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Rare variants in the ATM gene and risk of breast
cancer
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Georgia Chenevix-Trench?”

Abstract

Introduction: The ataxia-telangiectasia mutated (ATM) gene (MIM ID 208900) encodes a protein kinase that plays a
significant role in the activation of cellular responses to DNA double-strand breaks through subsequent
phosphorylation of central players in the DNA damage-response pathway. Recent studies have confirmed that
some specific variants in the ATM gene are associated with increased breast cancer (BC) risk. However, the
magnitude of risk and the subset of variants that are pathogenic for breast cancer remain unresolved.

Methods: To investigate the role of ATM in BC susceptibility, we studied 76 rare sequence variants in the ATM
gene in a case-control family study of 2,570 cases of breast cancer and 1,448 controls. The variants were grouped
into three categories based on their likely pathogenicity, as determined by in silico analysis and analyzed by
conditional logistic regression. Likely pathogenic sequence variants were genotyped in 129 family members of 27
carrier probands (15 of which carried ¢.7271T > G), and modified segregation analysis was used to estimate the BC
penetrance associated with these rare ATM variants.

Results: In the case-control analysis, we observed an odds ratio of 2.55 and 95% confidence interval (Cl, 0.54 to
12.0) for the most likely deleterious variants. In the family-based analyses, the maximum-likelihood estimate of the
increased risk associated with these variants was hazard ratio (HR) = 6.88 (95% Cl, 2.33 to 20.3; P = 0.00008),
corresponding to a 60% cumulative risk of BC by age 80 years. Analysis of loss of heterozygosity (LOH) in 18 breast
tumors from women carrying likely pathogenic rare sequence variants revealed no consistent pattern of loss of the
ATM variant.

Conclusions: The risk estimates from this study suggest that women carrying the pathogenic variant, ATM c.7271T
> G, or truncating mutations demonstrate a significantly increased risk of breast cancer with a penetrance that
appears similar to that conferred by germline mutations in BRCA2.

Introduction

The ataxia-telangiectasia mutated (ATM) gene (MIM ID
208900) encodes a protein kinase that plays a major role
in activating cellular responses to DNA double-strand
breaks through downstream phosphorylation of central
players in the DNA damage-response pathways, includ-
ing BRCA1, p53, and Chk2 [1].
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More than 20 years ago, Swift et al. [2] reported that
female relatives of patients with the autosomal recessive
condition, ataxia-telangiectasia (AT), have an elevated
risk of cancer, particularly breast cancer. Since the clon-
ing of the ATM gene in 1995 [3], many case-control
studies have carried out mutation screening and single
nucleotide polymorphism (SNP) genotyping to clarify
the role of ATM genetic variation in breast cancer pre-
disposition [4-10]. Initially, most mutation-screening
studies were limited to protein-truncating mutations
identified by using the protein-truncating test [11], and
many of them were underpowered [12].

© 2011 Chenevix-Trench et al,; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
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The role of ATM variants in breast cancer predispo-
sition remained controversial until Renwick et al. [13]
screened a series of “familial” breast cancer cases
selected for having a strong family history and controls
unselected for family history of breast cancer. Invoking
a multiplicative model in which risk modified a pre-
sumed underlying polygenic effect, they estimated that
the variants that are known to cause AT in the bi-alle-
lic state confer, on average, a moderately increased risk
of breast cancer of about 2.4-fold (95% confidence
interval (CI), 1.51 to 3.78) (see also [14]). However,
this study did not distinguish between the effects of
protein-truncating and missense mutations, although
Gatti et al. [15] had hypothesised in 1999 that, com-
pared with protein-truncating mutations, some mis-
sense variants in ATM might act as dominant
negatives and confer a particularly high risk of breast
cancer when heterozygous, although causing a milder
form of AT when homozygous.

