic
chemotherapy by inhibition of NHEJ

Immunostaining of a large panel of different human
tumors revealed that ;10%–20% of tumors show re-
duced levels of ATM or Chk2 in the presence of normal
p53 staining, a value that is in good accordance with
ATM–Chk2 mutation frequency determined by recently
published tumor genome resequencing efforts (Fig. 3E;
Ding et al. 2008). Our data indicate that these tumors will
be inherently resistant to DNA-damaging chemotherapy.
Thus, we investigated whether ATM deficiency could
result in other vulnerabilities in DNA DSB repair that
could be therapeutically exploited to enhance the efficacy
of targeted chemotherapies.

In ATM-deficient p53-proficient cells, doxorubicin-
induced DSBs fail to efficiently trigger cell death (Fig. 5;
Supplemental Fig. 3D–F). However, repair of these DSBs
by either HR or NHEJ is essential for long-term cell
survival. It has been suggested that ATM deficiency
primarily impairs HR-mediated DSB repair with less
effect on NHEJ-mediated DSB repair (Morrison et al.
2000; Yuan et al. 2003; Riballo et al. 2004). Thus, we
speculated that NHEJ might become essential for the
repair of chemotherapy-induced DSBs in ATM-deficient
cancer cells (Fig. 6A). Consistent with compensatory
roles for HR and NHEJ in DSB repair, the combined
germline deficiency of ATM and DNA-PKcs results in
early embryonic lethality (embryonic day 7.5 [E7.5])
(Gurley and Kemp 2001), while single-knockout animals
are viable (Xu and Baltimore 1996; Gao et al. 1998).
Therefore, we reasoned that drugs that disrupt signaling
events important for NHEJ activation should preferen-
tially impact the DSB repair efficiency in ATM-deficient
cells and reverse their chemoresistant phenotype. Indeed,
doxorubicin-treated ATM-deficient MEFs showed hyper-
phosphorylation of the essential NHEJ kinase DNA-PKcs
on Thr-2606 (corresponding to human Thr-2609) in the
autophosphorylation cluster, suggesting enhanced NHEJ
activity in the absence of ATM (Fig. 6B).

Consistent with a synthetic lethal relationship be-
tween DNA-PKcs and ATM in the presence of DSBs,
DNA-PKcs suppression sensitized ATM-deficient cells
(Supplemental Fig. 1B) to doxorubicin-induced cell death
in vitro (Fig. 6C). When tested in vivo, DNA-PKcs and
ATM double-knockdown tumors showed a dramatically
improved response to doxorubicin when compared with
ATM single-knockdown tumors (Fig. 6D). These effects
could also be seen in the presence of a pharmacological
inhibitor of DNA-PKcs. Using a GFP competition assay,
we examined the effect of DNA-PKcs inhibition in the
presence or absence of p53 and/or ATM. While ATM
suppression sensitized p53�/� MEFs to doxorubicin,
DNA-PKcs inhibition had no significant effect on the
survival of p53�/� MEFs or p53�/� MEFs expressing an
ATM shRNA (Fig. 6E). Conversely, DNA-PKcs inhibition
selectively sensitized p53+/+ MEFs expressing an ATM
shRNA to doxorubicin (Fig. 6F). This demonstration of
a synthetic lethal interaction between ATM and DNA-
PKcs in the context of DNA-damaging chemotherapy
suggests that the error-prone NHEJ pathway becomes
essential for cellular survival after DNA damage in p53
wild-type tumor cells that lack ATM function, and are
hence deficient in HR-mediated DSB repair. Thus, while
loss of ATM might initially protect cancer cells from the
genotoxic effects of oncogenic stress (Halazonetis et al.
2008), by abolishing the proapoptotic p53 response, it
ultimately renders these cells susceptible to DNA-PKcs
inhibition.

