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Ataxia-telangiectasia (A-T) mutated (ATM) kinase signals all three cell cycle checkpoints after DNA double-
stranded break (DSB) damage. H2AX, NBS1, and p53 are substrates of ATM kinase and are involved in
ATM-dependent DNA damage responses. We show here that H2AX is dispensable for the activation of ATM
and p53 responses after DNA DSB damage. Therefore, H2AX functions primarily as a downstream mediator
of ATM functions in the parallel pathway of p53. NBS1 appears to function both as an activator of ATM and
as an adapter to mediate ATM activities after DNA DSB damage. Phosphorylation of ATM and H2AX induced
by DNA DSB damage is normal in NBS1 mutant/mutant (NBS1™™) mice that express an N-terminally
truncated NBS1 at lower levels. Therefore, the pleiotropic A-T-related systemic and cellular defects observed
in NBS1™™ mice are due to the disruption of the adapter function of NBS1 in mediating ATM activities. While
H2AX is required for the irradiation-induced focus formation of NBS1, our findings indicate that NBS1 and
H2AX have distinct roles in DNA damage responses. ATM-dependent phosphorylation of p53 and p53 re-
sponses are largely normal in NBS1™™ mice after DNA DSB damage, and p53 deficiency greatly facilitates

tumorigenesis in NBS1™™
DNA damage responses and tumor suppression.

mice. Therefore, NBS1, H2AX, and p53 play synergistic roles in ATM-dependent

Proper cellular responses to DNA double-strand breaks
(DSBs) are critical for maintaining genetic stability and for
tumor suppression (38). A gene consistently mutated in genetic
instability syndrome ataxia-telangiectasia (A-T), called ATM
(for ataxia-telangiectasia mutated), encodes a large protein
kinase that is responsible for activating cellular responses to
DNA damage (44). In this context, ATM is required for ho-
mologous recombination and all three cell cycle checkpoints
after DNA DSB damage. In addition, ATM deficiency leads to
hypersensitivity to y-irradiation and multisystemic defects, in-
cluding growth retardation, abolished germ cell development,
immunodeficiency, and greatly increased cancer risk (43). As a
protein kinase, ATM functions by phosphorylating and acti-
vating a number of DNA repair and checkpoint proteins, in-
cluding p53, NBS1, H2AX, 53BP1, Brcal, Smcl, and Chk2
(43).

Immediately after DNA DSB damage, histone H2AX is
phosphorylated at the C-terminal Ser residues (Ser136 and
Ser139) (40). This phosphorylation, called y-H2AX, can be de-
tected within minutes after the introduction of DSBs and is in-
volved in the recruitment of other known components of DNA
repair, including Brcal, NBS1/Mrel1/Rad50, and 53BP1, to the
sites of the DNA damage (11, 41, 48). y-H2AX is mainly medi-
ated by ATM after DNA DSB damage, suggesting that H2AX is
a downstream mediator of ATM function (6, 20). H2AX is also
required for the recruitment of 53BP1 to sites of DNA DSB
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damage, and 53BP1 appears to be an upstream activator of ATM
(11, 39, 48). Therefore, it remains unclear whether H2AX plays
any role in activating ATM after DNA DSB damage.

NBSI, the gene product mutated in Nijmegen breakage syn-
drome (NBS) patients, is the p95 component of the Mrell
complex that forms foci at the sites of DNA DSBs (8, 36, 47).
The importance of NBS1 in DNA repair is indicated by the
multisystemic defects observed in NBS patients, including
growth retardation, immunodeficiency, and increased lym-
phoid malignancies (46). In addition, NBS cells are hypersen-
sitive to ionizing radiation and defective in intra-S and G,/M
checkpoints. Targeted disruption of the N terminus of NBS1 in
mice recapitulates most of the systemic and cellular defects
observed in NBS patients (25, 50). The functional link between
ATM and NBSI1 is suggested by the large panel of defects
shared by NBS1 and ATM mutations and is further demon-
strated by the findings that ATM can phosphorylate and acti-
vate NBS1 at a consensus site, Ser343 (21, 30, 51, 55). There-
fore, NBS1 appears to function as a downstream mediator of
ATM function. Recent studies show that mutation of the
Mrell complex or NBS1 leads to impaired ATM activation in
human cell lines, indicating a role for NBS1 in activating ATM
after DNA DSB damage (9, 23, 39, 45). Since the disruption of
this NBS1 function could account for the A-T-related defects
observed in NBS patients, the contribution of the impaired
adapter function of NBS1 in mediating ATM activities to the
A-T-related defects in NBS1 mutant mice and human patients
remains to be established.