To determine which rare missense variants in ATM
were likely to confer an increased risk of breast cancer,
and to compare this with the risk conferred by protein-
truncating mutations, we previously carried out a meta-
analysis of published data and also mutation screened
almost 1,000 breast cancer cases and a similar number of
controls [16]. In addition, that study classified the rare
missense variants by using an in silico missense substitu-
tion analysis that provides a ranking of missense variants
from evolutionarily most likely (CO) to least likely (C65).
We found marginal evidence that protein-truncating (T)
and splice-site junction (S]) mutations confer on average
a moderately increased risk of breast cancer (odds ratio
(OR), 2.3; 95% CI, 1.1 to 4.8), but stronger evidence that
a subset of rare, evolutionarily unlikely missense (rMS)
C65 substitutions conferred on average a higher risk of
breast cancer (OR, 18; 95% CI, 3 to 120).

To define better the risks associated with these classes
of ATM variants, and to determine whether they were
likely to act as dominant negatives, we genotyped a
large panel of rare missense variants, as well as truncat-
ing and splice-junction mutations, in breast cancer cases
and controls from four large studies. We also genotyped
all available relatives of breast cancer cases found to
carry putative breast-cancer associated ATM variants to
estimate their penetrance. In addition, we carried out
loss of heterozygosity (LOH) analyses and a review of
the pathology of breast tumors from these mutation
carriers.

Materials and methods

Subjects

We studied Caucasian cases of breast cancer (1 = 2,517
invasive and 53 DCIS) and controls (n = 1,448) from
three sources: (a) population-based case and control
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breast cancer families from the NCI-sponsored Breast
Cancer Family Registry (BCFR) [17]; (b) a clinic-based
resource of Australian and New Zealand multiple-case
breast cancer families from the Kathleen Cuningham
Foundation Consortium for Research on Familial Breast
Cancer (kConFab) [18]; and (c) Australian female con-
trols chosen from the Red Cross Blood Bank to be eth-
nically and frequency matched for age to the age at
diagnosis of kConFab cases [19] (Table 1). The kConFab
cases were those from whom DNA was available who
had the youngest age at diagnosis in the family. All sub-
jects in these studies provided informed consent for par-
ticipation in genetic and family studies. We excluded
any subjects who had previously been included in the
sequencing study of Tavtigian [16] but noted that some
of the included BCFR subjects overlap with those of
Bernstein et al. [10], although they genotyped only two
variants, one of which is in our iPLEX [10]. The indivi-
dual resource collections (BCFR, kConFab), as well as
the specific ATM study, have been approved by the rele-
vant ethical committees.

Selection of ATM variants and genotyping

Missense variants and in-frame deletions were assessed
for the degree of conservation within the ATM multiple
protein sequence alignment and for the predicted sever-
ity of the amino acid substitution, according to the
Align-GVGD class, as previously described [16,20]. We
selected all the A-GVGD class C55/C65 variants
reported previously [16], as well as a subset of the CO,
C15, C25, C35, and C45 variants (Additional file 1). In
addition, we included three variants identified in the lit-
erature [13,21] and 17 that we had found by sequencing
of familial breast cancer cases from the population-
based (Northern California, Ontario, Australia) and
clinic-based (Philadelphia, New York, Utah) sites of the
BCFR (unpublished data). The MassARRAY assay
design software (Version 3.1) was used to select oligo-
nucleotide sequences that were best suited for genotyp-
ing according to the guidelines of Sequenom Inc San
Diego, CA, USA. Sequences are available on request.
Primer extension reactions were carried out according
to the manufacturer’s instructions for iPLEX chemistry.
Genotypes were analyzed by using Sequenom TYPER
software (Version 3.1). Positive controls for 67 of the 79
variants were included in the iPLEX genotyping. All the
rare variants detected by iPLEX and a random selection
of the common variants (for QC purposes) were con-
firmed by direct sequencing by using newly designed
PCR primers. In addition, we applied similar QC criteria
to those used by the Breast Cancer Association Consor-
tium [22]. Forty-five samples failed QC, but only three
of 79 genotyped variants failed QC (ATMc.6067G > A;
ATMc.6820G > A;
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Table 1 Numbers of cases and controls by center, after exclusions

Average age at diagnosis

Number of controls Reference age

Center Number of cases (DCIS)
Australia BCFR 820 (4)

Ontario BCFR 1,141 (21)
Northern California BCFR 266 (8)
kConFab/RCBB 343 (20)

Total 2,570 (53)

46 320 45
50 591 51
48 377 48
46 160 46
479 1,448 484

Reference age is defined as age at diagnosis for cases and age at enrollment for controls.
BCFR, Breast Cancer Family Registry; DCIS, ductal carcinoma in situ; kConFab, Kathleen Cuningham Foundation Consortium for Research into Familial Breast

Cancer.