Discussion

We have shown that, in cancer cells retaining functional
p53, inhibition of ATM or Chk2 activity promotes
a potent chemoresistance phenotype by preventing effi-
cient execution of a p53-dependent apoptotic response.
Conversely, ATM suppression directly sensitizes tumors
derived from p53�/� MEFs, as well as human p53-
deficient cell lines, to chemotherapy. These data indicate
that ATM functions as a molecular ‘‘binary switch’’ that
channels the effects of p53 signaling toward apoptosis by
controlling the relative expression of p53 target genes
involved in programmed cell death (Puma and Noxa)
relative to those involved in cell cycle arrest (p21 and
Gadd45a). In contrast, in p53-deficient tumors, ATM
signaling is required for the induction of cell cycle arrest
and survival following genotoxic stress. Thus, our data
imply that the potential efficacy of ATM inhibitors as
chemosensitizing agents is strictly dependent on the
status of p53 in target tumors. Similarly, p53 status, as
a single factor, fails to predict outcome following chemo-
therapy in our cohort of patients (P = 0.46) (data not
shown). However, in the absence of ATM alterations,
p53 status is a significant biomarker of therapeutic out-
come (P = 0.05) (Fig. 3D; data not shown), further sup-
porting the notion that the combined status of p53 and
ATM allows for a more definitive prediction of the effi-
cacy of genotoxic chemotherapy.

The true incidence of p53 mutations in cancer is likely
to have been overestimated based on analysis of cultured

Combined p53 and ATM status dictates drug response

GENES & DEVELOPMENT 1903

 Cold Spring Harbor Laboratory Presson November 10, 2024 - Published by Downloaded from 

http://www.cshlpress.com


tumor cells. We found that most primary tumors, in
contrast to cancer cell lines, contain wild-type p53
(Supplemental Fig. 6), suggesting that general use of
ATM inhibitors in cancer treatment will generally be
contraindicated. Our analysis of publicly available data-
bases revealed that only 32% of primary tumors show p53
mutations (Supplemental Fig. 6; Petitjean et al. 2007)—a
number consistent with the 29% seen in human cancers
examined in this study. This percentage increased to 69%
in tumor cell lines (Wellcome Trust Sanger Institute
Cancer Genome Project Web site, http://www.sanger.
ac.uk/genetics/CGP), suggesting that p53 mutations are
strongly selected in the establishment of cultured tu-
mors. This lower than expected frequency of p53 mu-
tations in primary human cancers argues for caution in
the use of Chk2 and ATM inhibitors as adjuncts to stan-
dard chemotherapeutic regimens.

Recent studies have suggested that a DNA damage
response similar to that seen following genotoxic che-
motherapy may occur in human preneoplastic lesions
(Bartkova et al. 2005, 2006; Gorgoulis et al. 2005;
Halazonetis et al. 2008). ATM, Chk2, and p53 activation
are characteristic of early stages of tumorigenesis, with
subsequent checkpoint silencing and escape during tu-
mor progression (Bartkova et al. 2005; Gorgoulis et al.
2005). Our analysis of an extensive set of epithelial
malignancies showed an apparent underrepresentation
of patients with combined ATM and p53 alterations,
suggesting that inactivation of any one of these proteins
is sufficient to disable this early tumor checkpoint and
render the cells resistant to oncogene-induced DNA
damage during malignant development. These data are
in line with recent cancer genome sequencing events.
Importantly, these data also suggest that tumors may

Figure 6. A synthetic lethal interaction between ATM and DNA-PKcs in cancer cells. (A) A diagram depicting the DNA repair
pathways used for DSB repair. ATM-mediated HR represents a high-fidelity repair mechanism for DSB repair. In the absence of
a functional HR pathway, cells rely on the error-prone NHEJ pathway, which requires DNA-PKcs activity. (B) Immunoblot analysis of
DNA-PKcs activation in MEFs transduced with an empty vector or ATM-specific shRNA. RNAi-mediated ATM depletion results in
increased DNA-PKcs phosphorylation after doxorubicin exposure (1 mM). (C,D) DNA-PKcs suppression resensitizes p53-proficient
ATM-depleted Em-Myc cells to doxorubicin in vitro (C) and in vivo (D). In C, cells of all four indicated treatments were incubated with
10 ng/mL doxorubicin. The percent cell survival following treatment is shown as mean 6 SEM (n = 3). In D, experiments were carried
out as described in Figure 2C. n = 8 for both experimental groups. (E,F) Pharmacological inhibition of DNA-PKcs selectively sensitizes
p53-proficient ATM shRNA-expressing MEFs to the cytotoxic effects of doxorubicin. MEFs were transduced and treated as indicated
and cellular survival was monitored using the flow cytometry-based GFP competition assay. (E) DNA-PKcs inhibition had no significant
effect on the survival of p53�/� MEFs or ATM-depleted p53�/� MEFs. (F) DNA-PKcs inhibition selectively sensitized p53+/+ MEFs
expressing an ATM shRNA to doxorubicin.

