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7Core Genotyping Facility, National Cancer Institute, National Institutes of Health, Gaithersburg, Maryland

Communicated by Richard Wooster

Homozygous mutation in the ATM gene causes ataxia telangiectasia and heterozygous mutation carriers may be
at increased risk of breast cancer. We studied a total of 22 ATM variants; 18 variants were analyzed in one of
two large population-based studies from the U.S. and Poland, and four variants were analyzed in all 2,856 breast
cancer cases and 3,344 controls from the two studies. The missense mutation Ser49Cys (c.146C4G, p.S49C),
carried by approximately 2% of subjects, was more common in cases than controls in both study populations,
combined odds ratio (OR) 1.69 (95% CI, 1.19–2.40; P 5 0.004). Another missense mutation at approximately
2% frequency, Phe858Leu (c.2572T4C, p.F858L), was associated with a significant increased risk in the U.S.
study but not in Poland, and had a combined OR of 1.44 (95% CI, 0.98–2.11; P 5 0.06). These analyses
provide the most convincing evidence thus far that missense mutations in ATM, particularly p.S49C, may be
breast cancer susceptibility alleles. Because of their low frequency, even larger sample sizes are required to more
firmly establish these associations. Hum Mutat 27(6), 538–544, 2006. Published 2006 Wiley-Liss, Inc.y
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INTRODUCTION

Ataxia telangiectasia (AT; MIM] 208900) is a rare autosomal
recessive disease (frequency of 1/40,000 or less, heterozygote
carrier frequency o�1%) characterized predominantly by severe
progressive cerebellar degeneration and increased rates of
leukemia and lymphoma [McKinnon, 2004]. For nearly 20 years
it has been suggested that obligate heterozygote mutation carriers,
who are phenotypically normal, are at increased risk of breast
cancer [Swift et al., 1987]. Although once controversial [Khanna,
2000], epidemiologic studies among relatives of AT patients have
confirmed a modest breast cancer risk among obligate hetero-
zygotes [Swift et al., 1991; Geoffroy-Perez et al., 2001; Olsen et al.,
2001; Thompson et al., 2005b].

The ATM (ataxia telangiectasia mutated; MIM] 607585) gene,
cloned in 1995, is very large and mutations occur throughout its
amino acid coding portions [Savitsky et al., 1995]. Although
somewhat biased, owing to the mutation screening methods
applied to such a large gene, such as the protein truncation test,
most of the mutations identified thus far in AT patients are
protein-truncating. The initial cancer observations in obligate
carriers from AT families imply that AT-causing mutations
underlie the increased breast cancer risk. Complete mutation
screening of the ATM gene in breast cancer patients, however,
has generally not identified a significant number of AT-related

mutations in cases compared to controls, although the diversity
and extremely low frequency of detected mutations has resulted in
studies of insufficient power [FitzGerald et al., 1997]. Additionally,
haplotypes defined by common SNPs across the gene have not
shown any association with breast cancer [Tamimi et al., 2004;
Lee et al., 2005].

To explain the inability to identify protein-truncating ATM
mutations in breast cancer patients, a model has been proposed
suggesting that missense and truncating mutations could be
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associated with distinct phenotypes, namely, cancer and neuro-
logical diseases [Gatti et al., 1999]. This reasoning is not entirely
satisfactory, however, because it does not explain how the initial
breast cancer risk association was discovered—namely that
relatives of AT patients, who necessarily have mutations that
are associated with severe neurological symptoms and are usually
truncating, are at increased risk of breast cancer. Nonetheless,
recent evidence suggests that indeed some missense mutations are
functionally relevant and predispose heterozygous carriers to breast
cancer. For example, the rare missense mutation c.7271T4G
(p.V2424G) has been identified in two British AT patients who
have a less severe level of cerebellar degeneration [Stankovic
et al., 1998]. It appears to confer an increased risk of breast cancer
in these families, and shows ‘‘dominant-negative’’ biochemical
effects [Stankovic et al., 1998; Chenevix-Trench et al., 2002; Scott
et al., 2002; Thompson et al., 2005a]. Missense mutations
p.V2761A, p.R2849P, and p.G2876R, identified in AT patients,
also showed dominant-negative effects, whereas of the missense
mutations p.S2592C, p.A2274 T, p.G2287A, p.C2464R, and
p.G2772R, initially identified in breast cancer patients, only
p.S2592 showed dominant-negative effects when studied bio-
chemically [Scott et al., 2002]. Although past studies have been
underpowered for analysis of low frequency variants, several
studies of breast cancer subjects have identified missense
mutations more commonly in breast cancer patients, including
the p.S49C mutation [Izatt et al., 1999; Atencio et al., 2001;
Dork et al., 2001; Teraoka et al., 2001; Maillet et al., 2002;
Rodriguez et al., 2002; Sommer et al., 2002; Bretsky et al.,
2003; Buchholz et al., 2004].