ATMc.8741T > C). We classified the 76 variants into
three groups: Group 1 consisted of 36 missense variants
with an A-GVGD class of C0O or C15. Group 2 consisted
of a total of 18 variants comprising intronic variants
(other than those at + 1 or 2); variants in A-GVGD
classes C25, C35, C45; as well as variants in class C55
or C65 that fell outside the FAT and kinase domains of
the ATM protein. Group 3 consisted of 22 C55 and C65
variants in the FAT and kinase domains [16], as well as
protein-truncating variants (either splice, nonsense, or
frameshift).

Family genotyping and loss of heterozygosity analysis

To estimate the penetrance of the likely deleterious
ATM variants, 129 family members of women who had
been found to carry a truncating mutation (n = 10),
splice-site variant (n = 1), or evolutionarily unlikely mis-
sense substitution (C65 and C55) in the FAT, kinase,
and FATC domains (n = 16) were genotyped for the
respective variant by direct sequencing (Table 2). In
eight of these families, no additional DNA samples were
available, but because they were from population-based
sources, they were informative for the penetrance esti-
mation. Twenty-four tumor blocks were available for
LOH analysis from 18 different affected cases and
female relatives carrying a putative breast-cancer asso-
ciated variant. Sections were cut, and one slide was
stained with hematoxylin and eosin (H&E) and reviewed
by a pathologist (LdS). If the section contained at least
70% tumor cells, then the slide from an adjacent
unstained section was macro-dissected and DNA iso-
lated [23]. For two cases in which fewer than 70%
tumor cells were present in the section, tumor cells
were collected by laser capture micro-dissection (LCM)
before DNA isolation [24]. Primers that spanned the
relevant region were then designed to generate a small
PCR product, and the tumor and germline DNA were
sequenced in tandem. LOH was scored by the absence
of the heterozygous peak seen in the germline sample.

Pathology review
A blinded pathology review was performed by one of us
(SRL) on 35 H&E slides of ATM-positive breast tumors

(from 21 different carriers of Group 3 ATM variants)
and H&E slides of 38 control breast tumors (age
matched within 6 years) ascertained from the Royal
Brisbane and Women’s Hospital between 2004 and
2009. The slides were scored for pathologic features by
using a modified pro forma that was initially developed
for studies on the pathology of BRCA-associated can-
cers. Specifically, we assessed for the presence of in situ
disease (LCIS and DCIS), invasive tumor type, and over-
all nuclear grade by using the modified Nottingham
Grading System [25], and for the presence of apocrine,
“basal” (pushing margins, central acellular or necrotic
zones, lymphocytic infiltrates) and squamous differentia-
tion. These features were assessed without ancillary
immunohistochemical methods.

Statistical methods
Conditional logistic regression was used to examine the
associations between variants in a given class and the risk
of breast cancer, stratified by study center, by using a case-
control design. To guard against results driven by individual
study centers, we also performed Mantel-Haenszel x> ana-
lysis comparing each variant group against the reference,
stratified by study center. All analyses were performed by
using STATA 10.0 (Statcorp, College Station, TX).
Penetrance of ATM variants was estimated by using
modified segregation analysis of family genotypes
adjusted for ascertainment. Models were fitted under
maximum likelihood theory by using the statistical pack-
age Mendel///version 3.2 [26]. Noncarriers were
assumed to be at population risks specific to Australia,
Canada, and the United States, with incidence rates
taken from cancer registry data obtained from Cancer
Incidence in Five Continents, VIII (IARC, Lyon), and
hazard ratios (HR, the age-specific breast cancer inci-
dence rate in carriers divided by the relevant population
rate) were estimated. Ascertainment was accounted for
by conditioning the likelihood of each family on the
proband’s genotype and phenotype (for population-
based families that were selected irrespective of family
history) or on all phenotypes and the proband’s geno-
type (for clinic- and population-based families that had
been selected because of a family history).
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Table 2 Characteristics of the families used in the estimation of ATM penetrance