Jiang et al.

1904 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Presson November 10, 2024 - Published by Downloaded from 

http://www.cshlpress.com


select for DNA damage-resistant genotypes prior to any
exposure to anti-cancer therapies, and that the mecha-
nism by which tumor cells evade this early checkpoint
may ultimately dictate the most effective treatment
regimen for a given tumor (Fig. 7).

Our observation of a synthetic lethal interaction be-
tween p53 and ATM/Chk2 in the context of DNA-
damaging chemotherapy likely also applies to the other
two DNA damage effector kinase pathways that establish
similar cell cycle checkpoints through inhibiting the
Cdc25 family of phosphatases (Busino et al. 2003;
Reinhardt et al. 2007). Inhibition of Chk1, for example,
has been shown to increase the sensitivity of p53-de-
ficient cancer cells to DNA damage (Mukhopadhyay et al.
2005), while our prior work has shown a similar p53
synthetic lethality with MAPKAP Kinase-2 (MK2)
(Reinhardt et al. 2007). Not all of these checkpoint
kinases, however, are equivalent drug targets, since
disruption of either ATR or Chk1 in mice, for example,
results in embryonic lethality (Brown and Baltimore
2000; Liu et al. 2000; Takai et al. 2000). Conditional loss
of Chk1 in mammary epithelial tissue is lethal in
a homozygous setting and results in progressive DNA
damage and uncontrolled mitotic entry in heterozygous
animals (Lam et al. 2004), while inhibition of Chk1 by
a small-molecule chemical inhibitor in cultured human
cells leads to severe stress with catastrophic consequen-
ces even in the absence of any exogenous genotoxic in-

sult (Syljuasen et al. 2005). These observations suggest
that systemic Chk1 inhibition, in the context of DNA-
damaging chemotherapy or radiation therapy, might have
severe undesired side effects. In contrast, embryonic
lethality was not observed in either the MK2-null or
Chk2-null mice (Kotlyarov et al. 1999; Hirao et al. 2002).
This observation, in conjunction with the data reported
here for ATM/Chk2 and previously for MK2 (Reinhardt
et al. 2007), suggests that these kinases are likely to be
safer drug targets for chemosensitization of p53-deficient
cancer cells than Chk1 or ATR. Whether loss of Chk1 or
MK2 in the setting of an intact p53 response results in the
profound chemoresistance observed upon loss of ATM/
Chk2, however, is not known. Furthermore, there is no
data to suggest that MK2 loss is a frequent event in
human tumors, in contrast to what is observed with ATM
and Chk2.

Our data suggest that analysis of the interplay between
the network states of ATM–Chk2-driven cell cycle check-
points, p53-directed apoptosis, and DNA repair pathways
in individual tumors can be used to potentially optimize
the personalized treatment of human cancer patients.
Despite the complexity of these networks, we made the
surprising finding that a simple combinatorial analysis of
the DNA damage response, focused on the interface
between the ATM–Chk2 pathway and the p53 apoptotic
network, can reveal the subset of patients who will likely
benefit from an ATM inhibitor, while pharmacological