Since complete sequence analysis of the entire ATM gene is still
prohibitively expensive for an adequately powered breast cancer
case–control study, we analyzed 22 individual ATM variants,
including AT-associated mutations, missense mutations, and
noncoding variants, in two independent study populations in the
U.S. and Poland.

METHODS
Study Populations

U.S. RadiologicTechnologist Study. The study of ATM
was initiated in a nested breast cancer case–control study within the
U.S. Radiologic Technologist (USRT) cohort study, a group with
occupational exposure to medical sources of ionizing radiation
[Sigurdson et al., 2003, 2004; Yoshinaga et al., 2004]. Eligible
subjects included 1,484 prevalent breast cancer cases, both in situ
and invasive, identified through questionnaires mailed during
1983–1988 and 1994–1998, and 2,183 control subjects without
breast cancer as of 1999, frequency-matched to the cases by year of
birth in 5-year strata. Blood samples were collected on 861 cases
and 1,048 controls between 1999 and 2004, representing participa-
tion rates of 58% among cases and 48% among controls. The
calendar year of breast cancer diagnoses ranged from 1955 to 2000.
Breast cancer case^control study inPoland. The second

study is a case–control investigation of breast cancer conducted in
Poland from 2000–2003 (M. Garcia-Closas, unpublished results).
Eligible cases were women 20–74 years of age, residents of Warsaw
and Łódź, who were newly diagnosed with either histologically or
cytologically confirmed in situ or invasive breast cancer. Popula-
tion registries were used to randomly select controls, stratified by
city and age in 5-year categories. We identified 3,037 eligible cases
and 3,639 eligible controls through the study period. Of these,
2,386 (79%) cases and 2,503 (69%) controls agreed to participate
in a personal interview on known and suspected breast cancer risk

factors. The present study is limited to women with blood DNA
samples: 1,995 cases (6% in situ) and 2,296 controls, which
represent 84% and 92%, respectively, of those interviewed.

Both study protocols were reviewed and approved by local and
NCI Institutional Review Boards. All participants provided written
informed consent. Demographic characteristics of the two study
populations are shown in Supplementary Table S1 (available
online at http://www.interscience.wiley.com/jpages/1059-7794/
suppmat). While the prevalence of many risk factors differed
considerably between the two populations, the odds ratios (ORs)
were similar for both populations and of the expected magnitude
and direction [Garcia-Closas, in press].

Laboratory Methods andVariant Selection

We developed Taqman 50-nuclease allele discrimination,
denaturing high-performance liquid chromatography (DHPLC),
or PCR-RFLP assays for the following types of nucleotide changes
in the ATM gene (GenBank reference sequences NP_000042.3
and AP001925.5): potentially AT-associated mutations (n 5 6)
identified in five or more families of diverse ethnicity (as of 2002)
or in British AT patients (www.vmresearch.org/investigators/
concannon_patrick/atmut-t.htm); variants with functional signifi-
cance by biochemical assay (n 5 4) [Scott et al., 2002]; and
nonconservative missense mutations with a minor allele frequency
o5% (n 5 5). A single silent mutation, p.P1526P, was also studied
because its frequency differed between breast cancer cases and
controls in a prior study [Teraoka et al., 2001]. Additional details
for all assays are given in Supplementary Table S2.

Interim analyses of association with breast cancer in the USRT
study [Struewing et al., 2004] identified four variants (p.S49C,
p.S707P, p.F858L, and p.P1526P) with Pr0.1, prompting us to
evaluate these mutations in the Polish breast cancer study. In the
Polish study, six additional noncoding SNPs, chosen from among
those available at the National Cancer Institute’s Core Genotyp-
ing Facility (http://snp500cancer.nci.nih.gov), were also assayed
[Bonnen et al., 2002; Packer et al., 2004; Tamimi et al., 2004;
Lee et al., 2005].

Genotyping quality control (QC) was assessed with duplicated
DNA samples intermixed with study samples (87 DNA aliquots
from eight nonstudy subjects in the USRT study, and 100 DNA
pairs in the Polish study). Laboratory personnel were blinded as to
the QC samples, which showed Z99% concordance for all but one
ATM assay (rs600329 in IVS31; 97% concordance). We observed
no significant departures from Hardy-Weinberg equilibrium in the
control populations for any of the assays.