Family ID Variant Type Total BC BC < 50 ATM™* (obligates) ATM No. of Individuals
001" c170G > A TS 3 2 1 0 21
002* C1924G > T TS) 3 2 2 0 10
Ko1' €.3802delG TsJ 2 2 2 1 24
NO1* €.3802delG TSJ 2 1 1 1 24
AOT° €.3802delG TS 1 1 0 0 10
003° €.3802delG TSJ 4 0 0 0 16
K02' €5623C > T TS) 6 2 3 11 159
N02* €.6997dupA TSJ 4 0 0 2 15

Ko3'3 c7271T > G M 5 3 9 7 82
Ko4° c7271T > G M 9 6 7 22 162
KO5' c7271T > G M 3 2 1 1 21
Ko6' c7271T > G M 8 5 0 13 72
Ko7' c7271T > G M 6 4 3 2 38
K08® c7271T > G M 4 2 3(3) 4 66
Ko9' c7271T > G M 5 4 2 1 36
N03? c7271T > G M 3 2 0 0 16
004 c7271T > G M 3 1 0(1) 0 18
0052 c7271T > G M 1 1 0 0 17
006° c7271T > G M 2 1 0 0 18
007° c7271T > G M 2 0 0 0 19
008° c7271T > G M 4 1 0 3 31
009° c7271T > G M 5 4 0 0 15
010? c7271T > G M 3 1 0 1 23
No4* €7831_7835del  TSJ 5 0 1 1 23
K10 €.7886_7890del  TSJ 2 2 0 1 26
011° C8734A > G M 5 1 1 1 26
K11 c8851-1G>T  TSJ 8 1 7 14 154
Total 108 51 43 (4) 86 1142

M, missense variant; TSJ, truncating or splice-site mutation.

! Tavtigian et al (2009); 2 Bernstein et al (2006); 3 Chenevix-Trench et al (2002); * found by direct sequencing (unpublished data); > found by iPLEX, this study.

As in Antoniou et al. [27,28], a mixed model [29] was
used that incorporated the effect of an unmeasured
polygenic factor on breast cancer risk in addition to any
effect due to the ATM variant segregating in the pedi-
gree. P Values for the modified segregation analyses
were based on the likelihood ratio test and were two-
sided. Cumulative risk estimates were calculated from
the hazard-ratio estimates as 1 minus the exponential of
the cumulative incidence, and the corresponding confi-
dence intervals were calculated by using a parametric
bootstrap with 5,000 replications. The model assumed a
dominant mode of action of the ATM variants on breast
cancer risks and a combined allele frequency of 0.001
for the variants in the population.

In separate analyses, we examined the risk associated
with these ATM variants compared with those asso-
ciated with BRCA2, as estimated by Antoniou et al.,
2003 [30]. In these analyses, the age-specific HR (by
decade) was assumed to be a constant multiple of the
Antoniou et al. estimate, with cumulative penetrances

re-estimated at each trial value of the multiplier. This
allowed a similar pattern of age-specific effects as in
BRCA2, but required estimation of only a single
parameter.