Figure 7. ATM acts as a binary switch to control the contribution of p53 signaling to the DNA damage response. The DNA damage
response can be subdivided into three major functional components—cell cycle arrest, DNA repair, and apoptosis. (A) In p53-proficient
cancer cells, ATM signaling contributes largely to apoptosis (highlighted in orange). (B) Loss of p53 in tumor cells dramatically reduces
apoptosis and redirects ATM signaling to mediate a robust cell cycle (highlighted in orange). In addition, ATM contributes to HR-
mediated DSB repair. The net result of this rewired ATM signaling is increased cellular survival in response to DNA damage. (C) Loss of
ATM dramatically attenuates apoptotic signaling through p53 and instead promotes a p53-mediated cell cycle arrest (highlighted in
orange). ATM-deficient cancer cells expressing functional p53 rely on the DNA-PKcs-mediated NHEJ pathway to repair chemotherapy-
induced DSBs (highlighted in orange). Pharmacological abrogation of DNA-PKcs signaling selectively sensitizes ATM-deficient p53-
expressing cancer cells to the cytotoxic effects of DNA-damaging chemotherapy. (D) The combined loss of ATM and p53, albeit rare in
human tumors, prevents the execution of functional cell cycle checkpoints and promotes death of chemotherapy-treated cancer cells
due to mitotic catastrophe. In addition, therapeutic targeting of ATM in p53-deficient cancer cells results in a dramatically increased
chemosensitivity of p53-deficient cancer cells.
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targeting of the error-prone NHEJ pathway is likely to
substantially improve the efficacy of DNA-damaging
agents in treating inherently chemoresistant ATM-
deficient p53 wild-type tumors. Similar DNA damage-
based synthetic lethality approaches have been described
previously between Brca1/2 and PARP for familial breast
cancer (Helleday et al. 2008), which occurs in ;2% of
breast cancer patients, as well as components of the
Fanconi anemia pathway and ATM (Kennedy et al.
2007). Importantly, therapies based on ATM mutations
have potential efficacy in an estimated 10% of all cancers.
Thus, tumor-promoting mutations in ATM underlie both
the intrinsic resistance to genotoxic chemotherapy as
well as the selective sensitivity to targeted intervention
using DNA-PKcs inhibitors in a significant cohort of
human cancer patients.

Materials and methods

Cell lines and chemicals

LKR-10 and LKR-13 murine lung adenocarcinoma cell lines were
provided by M.S. Kumar. The KP-1A and KPlSIY-5A (Cheung
et al. 2008) murine lung adenocarcinoma cell lines were a kind
gift from A.F. Cheung. Em-Myc;Arf�/� and Em-Myc;p53�/�mouse
B-cell lymphoma cells were cultured in B-cell medium (50%
DMEM and 50% IMDM, supplemented with 10% FBS,
L-glutamate, and 5 mM b-mercaptoenthanol). g-Irradiated NIH
3T3 cells were used as feeder cells. Wild-type, Arf�/�, and p53�/�

MEFs, and phoenix, MDA-MB-453, HT-29, A431, NCI-H23, NCI-
H2122, SW1573, NCI-H460, LKR-10, LKR-13, KP-1A, and
KPlSIY-5A cells were cultured in DMEM plus 10% FBS. Doxo-
rubicin, cyclophosphamide, and the ATM inhibitor KU-55933
were purchased from Calbiochem. For in vivo studies, doxoru-
bicin and cyclophosphamide were dissolved in 0.9% NaCl saline
solution.

Antibodies and shRNA constructs

Antibodies against ATM (Genetex), phospho- and total DNA-PKcs
(Abcam), b-actin (Sigma), Chk2 (Upstate Biotechnologies and Cell
Signaling Technology), p53 (Calbiochem and Cell Signaling Tech-
nology), Noxa (Novus), PUMA (Cell Signaling Technology), pHH3
(Upstate Biotechnologies), g-H2AX (Upstate Biotechnologies), and
cleaved caspase-3 (BD Biosciences) were used for immunoblotting
and FACS analysis. shRNA constructs targeting mouse ATM,
Chk2, Puma, Noxa, and DNA-PKcs were designed and cloned
using previously described protocols (Burgess et al. 2008). The
hairpin targeting sequences are ATM, 59-CACGAAGTCCTCAAT
AATCTA-39; Chk2, 59-CAGAAACACATAATCATTAAA-39; Puma,
59-CCCAGCCTGTAAGATACTGTA-39; Noxa, 59-CAGATTGAAT
AGTATGTGATA-39; and DNA-PKcs, 59-CAGGCCTATACTTACA
GTTAA-39. For ATM, Chk2, and DNA-PKcs, additional shRNAs
were constructed and showed similar phenotype (data not shown).
An shp53 construct was described earlier (Burgess et al. 2008). After
retroviral infection, cells were either directly subjected to GFP
competition assays or GFP-sorted for pure population survival
assays.