Statistical Methods

We compared genotype frequencies between cases and controls
using contingency table analyses and unconditional logistic
regression modeling, adjusting for age and study site. Adjustment
for additional variables, such as age at menarche, parity, and age at
first birth within the individual study groups did not appreciably
alter the estimated genotype ORs. For age-adjusted analyses, age
was considered the age at diagnosis for cases; for controls from
Poland, age was considered the age at interview, and in the USRT
study, the age as of 1999. For variants in which all three genotype
possibilities were observed, we tested for overall differences in
genotype frequency between cases and controls using a likelihood
ratio chi-squared test with two degrees of freedom (this does not
assume dominant or recessive inheritance model). We tested for
homogeneity of ORs between study groups using the Breslow-Day
test as implemented in SAS 9.1 (SAS Institute, Inc., Cary, NC).
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We calculated the probability of a false association, or false-
positive report probability (FPRP) [Wacholder et al., 2004], to
assess whether our findings were ‘‘noteworthy’’ and reflect true
associations. The FPRP was calculated for prior probabilities ranging
from 0.1 to 0.0001, based on the statistical power to detect a true
OR of 1.5. This range of probabilities was chosen to reflect our prior
results for the SNPs under study, i.e., 0.1 for the AT-related and
missense mutations and 0.0001 for the noncoding mutations. We
considered associations with an FPRP below 0.20 (i.e., less than
20% probability of being false positive findings) to be noteworthy.

Genotype frequencies were compared for cases with various
survival times in the USRT study and there were no statistically
significant differences. For example, the prevalence of p.S49C
heterozygotes was 3.6% in subjects recruited within 10 years of
their breast cancer diagnosis and 4.1% among those diagnosed
more than 10 years prior to recruitment and blood collection
(P 5 0.8). We also noted no statistically significant differences
in the genotype frequencies for any variant between invasive
and in situ cases for either study group (data not shown).
Therefore, estimates of relative risk are presented for both types
of tumors combined.

RESULTS

We observed a significantly increased risk of breast cancer
among women who were heterozygous carriers of the rare missense
mutation p.S49C (Table 1). Among USRT subjects, 3.9% of cases
and 2.6% of controls were heterozygous for p.S49C, while in Polish
subjects 2.3% of cases and 1.2% of controls carried this mutation.
Estimated ORs were not significantly different between the two
study populations (P 5 0.5), and the adjusted OR for the
combined data was 1.69 (95% CI, 1.19–2.40; P 5 0.004).
p.S49C heterozygotes were found more commonly among cases
under age 50 years than among older cases, whereas the frequency
was similar among controls (Table 2), resulting in a stronger
association with breast cancer risk in younger (OR, 2.21; 95% CI,
1.09–4.46) than older (OR 1.53; 95% CI, 0.99–2.38) women
(P 5 0.1 for heterogeneity of ORs). The p.F858L missense
mutation was associated with significantly increased breast cancer
risk in the USRT study, being carried by 3.5% of cases and 1.8%
of controls (P 5 0.03) (Table 1). Its frequency did not vary
significantly between cases and controls in the Polish study. The
study-specific ORs for p.F858L were not significantly different
from each other (P 5 0.2), however, and the combined OR was
1.44 (95% CI, 0.98–2.11; P 5 0.06).

Table 2 shows p.S49C and p.F858L heterozygote frequencies for
various subgroups of subjects. The two SNPs were slightly more
common in the U.S. subjects, but generally showed consistency in
their association with breast cancer. Heterozygote frequencies for
p.F858L were slightly higher in subjects with a first degree relative
with breast cancer compared to those with a negative family
history, but p.S49C did not vary by family history.

The FPRP, or the probability that the observed association with
p.S49C is a false-positive finding, was 11%, assuming the true
effect size was 1.5 and the prior probability of it being associated
was 0.1. Since the prior probability is as estimated quantity, we
also calculated FPRPs for other priors: the FPRP was 20% or below
for prior probabilities as low as 0.05, but was 57% for a prior
probability of 0.01. The FPRP for the borderline significant
association for p.F858L was above 20%, even for high priors
(FPRPs 49% to 499%, for priors of 0.1 to 0.0001, respectively,
and true OR of 1.5), indicating that this finding is likely to be
a false positive.
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The p.S49C and p.F858L mutations were two of four coding
mutations genotyped in both the USRT and Poland study groups
because they showed some evidence of association (Pr0.1) in
an interim analysis of the USRT data [Struewing et al., 2004]
(Supplementary Tables S3 and S4. The p.P1526P silent mutation,
observed commonly in a previous series of breast cancer cases
[Teraoka et al., 2001], was somewhat less common among cases
in USRT but was observed at the same frequency among the
Polish cases and controls. The p.S707P missense mutation was
significantly less common among USRTcases compared to controls
(OR, 0.47; 95% CI, 0.23–0.93) but showed the opposite effect in
the Polish study group (OR, 1.25; 95% CI, 0.80–1.94). Overall,
there was no significant association between p.S707P with breast
cancer risk, but there was evidence for significant heterogeneity in
the OR between study groups (P 5 0.02).