Results

Of the 76 ATM variants that passed QC, 29 were
observed one or more times in the analyzed set of 2,570
cases and 1,448 controls (Additional file ). Table 3
shows the distribution of variants and number of cases
and controls by group and the results of the logistic
regression. Overall, no significant association was found
between any variant group and the risk of breast cancer.
In particular, we observed an odds ratio of 2.55; 95% CI
(0.54 to 12.0) for the Group 3 variants, which included
the most likely deleterious missense variants and the
truncating variants. No evidence was apparent for any
heterogeneity in odds ratios between the four study cen-
ters. Inclusion of age into the model did not change the
results, nor did exclusion of 163 Ashkenazi Jewish
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Table 3 Breast cancer risk associated with each group of ATM variants

Group Number of Variants Cases Controls Odds Ratio 95% confidence interval
No variant (referent) - 2423 1,367 1.0

Group 1 19 79 45 0.99 0.67-1.45

Group 2 8 59 334 1.10 0.71-1.70

Group 3 3 9 2 255 0.54-12.0

Group 1 includes all rare variants classified by the A-GVGD algorithm as C0; Group 3 includes all rare variants that are C55/C65 in either the FAT or kinase
domains of the ATM protein as well as all truncating variants and splice variants at the consensus sites. Group 2 includes all other rare variants (see Additional

file 1 for details). ATM, Ataxia telangiectasia mutated.

women, who were overrepresented in cases and might
have harbored a founder mutation (results not shown).
Similarly, exclusion of the 53 DCIS cases had little effect
on the results. In addition, to account for individual
failed assays (after eliminating those that had failed 16
or more assays), we estimated the probability that a
given individual belonged to each group based on the
number of failed assays composing that group.

Penetrance analysis in families

We genotyped additional relatives in all 27 families in
which putative pathogenic variants had been identified.
The specific variants included 16 missense variants, of
which 15 were p.Val2424Gly (c.7271T > Q)
(rs28904921), seven were frameshifts (of which four
were ¢.3802delG), three were nonsense mutations, and
one was a consensus splice-site variant (all variants
included in the family analysis are indicated in Table 2).
In total, 129 additional DNA samples were available for
genotyping in relatives of the probands; 86 were nega-
tive for the family-specific variant (10 affected and 76
unaffected individuals), and 43 were positive (14 affected
and 29 unaffected individuals). In the analysis of the
ATM family data by using a mixed model (ATM gene
plus polygenic background), the presence of an ATM
variant increased breast cancer risk by an estimated fac-
tor of 6.88 (95% CI, 2.33 to 20.3; P = 0.00008) and did
not depend on age (P = 0.9). The estimated cumulative
risks of developing breast cancer for female carriers,
assuming US SEER incidence rates, are shown in Figure
1. Separate analyses of the 15 families carrying the ATM
¢.7271T > @G variant found that this variant increased
breast cancer risk by a factor of 8.0 (95% CI, 2.3 to 27.4;
P = 0.0005) compared with 4.4 (95% CI, 0.70 to 28.1; P
= 0.053) for families with other variants.

Under the assumption that the penetrance of the
ATM variants was a constant multiplier of the BRCA2
penetrance, the value of the multiplier that resulted in
the best fit to the pedigree data was 0.75 (95% CI, 0.33
to 1.50), indicating that the ATM alleles segregating in
these 27 families were associated with risks equivalent
to 75% those of BRCA2. In the 16 families with a mis-
sense variant, the penetrance estimate was 1.1 that of
BRCA2, whereas in the 11 families with a truncating or

splice junction (TSJ) mutation, the best estimate was
0.3, although this difference was not significant (x> =
2.99; P = 0.08).

Loss of heterozygosity analysis

LOH results for the 18 different affected women are
summarized in Table 4. Identical LOH results were
obtained for all six cases in which two different blocks
from the same tumor were tested. Four of the seven
cases with a truncating mutation in ATM showed loss
of the mutant allele, and the remainder showed no
LOH. Of the eight cases with the C65 variant, p.
Val2424Gly (ATMc.7271T > G), one showed loss of the
wild-type, one showed partial loss of the mutant, and
the remainder showed no LOH. Of the remaining two
cases with C55 or C65 variants, one showed loss of the
mutant allele, and the other had no LOH.

Pathology review

We compared the ATM-positive tumors with a set of
age-matched control breast tumors. No statistically sig-
nificant difference was noted in overall histologic grade.
Looking at the three individual components of grade
(tubule formation, nuclear pleomorphism, and mitotic

60 80 100

40

Cumulative Risk of Breast Cancer (%)
20
!