The functional interaction between NBS1 and H2AX is
complex. H2AX is required for the irradiation-induced focus
formation of NBS1 after DNA DSB damage (11). In addition,
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FIG. 1. Phosphorylation of ATM at Ser1981 and p53 at Ser18 after DNA DSB damage in H2AX /™ cells. (A) Phosphorylation of ATM in
ATM** and ATM ™/~ MEFs before (—) and 1 h after (+) IR (1 Gy). Phosphorylation of ATM in H2AX"/* and H2AX /~ thymocytes (B) and
MEFs (C) 1 h after 1 Gy of IR or in H2AX"'" and H2AX /" thymocytes 10 min after 1 Gy of IR (D). The genotypes and the treatment are
indicated at the top. Phosphorylated ATM and total ATM are indicated on the right. p53 stabilization and phosphorylation at Ser18 in H2AX™/*
and H2AX ™/~ thymocytes after IR (E) and in MEFs after IR (F) or doxorubicin (G). The genotypes and time points after treatments are indicated

at the top. Phosphorylated p53, total p53, and actin are indicated on the right.

direct interaction between y-H2AX and NBS1 suggests a
mechanism to recruit NBS1 to the sites of DNA DSB damage
(27). These findings suggest that H2AX functions upstream of
NBS1 in DNA damage response. However, while the defects
observed in either H2AX or NBS1 mutant mice are shared by
ATM mutant mice, H2AX and NBS1 mutant mice exhibit
certain distinct phenotypes (4, 12, 25, 50, 52). For example,
while spermatogenesis is abolished in H2AX-deficient mice,
oogenesis failure is only observed in NBS1 mutant mice.
Therefore, NBS1 and H2AX might have distinct roles in DNA
damage responses.

It has been well established that ATM is required for the
activation of p53 responses to DNA DSB damage in human
and mouse cells (26, 49, 53, 54). ATM can phosphorylate p53
at Serl5 (corresponding to Serl8 of mouse p53), and this
phosphorylation activates p53 responses to DNA DSB damage

(13, 14, 17, 28). While it has been well established that ATM is
required to activate p53-dependent cell cycle G, arrest upon
DNA DSB damage, it remains unclear whether H2AX is in-
volved in mediating this ATM function after DNA DSB dam-
age. We employed NBS1, H2AX, and p53 mutant mice to
investigate the functional interactions among ATM, NBSI,
H2AX, and p53 in DNA damage responses, maintenance of
genetic stability, and tumor suppression.

MATERIALS AND METHODS

Generation and culture of MEFs. Murine embryonic fibroblasts (MEFs) were
derived from day 14 embryos as described previously (53). The MEFs were
cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum, 5 mM glutamine, 50 wM B-mercaptoethanol, and 50 U (each) of
penicillin and streptomycin/ml at 37°C with 5% CO,. Cellular proliferation
assays were performed as previously described (53). Briefly, 10° MEFs were
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FIG. 2. p53-dependent transcription in H2AX /" and H2AX '~ MEFs (A) and thymocytes (B) after DNA DSB damage. The mRNA levels
of each gene were determined by quantitative real-time PCR and standardized by the mRNA levels of GAPDH as described previously (13). The
mRNA levels in the untreated H2AX /" cells are arbitrarily set to 1. The MEFs were harvested 12 h after doxorubicin (Dox) treatment (0.5 uM),
and the thymocytes were harvested 4 h after treatment with 5 Gy of IR. Mean values from three independent experiments are presented, with error

bars indicating standard deviations.

seeded onto each 35-mm-diameter plate, and each day after being plated, MEFs
from three plates of each genotype were trypsinized and counted.