Of the 10 potentially AT-related mutations studied in the
USRT population, only four were heterozygous in at least one
subject: one case carried the c.1563-1564delG mutation and one
carried the c.7636-7644del9 mutation, both clearly AT-associated
mutations; three cases and four controls were heterozygous for
g.82970C4T (IVS10-6T4G); and four cases and three controls
carried rs800059 (S1691R), both variants now thought likely to be
polymorphisms. In total, nine cases and seven controls carried one
of these mutations specified a priori as likely to be causally related
to the AT phenotype, an insignificant difference. The frequency of
all variants studied in the USRT study group are shown in
Supplementary Table S3. In the Poland study group, there were no
differences in genotype frequency between cases and controls for
the noncoding variants, as shown in Supplementary Table S4.

DISCUSSION

We have analyzed a number of rare (heterozygote frequencies
o10%) coding variants in the ATM gene in two large breast
cancer studies of 2,856 breast cancer cases and 3,344 controls from

the U.S. and Poland. We provide evidence that at least one of
them, p.S49C, may be a breast cancer susceptibility allele. The
p.S49C missense mutation, carried by less than 3% of subjects, was
associated with a significantly elevated OR of 1.69 (95% CI,
1.19–2.40; P 5 0.004). False-positive report probability calcula-
tions indicated that this association is unlikely to be a false
positive: assuming the prior probability of this variant being a
breast cancer susceptibility allele was 1 in 10, there is only an 11%
chance that the significant association we observed is a false
positive, and the chance that it is a false finding is 20% or below
for prior probabilities as low as 1 in 20. The variant was slightly
more common in U.S. compared to Polish subjects, but the
association with breast cancer risk was consistent between the two
study populations. The variant was more common among early-
onset breast cancer cases (diagnosed before age 50 years), but
there was little difference for subjects with and without a first-
degree relative with breast cancer.

p.F858L, another missense mutation at about the same
frequency as p.S49C, was also more common among cases but
the association did not reach even nominal statistical significance.
The association was mostly driven by the U.S. study group,
although the test for heterogeneity of the ORs between studies
was not statistically significant. The p.S707P mutation was
significantly less common in cases than controls in the USRT
study, but is was more common in cases than controls in the Polish
study. The p.P1526P variant was significantly lower in cases from
the USRT study in an interim analysis, but upon analysis of the
complete data set and when combined with the Polish data, was
not associated with breast cancer risk.

Because complete sequence analysis of the ATM gene is
prohibitively expensive in large epidemiologic studies, we developed
assays for a set of individual AT-causing mutations. While
individually rare, we hoped that combining less frequent AT-related
mutations would permit us to determine whether they are
associated with breast cancer. Most of the mutations we assayed

TABLE 2. Heterozygote Frequencies for theTwoATMMissenseMutations p.S49C and p.F858L Among Subgroups of Study Subjects

ATMSNP

p.S49C p.F858L

Breast cancer case/control Subgroup Total (N) No. Het % Het Total (N) No. Het % Het

Cases All 2832 78 2.8 2810 60 2.1
Controls All 3326 55 1.7 3303 50 1.5
Cases USRTa 854 33 3.9 856 30 3.5

Warsawb 1255 31 2.5 1242 18 1.4
Ło¤ dzŁ

b 723 14 1.9 712 12 1.7
Controls USRT 1040 27 2.6 1042 19 1.8

Warsaw 1467 20 1.4 1450 17 1.2
Ło¤ dzŁ 819 8 1.0 811 14 1.7

Cases Ageo50 1095 37 3.4 1089 27 2.5
Age 501 1736 41 2.4 1720 33 1.9

Controls Ageo50 807 11 1.4 803 11 1.4
Age 501 2519 44 1.7 2500 39 1.6

Cases FH1c 398 10 2.5 395 10 2.5
FH� 2432 68 2.8 2413 50 2.1

Controls FH1 296 5 1.7 294 5 1.7
FH� 3028 50 1.7 3007 45 1.5

Cases Invasive,USRT 729 28 3.8 731 28 3.8
In situUSRT 125 5 4.0 125 2 1.6
Invasive, Poland 1862 41 2.2 1839 30 1.6
In situ Poland 116 4 3.4 115 0 0.0

aU.S. RadiologicTechnologist Study subjects.
bWarsaw and Ło¤ dzŁ are the two study sites for the Polish Breast Cancer Case^Control Study.
cFH1, subjects report at least one ¢rst degree relative with breast cancer; FH�, subjects have no ¢rst degree relatives with breast cancer.
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were not detected in any of the USRT subjects and the summed
frequency of AT-related mutations was not different between
cases and controls. Two of the mutations included in our a priori
list, rs800059 (S1691R) and the intron 10 splicing mutation
(g.82970T4G), were detected in more than one subject, but it
may be that neither of them are true mutations: studies of the
intron 10 splicing mutation published since we initiated our
analyses suggests it may not increase the risk of breast cancer
[Bernstein et al., 2003; Szabo et al., 2004], and the S1691R was
studied because it was identified in a single British AT patient,
which may, in fact, not be the AT-causing mutation in this subject.
Excluding these two variants, we detected two clear AT-causing
mutations in cases and none in controls. We thus were not able
to contribute much information on whether truncating, AT-causing
mutations are more common in breast cancer patients compared
to controls.