Age

Figure 1 Penetrance of the ATM variants associated with
breast cancer risk. Solid line, Maximum likelihood estimate of
cumulative risk of breast cancer; dashed lines, lower and upper 95%
confidence limits.
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Table 4 Loss of heterozygosity in breast tumors from
carriers of putative breast cancer-associated ATM
variants

Nucleotide change Effect Site  Identifier LOH
c170G > A Protein Ontario 43115 No LOH
truncating
c442_446 delGACAT Protein kConFab 62558 LOH of
truncating variant
c1924G > T Protein Ontario 91015 No LOH
truncating
€.3802delG Protein kConFab 81253 LOH of
truncating variant
€.3802delG Protein Ontario 43147 No LOH
truncating
c5623C > T Protein kConFab 31015 LOH of
truncating variant
c7271T > G Align GVGD kConFab 40012 No LOH
65
c271T > G Align GVGD kConFab 40032  LOH of wild
C65 type
c7271T > G Align GVGD kConFab 40034 No LOH
C65
72717 > G Align GVGD kConFab 70246 No LOH
C65
c7271T > G Align GVGD kConFab 60567 No LOH
cé5
c7271T > G Align GVGD kConFab 20723 No LOH
65
c72717 > G Align GVGD kConFab 51297 50% LOH of
C65 variant
c72717T > G Align GVGD kConFab 00574 No LOH
C65
€.7638_7646del9 Align GVGD  Ontario 91494 No LOH
65
€.7886_7890delTATTA Protein kConFab 31277 LOH of
truncating variant
c8734A > G Align GVGD  Ontario 62131 LOH of
65 variant

ATM, ataxia telangiectasia mutated; kConFab, Kathleen Cuningham Foundation
Consortium for Research into Familial Breast Cancer; LOH, loss of
heterozygosity.

counts), no apparent differences were related to pleo-
morphism or tubule scores. However, a marginally sig-
nificant association was seen between the mitotic score
(exact P = 0.049), largely because of the paucity of ATM
tumors with a mitotic score of 3 (two of 18 compared
with 14 of 34 of the control tumors). This was also sup-
ported by analysis of the quantitative count of mitoses
per 10 high-power fields, with some suggestion of lower
mitotic rates in the ATM tumors than in the control
tumors (7.9 versus 19.0 mitoses per 10 high-power
fields; P = 0.02 by ¢ test, with Welch correction for
unequal variances).

Discussion
Gatti et al. [15] hypothesised in 1999 that, compared
with protein-truncating mutations, some missense
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variants in ATM might act as dominant negatives and
confer a particularly high risk of breast cancer when
heterozygous, while causing a milder form of AT, when
homozygous. It was later shown that a missense muta-
tion, ATM ¢.7271T > G (p.Val2424Gly), appears to con-
fer a high risk of breast cancer and to act as a dominant
negative [31,32]. This mutation was first identified in a
Scottish family with a mild form of AT [33] and subse-
quently found in an Australian family [31], but initial
estimates of the magnitude of risk were imprecise.
Screening of nearly 4,000 population-based breast can-
cer cases for this mutation identified another six carrier
families, and, based on their breast cancer family his-
tories, risk for this mutation was estimated to be
increased by ninefold (95% CI, 4 to 19) [10].

To refine the risks associated with different classes of
ATM variants, and to examine the molecular pathologic
characteristics of ATM-positive tumors, we genotyped
76 rare ATM variants in 2,570 breast cancer cases and
1,448 controls. In addition, we genotyped specific var-
iants in the relatives of probands carrying ATM variants
judged likely to be pathogenic. Because, by definition,
we expect variants conferring moderate to high risks of
breast cancer to be rare in the general population, tradi-
tional case-control studies of even several thousand
cases and controls are typically underpowered to detect
associations with these sequence variants. We could
potentially pool these variants and compare the aggre-
gate frequency of these variants to increase power. How-
ever, the power is often reduced because of the inherent
heterogeneity of such variants, in which only a minority
is associated with increased risk. One strategy to address
this problem is to use in silico methods to group var-
iants into categories based on their probability of repre-
senting variants that are damaging to the normal
protein function. Although a number of such methods
are available, we used the Align-GVGD that has been
applied to a number of genes, including BRCAI,
BRCA2, CHEK2, ATM, and mismatch-repair genes
[20,34]. However, even with this stratification, we still
had insufficient power to detect an association with
breast cancer with even the most likely pathogenic var-
iants (OR, 2.55 (95% CI, 0.54 to 12.0), although the
effect sizes were comparable with those previously
reported [16].