Ionizing radiation (IR) treatment of MEFs and cell cycle analysis. MEFs were
synchronized at the cell cycle G, phase by serum starvation in medium containing
0.1% fetal bovine serum for 96 h as described previously (54). The Gy-synchro-
nized MEFs were trypsinized and irradiated in suspension with a '3’Cs y-ray
source. The irradiated and mock-treated MEFs were plated in 10-cm-diameter
plates at a density of 1 million cells/plate in normal MEF growth medium
supplemented with 10 wM bromodeoxyuridine. After 24 h of bromodeoxyuridine
labeling, the cells were harvested and fixed in 70% ethanol, and the cell cycle
profile was analyzed as described previously (53).

Analysis of p53-dependent apoptosis in mouse thymocytes. Thymuses were
recovered from 1- to 2-month-old mice of various genotypes, and single-cell
thymocyte suspensions were treated with increasing doses of IR as described
previously (15). The percentage of apoptotic cells 10 h after IR was analyzed by
staining with annexin V as described previously (15).

Western blot analysis of levels of proteins and protein phosphorylation. Pro-
tein extracts from 4 X 10° embryonic stem cells or MEFs or 5 X 10° thymocytes
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on
6 to 15% polyacrylamide gels and transferred to nitrocellulose membranes. The
membranes were probed with various primary antibodies and subsequently in-
cubated with horseradish peroxidase-conjugated secondary antibody and devel-
oped with Enhanced Chemiluminescence PLUS (Amersham Pharmacia Bio-
tech) or a Pierce SuperSignal kit. To determine the amount of protein in each
lane, the filter was stripped and probed with a rabbit polyclonal antibody against
actin (Santa Cruz Biotechnology, Inc.). Phosphospecific antibody against ATM
was purchased from Rockland. Phosphospecific antibody against p53 was pur-
chased from Cell Signaling Technology.

Real-time PCR analysis. Total RNA was isolated from MEFs or thymocytes
with the combination of Trizol (Invitrogen) and RNAeasy RNA Cleanup (QIA-
GEN). RNA was treated with RNase-free DNase (Roche Diagnostics) for 20
min at room temperature before being reverse transcribed using Superscript 11
reverse transcriptase (Invitrogen). Real-time PCR was performed on an ABI
7000 machine with SYBR Green PCR Master Mix (Applied Biotechnology).
PCR conditions consisted of a 10-min hot start at 95°C, followed by 40 cycles of
30 s at 95°C and 1 min at 61°C. The average threshold cycle for each gene was
determined from triplicate reactions, and the levels of gene expression relative to

GAPDH (glyceraldehyde-3-phosphate dehydrogenase) were determined as pre-
viously described (5). The primers used were described previously (13).

Generation and analysis of NBS1™™) H2AX '~ and NBS1™™ p53~/~ mice.
The ATM~/~, p537/~, NBS1 mutant/mutant (NBS1™™), and H2AX '~ mice
were described previously (4, 24, 25, 52). Because NBS1™™ females are sterile,
p53™/~ mice were bred with NBS1™™ males to generate p53*/~ NBS1™/™ mice,
which were intercrossed to generate p53~/~ NBS1™™ mice. The health status of
various mutant mice was monitored once every 2 days. The dead or dying mice
were dissected and examined for tumors. The H2AX ™/~ males were sterile (4),
and H2AX ™/~ NBS1™/™ female and H2AX"/~ NBS1™/~ males were inter-
crossed to screen for homozygous mutant embryos.

Analysis of chromosomes. Pretumor thymocytes were cultured in RPM-1
medium supplemented with 12 ng of phorbol myristate acetate/ml and 0.25 g of
ionomycin/ml, and metaphases were prepared after 2 to 3 days of culture when
the thymocytes reached the log phase of proliferation. Tumor cells were pre-
pared for spectral karyotyping (SKY) analysis by culturing them in RPM-1
medium supplemented with 10% fetal calf serum, antibiotics, 100 uM B-mer-
captoethanol, and 100 U of interleukin-2/ml for 2 to 3 days until they reached
log-phase growth. Thymocytes and tumor cells were treating with 0.05 wg of
Colcemid/ml for 2.5 h prior to standard metaphase dropping. Metaphases from
pretumor thymocytes were stained with DAPI (4',6'-diamidino-2-phenylindole)
and examined. SKY analysis of chromosomes was performed as described pre-
viously (19). Chromosomes were analyzed using a Nikon Eclipse microscope
equipped with an Applied Spectral Imaging charge-coupled device camera and
40 and 63X objectives.