Our most interesting association was p.S49C and breast cancer.
This mutation, initially identified in a small series of 38 sporadic
breast cancer cases [Vorechovsky et al., 1996], has also been
detected in 1.6% of 192 hospital-based breast cancer cases [Dork
et al., 2001] and in a study of 92 North American AT patients
[Castellvi-Bel et al., 1999]. It has been evaluated in at least two
previous epidemiologic studies of breast cancer. Its frequency did
not differ between breast cancer cases and controls in the
Multiethnic Cohort study [Bretsky et al., 2003], although there
were two or fewer carriers in each of the four ethnic groups.
p.S49C was significantly more common among 75 Caucasian
breast cancer patients, oversampled for second cancers and
positive breast cancer family history, studied at M. D. Anderson
Cancer Center, as compared to 940 blood bank donor controls
(6.7% vs. 1.3%) [Buchholz et al., 2004].

The Ser-to-Cys mutation is a nonconservative amino acid
substitution at residue 49, but there have been no biochemical
studies of its effect on ATM function. This amino acid maps to the
recently described chromatin association domain [Young et al.,
2005], but does not map to the well-known functional domains
of this protein. In silico analysis of the potential functional
significance of this and other missense mutations were incon-
clusive: the p.S49C has a potentially intolerant ‘‘sorting intolerant
from tolerant’’ (SIFT) score, but is not predicted to be pathological
with PolyPhen, while the p.F858L was possibly damaging in
PolyPhen analyses but tolerated in SIFTanalyses [Ng and Henikoff
2001; Ramensky et al., 2002].

The other coding SNPs that we evaluated have been studied
previously in epidemiologic settings, but owing largely to
their small sample size, the results have been inconsistent. For
example, p.F858L has sometimes been observed more frequently
in breast cancer cases than controls (3.6% vs. 2.6%; 1,500 total
subjects) [Dork et al., 2001], while in another setting it was less
frequent (2.1% vs. 7.4%; 223 total subjects) [Teraoka et al., 2001].
In the Multiethnic Cohort study, its frequency was similar between
cases and controls (1.3% vs. 1.1%; 854 total subjects) but there
were only nine heterozygote carriers [Bretsky et al., 2003]. The
p.S707P mutation has been observed more frequently in breast
cancer cases than controls in some [Dork et al., 2001; Teraoka
et al., 2001; Bretsky et al., 2003], but not all studies [Thorstenson
et al., 2003], and it was significantly less frequent in cases from
our USRT study. Whether the observed differences in our two
study populations might reflect true differences in the effect
of p.S707P on breast cancer risk due to different environmental
or genetic backgrounds is unknown. We did not find any evidence
for associations with two of the more common missense
variants, p.P1054R and p.L1420F, which have shown inconsistent

results in previous studies, nor with the very common non-
coding polymorphisms studied previously [Dork et al., 2001;
Teraoka et al., 2001; Bretsky et al., 2003; Tamimi et al., 2004;
Lee et al., 2005].

The USRT cohort study participants are a unique occupational
group exposed to fractionated, low-dose ionizing radiation not
present in most other study settings, including the Polish study
participants analyzed here. Such differences in environmental
exposures may underlie some of the heterogeneity observed
between study populations, for example for p.F858L, and it will be
of great interest to study ATM-radiation gene–environment
interactions. Exploratory analyses with interim radiation dose
estimates yielded likelihood ratio test P values 40.5 for an
interaction term with the p.S49C, and P values of 0.2 or greater
for p.F858L and p.S707P, but final radiation dose estimates, based
on individual work histories, radiation badge measurements, and
modeling, are underway, and further analyses with the improved
radiation doses are planned.

In summary, we find that the ATM missense mutation p.S49C
is likely to be a breast cancer susceptibility allele. The mutation is
rare, and even in our combined study population of 6,200 subjects,
we observed it in only 133. It will be important to confirm this
association, and to further analyze the p.F858L variant, in even
larger study populations that can be attained through data pooling
efforts, such as the Breast Cancer Association Consortium, and
to conduct functional studies of the impact of these changes on
the protein. Because of ATM’s function in the repair of DNA
damage, there is also interest in its potential impact on treatment
[Smilenov et al., 2001; Andreassen et al., 2005; Choudhury et al.,
2006], but further biochemical, clinical, and epidemiologic studies
are required before mutation and polymorphism information are
used for prevention or treatment decisions.
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Oncology and Breast Diseases (Drs. Marcin Faflik, Magdalena
Baklinska, Marek Zadrozny, and Boguslaw Westfal) and Clinical
Pathomorphology (Drs. Stanislaw Lukaszek and Andrzej Kulig).