Western blotting

Cells lysates were prepared in 0.5 mL of ice-cold lysis buffer (1%
Triton X-100, 25 mM CHAPS, 20 mM Tris-HCl at pH 7.5, 50 mM
NaCl, 50 mM NaF, 15 mM Na4P2O7, 2 mM Na3VO4, protease
inhibitors) per 10-cm dish for 15 min. Lysates were cleared at

14,000 rpm for 15 min at 4°C, and subsequently subjected to
ultracentrifugation (100,000g, 30 min, 4°C). One-hundred micro-
liters of 63 Laemmli buffer were added to the supernatants and
protein concentrations were measured using the BCA Protein
Assay Kit (Pierce). Alternatively, cell pellets were resuspended in
PBS, mixed with 23 SDS sample buffer, and boiled for 15 min at
100°C to generate whole-cell lysates. Each lysate (30;100 mg of
each) was run on 4%–12% SDS-PAGE and transferred to PVDF
(Millipore). Membranes were blocked with 5% BSA in 20 mM
Tris-HCl (pH 7.5), 137 mM NaCl, and 0.1% Tween-20 and
stained with primary antibodies (1:1000 dilution) overnight at
4°C. Membranes were then probed with HRP-conjugated sec-
ondary antibody (Amersham or Cell Signaling Technology) at
a 1:2000;1:5000 dilution and visualized by enhanced chemilu-
minescence (Amersham) on a Kodak Imaging Station (Perkin
Elmer). Bands were selected and quantified according to the
manufacturer’s recommendations.

Competition assays

For MEF experiments, following drug treatment, cells were
washed in PBS and trypsinized. Before FACS analysis, the culture
supernatant was combined with the trypsinized cells to ensure
capture of both floating and adherent cells. Cells were then
washed and analyzed on a Becton Dickinson FACScan flow
cytometer. We used the FL1 channel for the detection of GFP-
labeled retrovirally transduced cells. Dead cells were detected by
propidium iodide (PI) (0.05 mg/mL) incorporation. The percent-
age of GFP was recorded for live cells only. For mouse lymphoma
experiments, 106 cells were treated with various drugs at the
indicated concentrations. Every 24 h, the cell culture was
resuspended by pipetting and half of the culture was replaced
with fresh medium. FACS analysis was done at 48 h after the
initial treatment.

Clonogenic survival assay

Cells were treated as indicated. After 4 h of treatment, cells were
washed three times with growth media and three times with
PBS, trypsinized, and replated at a concentration of 5000 cells per
10-cm2 Petri dish. After 14 d, cells were fixed and surviving
colonies were stained with 0.1% crystal violet (Sigma-Aldrich).
Experiments were performed in triplicate.

In vivo response to chemotherapy

Allograft experiments were performed as described previously
(Reinhardt et al. 2007). Em-Myc;Arf�/�mouse lymphoma cells were
infected with indicated retrovirus and sorted by GFP. Cells
(2 3 106) were i.v.-injected into BL/6J mice. Lymphoma burden
was monitored by palpation of the axillary and brachial lymph
nodes. Upon the appearance of substantial tumor burden (usually
12–13 d after injection), mice were treated with doxorubicin or
vincristine. Tumor-free survival was monitored by palpation and in
vivo GFP imaging using a NightOwl imaging system (Berthold). For
Em-Myc;p53�/� lymphoma, 2 3 106 cells were i.v.-injected into BL/
6J mice. Due to the aggressiveness of these p53�/� lymphomas,
mice were treated 9 d after injection with 300 mg/kg cyclophos-
phamide. All mouse experiments were performed with the approval
of the MIT committee on animal care.

Immunofluorescence

Cells were seeded onto 18-mm2 coverslips and either mock-
treated or treated with 1 mM doxorubicin for 30 h. Cells were
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then fixed in 3% PFA and 2% sucrose for 15 min at room
temperature and permeabilized with 20 mM Tris-HCl (pH 7.8),
75 mM NaCl, 300 mM sucrose, 3 mM MgCl2, and 0.5% Triton-
X-100 for 15 min at room temperature. Slides were stained with
primary antibodies overnight at 4°C. Secondary antibodies were
used for 4 h at room temperature. Images were collected on an
Axioplan2 (Zeiss) microscope equipped with Openlab software
from Improvision.