RESULTS

H2AX is not required for ATM activation after DNA DSB
damage. Phosphorylation of ATM at Ser1981 is required to
activate ATM after DNA DSB damage (2). To control for the
specificity of the commercial monoclonal antibody that recognizes
the mouse ATM phosphorylated at Ser1981, we used the anti-
body to probe the blot of the protein extracts from ATM /~ and
ATM*"* MEFs before and 1 h after 1 Gy of IR. While similar
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FIG. 3. Phosphorylation of ATM, p53, and Chk2 in NBS1*/* and NBS1™™ cells after IR. Phosphorylation of ATM at Ser1981 in NBS1*/* and
NBS1™™ MEFs (A) and thymocytes (B) 1 h after treatment with 1 Gy of IR or in NBS1*/* and NBS1™™ thymocytes 10 min after 1 Gy of IR (C).
The treatment and genotypes are indicated at the top. Phosphorylated ATM and total ATM are indicated on the right. Phosphorylation of p53
in NBS17/* and NBS1™™ MEFs 1 h after various dosages of IR (D) and thymocytes 1 h after treatment with 1 Gy of IR (E). The treatment and
genotypes are indicated at the top. Phosphorylated p53 and total p53 are indicated on the right. Phosphorylation of H2AX (F) and Chk2 (G) in
ATM /7, NBS1™/*, and NBS1™™ thymocytes 1 h after treatment with 1 Gy of IR. The genotypes and treatment are indicated at the top.

Phosphorylated H2AX and Chk2 are indicated on the right.

levels of ATM protein were detected in ATM ™™ MEFs before
and after IR, no ATM protein could be detected in ATM '~
samples (Fig. 1A). In addition, while no phosphorylated ATM
was detected in ATM ™/~ MEFs before or after IR, phosphory-
lation of ATM was significantly increased in ATM™* MEFs 1 h
after 1 Gy of IR (Fig. 1A). Therefore, we concluded that the
monoclonal antibody specifically recognizes mouse ATM phos-
phorylated at Ser1981. To determine whether H2AX is required
for ATM activation after DNA damage, we analyzed the Ser1981
phosphorylation of ATM in H2AX™*'* and H2AX '~ thymocytes
and MEFs after IR. Normal phosphorylation of ATM at Ser1981
was observed in H2AX ™/~ thymocytes and MEFs 1 h after 1Gy of
IR, indicating that H2AX is not required for ATM activation
after DNA DSB damage (Fig. 1B and C). Consistent with this
conclusion, ATM phosphorylation at Ser1981 is normal in
H2AX ™'~ thymocytes 10 min after 1 Gy of IR (Fig. 1D). Phos-
phorylation of p53 at Serl8 and p53 stabilization were both nor-

mal in H2AX '~ MEFs and thymocytes after DNA DSB damage
induced by IR or doxorubicin (Fig. 1E, F, and G).
p53-dependent responses to DNA DSB damage in H2AX ™/~
cells. While H2AX is not required for p53 stabilization after
DNA DSB damage, we analyzed p53-dependent transcription
after DNA DSB damage to determine whether H2AX is re-
quired for p53 activities. Analysis of p53-dependent gene ex-
pression in H2AX /= MEFs before and after doxorubicin
treatment indicated that expression of a number of pS3-depen-
dent genes was normal or slightly increased in H2AX ™/~
MEFs after DNA DSB damage (Fig. 2A). In addition, the
basal levels of some p53 target genes, such as p21, were in-
creased in H2AX '~ MEFs without doxorubicin treatment
(Fig. 2A). We also found normal p53-dependent apoptosis in
H2AX ™/~ thymocytes after IR (data not shown). In addition,
pS3-dependent expression of apoptotic genes, including Noxa,
Puma, and Killer 5 genes, was normal or higher in H2AX ™/~
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thymocytes after IR (Fig. 2B). Similar to what was observed in
H2AX '~ MEFs, the basal levels of some p53-dependent apo-
ptotic genes were increased in H2AX ™/~ thymocytes in the
absence of exogenous DNA damage.