As in other studies of ATM and breast cancer risk
[13,16], the most common pathogenic variant in our
study was the ATM ¢.7271T > G (p.Val2424Gly). Ren-
wick et al. [13] did not compare the breast cancer risks
associated with protein-truncating versus missense
mutations in ATM. Bernstein et al. [10] had previously
identified seven carriers of this mutation in the three
population-based sites of the BCFR; however, no family
members were genotyped in this study. In our study of
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these same case-control studies, we independently iden-
tified the same four mutation carriers from the Ontario
BCER site, as well as the one carrier from the Australian
BCER site. We did not identify the two ATM ¢.7271T >
G (p.Val2424Gly) mutation carriers from the Northern
California BCFR site that Bernstein et al. [10] had iden-
tified because one was subsequently found also to carry
a pathogenic BRCA2 mutation (and was thus excluded
from our study), and for the other, no DNA sample was
available for our analyses. This missense ATM variant
was first reported to be associated with a mild form of
AT and might have originated in the Orkney Islands in
Scotland and then spread throughout populations with
large numbers of Scottish immigrant populations, such
as those of Australia. Our analysis of independent sam-
ples from four case-control studies provided some sup-
port of the observation by Tavtigian et al. [31,32] that
this mutation (and perhaps other similar missense muta-
tions with dominant-negative activity) confers a higher
risk of breast cancer than do protein-truncating
mutations.

As a second approach to verifying and characterizing
the role of ATM sequence variants in breast cancer, we
took advantage of the fact that the resources from
which the cases were drawn had also included the rela-
tives of those cases, providing us with the ability to gen-
otype both affected and unaffected relatives of cases in
which potentially pathogenic variants had been identi-
fied. As in Bernstein et al. [10], even in cases in which
no additional samples were available, the fact that the
some of the breast cancer cases analyzed were from the
population-based sites of the BCFR allowed us to make
inferences based on the observed incidence of cancer in
relatives of index cases carrying the specific ATM var-
iant. Our analyses of family data in 27 families of car-
riers of either protein-truncating (# = 11) or rare,
evolutionarily unlikely, potentially damaging missense
mutations (# = 16) demonstrated a significantly
increased risk of breast cancer with a penetrance that
appears similar to that conferred by germline mutations
in BRCA2. However, even in a study of this size, the
confidence intervals are wide. Suggestive evidence also
was noted from the family-based analysis that a higher
risk was associated with the ATM ¢.7271T > G (p.
Val2424Gly) mutation than with truncating mutations,
although these differences were not statistically signifi-
cant because of the relatively small sample size of
families. The penetrance associated with truncating
mutations was only marginally significant. If our esti-
mates of breast cancer risk are correct, then women car-
rying the ATM ¢.7271T > G variant would be at
sufficiently high risk to warrant screening for at least
this variant in multiple-case families without mutations
in BRCA1 or BRCA2. If such a variant is identified,
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these women could be counseled in a manner similar to
that with BRCA2 carriers, and those affected with breast
cancer might also be candidates for treatment with
PARP inhibitors in a manner similar to that with
BRCA1 and BRCA2 carriers. This suggestion is based on
the evidence that the inhibition of PARP1 is syntheti-
cally lethal with mutation or loss of ATM, and the effect
is mediated through mitotic catastrophe independent of
apoptosis [35,36].