542 HUMAN MUTATION 27(6), 538^544,2006

Human Mutation DOI 10.1002/humu



REFERENCES

Andreassen CN, Overgaard J, Alsner J, Overgaard M, Herskind C,

Cesaretti JA, Atencio DP, Green S, Formenti SC, Stock RG,
Rosenstein BS. 2005. ATM sequence variants and risk of
radiation-induced subcutaneous fibrosis after postmastectomy
radiotherapy. Int J Radiat Oncol Biol Phys 64:776–783.

Atencio DP, Iannuzzi CM, Green S, Stock RG, Bernstein JL,
Rosenstein BS. 2001. Screening breast cancer patients for ATM

mutations and polymorphisms by using denaturing high-
performance liquid chromatography. Environ Mol Mutagen 38:
200–208.

Bernstein JL, Bernstein L, Thompson WD, Lynch CF, Malone KE,
Teitelbaum SL, Olsen JH, Anton-Culver H, Boice JD,
Rosenstein BS, Borresen-Dale AL, Gatti RA, Concannon P,

Haile RW. 2003. ATM variants 7271T4G and IVS10-6T4G
among women with unilateral and bilateral breast cancer. Br J
Cancer 89:1513–1516.

Bonnen PE, Wang PJ, Kimmel M, Chakraborty R, Nelson DL.
2002. Haplotype and linkage disequilibrium architecture for
human cancer-associated genes. Genome Res 12:1846–1853.

Bretsky P, Haiman CA, Gilad S, Yahalom J, Grossman A, Paglin S,
Van Den Berg D, Kolonel LN, Skaliter R, Henderson BE. 2003.
The relationship between twenty missense ATM variants and
breast cancer risk: the multiethnic cohort. Cancer Epidemiol
Biomarkers Prev 12:733–738.

Buchholz TA, Weil MM, Ashorn CL, Strom EA, Sigurdson A,
Bondy M, Chakraborty R, Cox JD, McNeese MD, Story MD.
2004. A Ser49Cys variant in the ataxia telangiectasia, mutated,
gene that is more common in patients with breast carcinoma
compared with population controls. Cancer 100:1345–1351.

Castellvi-Bel S, Sheikhavandi S, Telatar M, Tai LQ, Hwang M,

Wang Z, Yang Z, Cheng R, Gatti RA. 1999. New mutations,
polymorphisms, and rare variants in the ATM gene detected by
a novel SSCP strategy. Hum Mutat 14:156–162.

Chenevix-Trench G, Spurdle AB, Gatei M, Kelly H, Marsh A,
Chen X, Donn K, Cummings M, Nyholt D, Jenkins MA, Scott
C, Pupo GM, Dork T, Bendix R, Kirk J, Tucker K, McCredie
MR, Hopper JL, Sambrook J, Mann GJ, Khanna KK. 2002.

Dominant negative ATM mutations in breast cancer families.
J Natl Cancer Inst 94:205–215.

Choudhury A, Cuddihy A, Bristow RG. 2006. Radiation and new
molecular agents. Part I: Targeting ATM-ATR checkpoints,
DNA repair, and the proteasome. Semin Radiat Oncol 16:
51–58.

Dork T, Bendix R, Bremer M, Rades D, Klopper K, Nicke M,
Skawran B, Hector A, Yamini P, Steinmann D, Weise S,
Stuhrmann M, Karstens JH. 2001. Spectrum of ATM gene
mutations in a hospital-based series of unselected breast cancer
patients. Cancer Res 61:7608–7615.

FitzGerald MG, Bean JM, Hegde SR, Unsal H, MacDonald DJ,
Harkin DP, Finkelstein DM, Isselbacher KJ, Haber DA. 1997.
Heterozygous ATM mutations do not contribute to early onset
of breast cancer. Nat Genet 15:307–310.

Garcia-Closas M, Egan KM, Newcomb PA, Brinton LA, Titus-
Ernstoff L, Chanock S, Welch R, Lissowska J, Peplonska B,

Szeszenia-Dabrowska N, Zatonski W, Bardin-Mikolajczak A,
Struewing JP. 2006. Polymorphisms in DNA double-strand break
repair genes and risk of breast cancer: two population-based
studies in USA and Poland, and meta-analyses. Hum Genet
(in press).