Various ATM-dependent phosphorylation events in NBS
cells. Recent studies have suggested that the Mrell/Rad50/
NBS1 complex functions upstream of ATM and is required for
ATM activation after DNA DSB damage (9, 23, 39, 45). To
test whether the large panel of A-T-related cellular and sys-
temic defects observed in NBS1™™ mice are due to impaired
ATM activation, we analyzed the phosphorylation of ATM at
Ser1981 in NBS1™™ cells after IR. Normal ATM phosphory-
lation was observed in NBS1™™ MEFs and thymocytes 1 h
after 1 Gy of IR (Fig. 3A and B). In addition, the phosphor-
ylation of ATM at Ser1981 is also normal in NBS1™™ thymo-
cytes 10 min after 1 Gy of IR (Fig. 3C). ATM-dependent
phosphorylation of p53 at Serl8 and y-H2AX is normal in
NBS1™™ cells after IR (Fig. 3D, E, and F). Since NBS1™™
cells expressed an N-terminally truncated NBS1 protein at low
levels (25), these findings indicated that the N-terminal domain
of NBS1 is not required for the activation of ATM and ATM-
dependent phosphorylation of p53 and H2AX after DNA DSB
damage.

ATM-dependent phosphorylation of Chk2 might activate
Chk2 activities after IR (1, 35, 37). To test whether Chk2 is
phosphorylated in NBS1™™ thymocytes after IR, we analyzed
the phosphorylation status of Chk2 in NBS1*/* and NBS1™™
thymocytes after IR. Phosphorylated Chk2 migrates more
slowly than unphosphorylated Chk?2 in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and this allowed us to ac-
curately determine the Chk2 phosphorylation status in the
cells. While Chk2 was mostly phosphorylated in NBS1"/™" thy-
mocytes after IR, little phosphorylation of Chk2 could be de-
tected in either ATM ™/~ or NBS1™™ thymocytes (Fig. 3G).
Therefore, a complete NBS1 is required for ATM-dependent
phosphorylation of Chk2 after DNA DSB damage.

Synthetic lethality of NBS1 and H2AX mutations. Since
NBS1, but not H2AX, is required for ATM-dependent phos-
phorylation of Chk2 (20), these findings suggested some dis-
tinct functions of H2AX and NBS1 in mediating ATM-depen-
dent activities. In addition, NBS1™™ and H2AX /= mice
developed some distinct defects (4, 12, 25, 50). In support of
the notion that NBS1 and H2AX have distinct roles in DNA
damage responses, while both NBS1™™ and H2AX /~ mice
are viable, NBS1™™ H2AX '~ mice were embryonic lethal
(Table 1). The embryonic lethality occurred during early em-
bryonic development, since no homozygous mutant embryos
could be detected at embryonic day 12 (Table 1). H2AX hap-
loid deficiency has been shown to increase cancer predisposi-
tion in the p53~/~ background (4, 10). Therefore, we moni-
tored and compared tumorigenesis in 34 sets of NBS1™™ and
NBS1™™ H2AX*~ mice that were >6 months of age. No
increased tumorigenesis was observed in NBS1™™ H2AX ™/~
mice.