Flow cytometry and cell cycle analyssis

For flow cytometric analysis of cell cycle and apoptosis, MEFs
were treated as indicated. After treatment, cells were washed
twice in ice-cold PBS, trypsinized, and fixed in 100% methanol
for 3 d at �20°C, blocked with 2% BSA in PBS, and incubated
with 1 mg of primary antibody per 106 cells for 3 h at room
temperature. Following washing, cells were incubated with
Alexa-488-conjugated secondary antibodies (diluted 1:50) (Mo-
lecular Probes) for 60 min at room temperature, washed, and
resuspended in PBS containing 50 mg/mL PI prior to analysis on
a Becton Dickinson FACScan flow cytometer. PI staining was
analyzed on FL-3, and Alexa-488 staining was analyzed on FL-1.

Human tissues and immunohistochemical analysis

Formalin-fixed, paraffin-embedded specimens of human normal
(n = 65) and tumor (n = 456; including 266 lung, 77 colon, 60
breast, and 53 bladder tumors) tissues were from the tissue bank
of the Institute of Cancer Biology, Copenhagen, or provided by M.
Sehested (Copenhagen University Hospital) or T. Ørntoft (Aar-
hus University Hospital) (Bartkova et al. 2005). All biopsy speci-
mens were from sporadic tumors, obtained at surgery before any
radiation treatment or chemotherapy of the patient was initi-
ated. The lung tumors were all invasive (including 67 small-cell
carcinomas and 199 nonsmall-cell tumors), while the sets of
colon, breast, and urinary bladder tumors each included, apart
from the bulk of invasive tumors, also a subset of 25%–30% of
high-risk preinvasive lesions: grade 3 colon adenomas, breast
carcinoma in situ, and bladder Ta lesions, respectively. For IHC,
the tissue sections were deparaffinized and processed for sensi-
tive immunoperoxidase staining with the primary monoclonal
antibodies against human p53 (DO1, Novocastra Laboratories),
ATM (ATML2p) (Tommiska et al. 2008), and rabbit monoclonal
Y170 from Abcam), and Chk2 (DCS70 and DCS73) (Lukas et al.
2001) were incubated overnight, followed by detection using the
Vectastain Elite kit (Vector Laboratories) and nickel sulphate
enhancement without nuclear counterstaining. Staining for p53
was regarded as aberrantly enhanced when >20% of tumor cells
showed strong staining, while the criteria for aberrantly reduced
expression of ATM and Chk2 were as reported (Vahteristo et al.
2002; Tommiska et al. 2008). Given that well over 90% of all
known ATM mutations result in low to undetectable levels of
ATM protein (Mitui et al. 2008; http://chromium.liacs.nl/lovd),
that the most frequent Chk2 mutations also grossly destabilize
the protein (Vahteristo et al. 2002), and the vast majority of p53
mutations stabilize the mutant protein (Bartek et al. 1990; Iggo
et al. 1990), immunohistochemical detection of protein loss
(ATM and Chk2) or gross overexpression in many cancer cells
(p53) is suitable to identify the vast majority of the tumor-
associated aberrations of ATM, Chk2, and p53, with only rare
false-negative and probably no false-positive cases (given the
internal control of normal protein levels in noncancerous cells
on each section) to be found. Statistical analysis was performed
using the Fisher’s exact test, with all P-values being two-sided
and considered significant when P < 0.01.

Patient survival analysis

All of the analyses of various subgroups have been made on the
total series of 604 tumors on the array stained for both p53 and
ATM. For this group of patients (incident cases), the duration of
follow-up ranged from 2.0 to 137.0 mo (median: 83.5; mean: 79.9;
SD: 30.9). Age at the time of diagnosis ranged from 22.2 to 95.5 yr
(median: 54.6; mean: 56.0; SD: 12.6). For non-IR graphs, p53-neg
n = 74, P = 0.0002; p53-pos n = 19, P = 0.3236 (altogether, 93
patients). For chemotreated, non-IR, p53-neg, n = 24, P = 0.033.
This study was performed with informed consents from the
patients as well as with permissions from the Ethics Committee
(E8) of the Helsinki University Central Hospital and from the
Ministry of Social Affairs and Health in Finland.
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