Gatti RA, Tward A, Concannon P. 1999. Cancer risk in ATM

heterozygotes: a model of phenotypic and mechanistic differ-

ences between missense and truncating mutations. Mol Genet

Metab 68:419–423.
Geoffroy-Perez B, Janin N, Ossian K, Lauge A, Croquette MF,

Griscelli C, Debre M, Bressac-De-Paillerets B, Aurias A, Stoppa-

Lyonnet D, Andrieu N. 2001. Cancer risk in heterozygotes for

ataxia-telangiectasia. Int J Cancer 93:288–293.
Izatt L, Greenman J, Hodgson S, Ellis D, Watts S, Scott G, Jacobs

C, Liebmann R, Zvelebil MJ, Mathew C, Solomon E. 1999.

Identification of germline missense mutations and rare allelic

variants in the ATM gene in early-onset breast cancer. Genes

Chromosomes Cancer 26:286–294.
Khanna KK. 2000. Cancer risk and the ATM gene: a continuing

debate. J Natl Cancer Inst 92:795–802.
Lee KM, Choi JY, Park SK, Chung HW, Ahn B, Yoo KY, Han W,

Noh DY, Ahn SH, Kim H, Wei Q, Kang D. 2005. Genetic

polymorphisms of ataxia telangiectasia mutated and breast

cancer risk. Cancer Epidemiol Biomarkers Prev 14:821–825.
Maillet P, Bonnefoi H, Vaudan-Vutskits G, Pajk B, Cufer T, Foulkes

WD, Chappuis PO, Sappino AP. 2002. Constitutional alterations

of the ATM gene in early onset sporadic breast cancer. J Med

Genet 39:751–753.
McKinnon PJ. 2004. ATM and ataxia telangiectasia. EMBO Rep

5:772–776.
Ng PC, Henikoff S. 2001. Predicting deleterious amino acid

substitutions. Genome Res 11:863–874.
Olsen JH, Hahnemann JM, Borresen-Dale AL, Brondum-Nielsen

K, Hammarstrom L, Kleinerman R, Kaatriainen H, Lonnqvist T,

Sankila R, Seersholm N, Tretli S, Yuen J, Boice JD, Tucker M.

2001. Cancer in patients with ataxia-telangiectasia and in

their relatives in the Nordic countries. J Natl Cancer Inst 93:

121–127.
Packer BR, Yeager M, Staats B, Welch R, Crenshaw A, Kiley M,

Eckert A, Beerman M, Miller E, Bergen A, Rothman N,

Strausberg R, Chanock SJ. 2004. SNP500Cancer: a public

resource for sequence validation and assay development for

genetic variation in candidate genes. Nucleic Acids Res 32:

D528–D532.
Ramensky V, Bork P, Sunyaev S. 2002. Human non-synonymous

SNPs: server and survey. Nucleic Acids Res 30:3894–3900.
Rodriguez C, Valles H, Causse A, Johannsdottir V, Eliaou JF,

Theillet C. 2002. Involvement of ATM missense variants and

mutations in a series of unselected breast cancer cases. Genes

Chromosomes Cancer 33:141–149.
Savitsky K, Barshira A, Gilad S, Rotman G, Ziv Y, Vanagaite L,

Tagle DA, Smith S, Uziel T, Sfez S, Ashkenazi M, Pecker I,

Frydman M, Harnik R, Patanjali SR, Simmons A, Clines GA,

Sartiel A, Gatti RA, Chessa L, Sanal O, Lavin MF, Jaspers NGJ,

Malcolm A, Taylor R, Arlett CF, Miki T, Weissman SM, Lovett

M, Collins FS, Shiloh Y. 1995. A single ataxia-telangiectasia

gene with a product similar to Pi-3 kinase. Science 268:

1749–1753.
Scott SP, Bendix R, Chen P, Clark R, Dork T, Lavin MF. 2002.

Missense mutations but not allelic variants alter the function of

ATM by dominant interference in patients with breast cancer.

Proc Natl Acad Sci USA 99:925–930.
Sigurdson AJ, Doody MM, Rao RS, Freedman DM, Alexander BH,

Hauptmann M, Mohan AK, Yoshinaga S, Hill DA, Tarone R,

Mabuchi K, Ron E, Linet MS. 2003. Cancer incidence in the US

radiologic technologists health study, 1983-1998. Cancer 97:

3080–3089.
Sigurdson AJ, Hauptmann M, Chatterjee N, Alexander BH, Doody

MM, Rutter JL, Struewing JP. 2004. Kin-cohort estimates for familial

HUMANMUTATION 27(6), 538^544,2006 543

Human Mutation DOI 10.1002/humu



breast cancer risk in relation to variants in DNA base excision repair,
BRCA1 interacting and growth factor genes. BMC Cancer 4:9.

Smilenov LB, Brenner DJ, Hall EJ. 2001. Modest increased
sensitivity to radiation oncogenesis in ATM heterozygous versus
wild-type mammalian cells. Cancer Res 61:5710–5713.