Interchromosomal rearrangements in H2AX ™'~ and NBS1™™
thymocytes. Chromosomal translocations are common in
ATM ™/~ human and mouse cells (43). To test whether NBS1
mediates ATM functions in the maintenance of genetic stabil-
ity, we analyzed the interchromosomal rearrangements in the
pretumor thymocytes by detecting the interchromosomal rear-
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FIG. 4. Genetic instability in pretumor thymocytes derived from 1-month-old wild-type (Wt), p53~/~, H2AX/~, NBS1™™, and ATM '~ mice.
(A) Chromosomal translocations involving TCR loci in thymocytes of various genotypes. Schematic diagram of intra- and interchromosomal
rearrangements in TCRP and -y loci. The TCRyV3S1TCRpBIJ2 rearrangement represents the formation of a t (6, 13) chromosomal translocation.
(B) PCR analysis of the intra- and interchromosomal rearrangements in wild-type, p53~/~, H2AX /~, NBS1™™, and ATM /~ thymocytes. The
PCR conditions were essentially the same as those described by Kang et al. (25). One hundred nanograms of genomic DNA derived from
thymocytes of various genotypes was used for PCR amplification. Representative PCR products from the three rearrangements are indicated on
the right, and the genotypes are indicated at the top. (C) Chromosomal abnormalities in thymocytes of various genotypes. Data from two sets of
independently prepared metaphase chromosomes of thymocytes are presented. Expt., experiment.

rangement between T-cell receptor B (TCRB) and TCRy, a
predictor of global chromosomal translocations in mouse thy-
mocytes (25, 31). The thymocytes were analyzed by flow cy-
tometry for their patterns of CD4 and CD8 expression, as well
as their cell sizes, to ensure that they were not tumor cells.
While little interchromosomal rearrangement can be detected
in wild-type thymocytes, interchromosomal rearrangements in-
volving these TCR loci were observed in all ATM /~ and
NBS1™™ thymocytes analyzed (Fig. 4A and B). However, sim-
ilar to wild-type thymocytes, little interchromosomal rear-
rangement was detected in thymocytes derived from 10
H2AX ™/~ mice and 10 p53~/~ mice (Fig. 4A and B and data
not shown).

To further analyze the genetic instability in the pretumor

thymocytes, we examined the metaphase chromosomes pre-
pared from the proliferating thymocytes derived from mice of
various genotypes. While chromosomal structural abnormali-
ties were easily detected in both NBS1™™ and NBS1™™
p53~/~ thymocytes, little chromosomal translocation was de-
tected in the wild-type and p53~/~ thymocytes (Fig. 4C).
NBS1 and p53 have synergistic roles in tumor suppression.
ATM /=, NBS1™™ and p53~/~ mice all developed thymic
lymphomas (3, 16, 18, 24, 25, 52). However, ATM '~ mice
developed thymic lymphomas much faster than NBS1™™ and
p53~/~ mice and uniformly died from thymic lymphomas by 6
months of age (3, 52). These findings suggest that ATM-de-
pendent activation of p53 and NBS1 might play synergistic
roles in tumor suppression. Consistent with this notion, p53-
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indicating standard deviations. (B) Quantitative analysis of the per-
centages of apoptotic thymocytes in NBS1*/* and NBS1™™ thymo-
cytes 10 h after IR. The mean value from four independent experi-
ments is presented with error bars indicating standard deviations. Wt,
wild type. (C) Survival analysis of ATM/~, NBS1™™, p537/~, and
NBS1™™ p53~/~ mice. Most of the data on NBS1™™, p53~/~, and
NBS1™™ p537~/~ mice were derived from littermates. n represents the
number of mice monitored for death caused by tumorigenesis. All
NBS1™™ p53~/~ mice died from thymic lymphomas within 6 months.

dependent p21 induction and cell cycle G, arrest were both
normal in NBS1™™ MEFs after various doses of IR (Fig. 5A
and data not shown). In addition, p53-dependent apoptosis
was modestly reduced in NBS1™™ thymocytes after IR com-
pared with that in wild-type thymocytes (Fig. 5B). To further
test the functional interactions of NBS1 and p53 in tumor
suppression, NBS1™™ p53~/~ mice were generated and mon-
itored for tumorigenesis. Similar to ATM /™ mice, NBS1™™
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p53~/~ mice developed thymic lymphomas much faster than
NBS1™™ and p53 /" mice, and all NBS1™™ p53~/~ mice died
from thymic lymphomas by 5 months of age (Fig. 5C). There-
fore, NBS1 and p53 function synergistically in the suppression
of thymic lymphomas.

Chromosomal translocations in tumors derived from NBS1™™
mice. To understand the rapid onset of tumorigenesis in
NBS1™™ p53~/~ mice and to determine the similarity to tu-
mors arising in ATM ™'~ mice, SKY was performed to analyze
the chromosomal abnormalities in tumors derived from
NBS1™™ and NBS1™™ p53~/~ mice. Two NBS1™™ tumors
and three NBS1™™ p537~/~ tumors were analyzed. Chromo-
somal translocations involving chromosome 12, including T(12;
2), T(12;1), and T(12;11), were commonly detected in
NBS1™™ tumors, with a clonal T(12;2) translocation observed
in one tumor (Fig. 6A and data not shown). A subclonal T(14;
12) translocation was also observed in both NBS1™™ tumors
(Fig. 6A; data not shown). Similar chromosomal translocations
were observed in NBS1™™ p537~/~ tumors. The first tumor
contained a clonal T(12;2) translocation in 12 of 13 meta-
phases, comprised of the centromere and most of the long arm
of 12 attached to most of the distal long arm of 2 (Fig. 6B).
This tumor also contained a subclonal T(3;14) translocation (3
of 13 metaphases), as well as three or four intact copies of
chromosome 14 in every metaphase. The second tumor con-
tained a T(14;2) translocation in 4 of 10 metaphases and extra
chromosomes 14 and 15 in 7 metaphases (data not shown).
The third tumor did not contain a detectable clonal aberration
but was highly unstable, containing five separate transloca-
tions, each seen in only one metaphase. Supernumerary chro-
mosomes were observed only in NBS1™™ p53~/~ tumors (av-
erage chromosomal number, 45) but not in NBS1™™ tumors,
both of which contained 40 chromosomes. These types of chro-
mosomal translocations are also frequently observed in thymic
tumors derived from ATM '~ mice, as characterized in previ-
ous publications (3, 32). These findings further support the
notion that NBS1 plays an important role in mediating ATM-
dependent suppression of chromosomal translocations in
mouse thymocytes.

DISCUSSION

The kinase activity of ATM is rapidly activated after DNA
DSB damage, leading to the phosphorylation and activation of
a number of DNA repair proteins, including NBS1 and 53BP1
(2, 42). Recent studies have suggested that the Mrel1/Rad50/
NBS1 complex and 53BP1 function both upstream and down-
stream of ATM after DNA DSB damage (9, 20, 21, 23, 30, 39,
45, 48, 51, 55). H2AX, which is phosphorylated by ATM im-
mediately after DNA DSB damage, is required for irradiation-
induced focus formation at the site of DNA damage by a large
number of DNA repair and checkpoint proteins, including
53BP1 and NBSI, suggesting that H2AX might be involved in
the activation of ATM after DNA DSB damage (12, 48). How-
ever, we demonstrate here that H2AX is not required for ATM
activation after DNA DSB damage. In addition, H2AX is not
required for ATM-dependent phosphorylation of p53 and
Chk2 after DNA DSB damage (Fig. 1) (20). Therefore, H2AX
functions as a downstream mediator of ATM functions after
DNA DSB damage. These findings also support the notion
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FIG. 6. Spectral karyotype of an NBSI™™ (A) and an NBS1™™ p53~/~ (B) thymic lymphoma. For each chromosome in the karyotype table,
the fluorescent SKY appearance is shown on the left, a grayscale image of DAPI stain is shown in the middle, and computer-classified colon is
shown on the right. The chromosomes are oriented with centromeres toward the top of the page. The translocations are shown below. Note also
the presence of aneuploidy consisting of three chromosomes numbers 14 and 6, and a missing chromosome 9 in the NBS1™™ p53~/~ tumor.

that ATM activation might be independent of the exact sites of
DNA DSB damage (2). Therefore, while phosphorylation of
substrates such as NBS1 by activated ATM might occur mostly
at the sites of DNA damage (33), the MRN complex likely
activates ATM at a distance from the sites of DNA damage
through direct physical interaction (23, 29).