Sommer SS, Buzin CH, Jung M, Zheng J, Liu Q, Jeong SJ, Moulds
J, Nguyen VQ, Feng J, Bennett WP, Dritschilo A. 2002. Elevated
frequency of ATM gene missense mutations in breast cancer
relative to ethnically matched controls. Cancer Genet Cyto-
genet 134:25–32.

Stankovic T, Kidd AM, Sutcliffe A, McGuire GM, Robinson P,
Weber P, Bedenham T, Bradwell AR, Easton DF, Lennox GG,
Haites N, Byrd PJ, Taylor AM. 1998. ATM mutations and
phenotypes in ataxia-telangiectasia families in the British Isles:
expression of mutant ATM and the risk of leukemia, lymphoma,
and breast cancer. Am J Hum Genet 62:334–345.

Struewing JP, Stredrick D, Doody MM, Sigurdson AJ. 2004. Rare
ATM genetic variants and breast cancer risk in the US
radiologic technologist study. Cancer Epidemiol Biomarkers
Prev 13:1931S.

Swift M, Reitnauer PJ, Morrell D, Chase CL. 1987. Breast and
other cancers in families with ataxia-telangiectasia. N Engl
J Med 316:1289–1294.

Swift M, Morrell D, Massey RB, Chase CL. 1991. Incidence of
cancer in 161 families affected by ataxia-telangiectasia. N Engl
J Med 325:1831–1836.

Szabo CI, Schutte M, Broeks A, Houwing-Duistermaat JJ,
Thorstenson YR, Durocher F, Oldenburg RA, Wasielewski M,
Odefrey F, Thompson D, Floore AN, Kraan J, Klijn JG,
van den Ouweland AM, Wagner TM, Devilee P, Simard J,
van ’t Veer LJ, Goldgar DE, Meijers-Heijboer H. 2004. Are
ATM mutations 7271T–4G and IVS10-6T–4G really
high-risk breast cancer-susceptibility alleles? Cancer Res 64:
840–843.

Tamimi RM, Hankinson SE, Spiegelman D, Kraft P, Colditz GA,
Hunter DJ. 2004. Common ataxia telangiectasia mutated

haplotypes and risk of breast cancer: a nested case-control
study. Breast Cancer Res 6:R416–R422.

Teraoka SN, Malone KE, Doody DR, Suter NM, Ostrander EA,
Daling JR, Concannon P. 2001. Increased frequency of ATM
mutations in breast carcinoma patients with early onset disease
and positive family history. Cancer 92:479–487.

Thompson D, Antoniou AC, Jenkins M, Marsh A, Chen X,
Wayne T, Tesoriero A, Milne R, Spurdle A, Thorstenson Y,
Southey M, Giles GG, Khanna KK, Sambrook J, Oefner P,
Goldgar D, Hopper JL, Easton D, Chenevix-Trench G. 2005a.
Two ATM variants and breast cancer risk. Hum Mutat 25:
594–595.

Thompson D, Duedal S, Kirner J, McGuffog L, Last J, Reiman A,
Byrd P, Taylor M, Easton DF. 2005b. Cancer risks and mortality
in heterozygous ATM mutation carriers. J Natl Cancer Inst
97:813–822.

Thorstenson YR, Roxas A, Kroiss R, Jenkins MA, Yu KM,
Bachrich T, Muhr D, Wayne TL, Chu G, Davis RW, Wagner
TM, Oefner PJ. 2003. Contributions of ATM mutations to
familial breast and ovarian cancer. Cancer Res 63:3325–3333.

Vorechovsky I, Rasio D, Luo L, Monaco C, Hammarstrom L,
Webster AD, Zaloudik J, Barbanti-Brodani G, James M, Russo G.
1996. The ATM gene and susceptibility to breast cancer:
analysis of 38 breast tumors reveals no evidence for mutation.
Cancer Res 56:2726–2732.

Wacholder S, Chanock S, Garcia-Closas M, El Ghormli L,
Rothman N. 2004. Assessing the probability that a positive
report is false: an approach for molecular epidemiology studies.
J Natl Cancer Inst 96:434–442.

Yoshinaga S, Mabuchi K, Sigurdson AJ, Doody MM, Ron E. 2004.
Cancer risks among radiologists and radiologic technologists:
review of epidemiologic studies. Radiology 233:313–321.

Young DB, Jonnalagadda J, Gatei M, Jans DA, Meyn S, Khanna
KK. 2005. Identification of domains of ataxia-telangiectasia
mutated required for nuclear localization and chromatin
association. J Biol Chem 280:27587–27594.

544 HUMAN MUTATION 27(6), 538^544,2006

Human Mutation DOI 10.1002/humu