Impaired ATM activation and p53 phosphorylation have
been reported in human NBS cell lines (9, 23, 39, 45). How-
ever, we found normal phosphorylation of ATM and p53 in our
NBS1 mutant mice. The apparent discrepancy between our
findings in NBS1 mutant mice and the human cell lines is likely
due to the nature of NBS1 mutation and the expression levels
of the truncated NBSI in these two systems. Cells from NBS
patients express an N-terminal 26-kDa NBSI1 protein fragment
and an N-terminally truncated 70-kDa NBS1 protein at low
levels (34). In NBS1™™ mice, the N terminus (codons 1 to 194)
of NBS1, which contains the FHA and BRCT domains, is
disrupted (25). Therefore, while the 26-kDa N-terminal NBS1
protein fragment should not be produced in our NBS1 mutant

mice, the N-terminally truncated NBS1 protein of ~70 kDa is
expressed at reduced levels in the cells derived from the mu-
tant mice (25). The discrepancy in ATM activation between
NBS1 mutant mice and NBS patients could be due to the
different expression levels of the 70-kDa N-terminally trun-
cated NBS1 protein. Alternatively, since the 26-kDa N-termi-
nal NBS1 fragment is expressed only in some human NBS cells,
it is also possible that the 26-kDa N-terminal NBS1 fragment
plays a dominant-negative role in suppressing ATM activation
after DNA DSB damage.

The finding of normal ATM activation in NBS1™™ mice
after DNA DSB damage extends the observation by Horejsi et
al. that the N-terminal FHA domain of NBSI is not required
for ATM activation and indicates that neither the FHA nor the
BRCT domain of NBS1 is required for ATM activation (23).
In addition, consistent with the finding that NBS1 plays impor-
tant roles in mediating ATM activities (22, 45), this finding
indicates that the A-T-related defects observed in NBS1 mu-
tant mice are mainly due to the disruption of the adapter



VoL. 25, 2005

function of NBS1 in mediating ATM activities, such as the
phosphorylation of Chk2.

Our studies also provide an improved understanding of the
functional interactions among H2AX, NBS1, and p53. An ear-
lier report showed that H2AX is required for the irradiation-
induced focus formation of NBS1 after DNA DSB damage,
suggesting that H2AX and NBS1 function in overlapping path-
ways in the cellular responses to DNA DSB damage (11).
However, several lines of evidence presented here and else-
where indicate that NBS1 and H2AX also function in distinct
pathways in DNA damage responses. In this context, NBSI,
but not H2AX, is required for ATM-dependent Chk2 phosphor-
ylation after DNA DSB damage (Fig. 3) (7, 20). In addition,
NBS1, but not H2AX, is required for the ATM-dependent sup-
pression of interchromosomal rearrangement, indicating that
NBS1 and H2AX have distinct roles in DNA damage responses.
In support of this notion, the chromosomal abnormalities ob-
served in the thymic tumors derived from NBS1™™ and NBS1™™
P53~/ mice are different from those derived from H2AX '~
P53~/ mice (4). The distinct roles of H2AX and NBS1 in DNA
repair could also account for the synthetic lethality of NBS1
mutation and H2AX mutation.

ATM is required to activate p53 responses to DNA DSB
damage (42). Our finding that H2AX and NBSI1 are not im-
portant for p53 responses to DNA DSB damage indicates that
H2AX and NBS1 function largely in distinct pathways of p53 in
DNA DSB damage responses. In the context of H2AX ™/~
cells, increased basal levels of p53 activities, possibly due to the
presence of endogenous genetic instability, might account for
the very modest cancer risk in these mutant mice. Consistent
with these notions, inactivation of p53 greatly facilitates tumor-
igenesis in H2AX /™ mice and our NBS1 mutant mice, as well
as independently generated NBS1 mutant mice (4, 10, 50).
Considering the greatly increased genetic instability in H2AX
and NBS1 mutant mice, these findings indicate that pS3 can
efficiently suppress tumorigenesis in the presence of significant
endogenous chromosomal abnormalities. Therefore, cancer
predisposition in ATM '~ mice, in which both p53 inactivation
and genetic instability are present, is greatly increased com-
pared with that in NBS1 mutant mice.
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