Consistent with the dominant-negative hypothesis
[15,31,32], we did not observe consistent loss of the
wild-type allele in tumors from carriers of missense var-
iants. Loss of both the wild-type and the variant allele
was observed in different tumors, whereas some tumors
from missense carriers exhibited no loss of either allele.
Interestingly, we noted that all four carriers of truncat-
ing mutations, in which LOH was present, showed loss
of the variant, rather than of the wild type, as would be
expected for a tumor-suppressor gene. This apparent
bias in allelic loss requires further investigation in larger
studies.

Blinded pathology review of 35 tumors from cases
who carried a likely deleterious ATM variant and a hos-
pital-based series of 38 age-matched control breast
tumors did not reveal any distinctive pattern of histo-
pathologic characteristics, as had been previously
reported in BRCAI tumors [37]. However, some evi-
dence suggested that ATM tumors were associated with
a lower mitotic index than were control tumors, which
is in contrast to the clear increase in mitotic index asso-
ciated with BRCA1 tumors [37]. In agreement with this,
our previous expression analysis of six tumors from
ATM ¢.7271T > G mutation carriers showed that they
were all luminal A or B tumors, and we would not have
expected them to share histopathologic characteristics
with BRCAI tumors [32]. In contrast to the evidence of
Dork et al. [12], who reported an increased frequency of
lobular breast cancers in ATM carriers, we did not
observe this in our series, with half the lobular or mixed
lobular/ductal in each group (P = 0.66).

Conclusions

This is the largest study to date investigating large num-
bers of rare missense variants in the ATM gene for asso-
ciation with breast cancer risk. In addition to the
standard case-control approach, we used the power of a
family-based design inherent in the two resources from
which the cases and controls were derived (BCFR and
kConFab) to estimate more precisely the risks of breast
cancer through genotyping of relatives of the probands
carrying the putative pathogenic variants. Although
Bernstein et al. [10] used a similar approach and five
probands overlapped between the two studies; it should
be noted that, unlike our study, Bernstein et al. did not
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include genotypes of additional relatives from these
families in their analysis. Taken as a whole, our study
adds to the growing body of evidence that a subset of
rare ATM variants confers levels of risk that may have
clinical implications for the women who carry them, as
well as for their at-risk family members.

Additional material

[ Additional file 1: ATM variants genotyped in cases and controls. ]

Abbreviations

AT: ataxia telangiectasia; ATM: ataxia telangiectasia mutated; BC: breast
cancer; BCFR: Breast Cancer Family Registry; Cl: confidence interval; DCIS:
ductal carcinoma in situ; H&E: hematoxylin and eosin; HR: hazard ratio;
kConFab: Kathleen Cuningham Foundation Consortium for Research into
Familial Breast Cancer; LCM: laser capture microdissection; LCIS: lobular
carcinoma in situ; LOH: loss of heterozygosity; OR: odds ratio; rMS: rare
missense; SJ: splice-site junction; T: protein truncating.

Acknowledgements

This work was supported by National Institutes of Health (NIH) grant RO1-
CA100352 and ROT-CA121245. KKK and GCT are Senior Principal Research
Fellows of the NHMRC. The Breast Cancer Family Registry (BCFR) is
supported by the National Cancer Institute, National Institutes of Health
under RFA-CA-06-503 and through cooperative agreements with members
of the BCFR and Principal Investigators, including Cancer Care Ontario (UO1
CA69467), Columbia University (UOT CA69398), Fox Chase Cancer Center
(U01 CA69631), Huntsman Cancer Institute (UO1 CA69446), Northern
California Cancer Center (U0T CA69417), University of Melbourne (UO1
CA69638), and the Georgetown University Informatics Support Center (RFP
No. NO2PC45022-46). Samples from the NCCC, FCCC, and HCl were
processed and distributed by the Coriell Institute for Medical Research. The
content of this article does not necessarily reflect the views or policies of
the National Cancer Institute or any of the collaborating centers in the BCFR,
nor does mention of trade names, commercial products, or organizations
imply endorsement by the U.S. Government or the BCFR. We thank Heather
Thorne, Eveline Niedermayr, all the kConFab research nurses and staff, the
heads and staff of the Family Cancer Clinics, and the Clinical Follow Up
Study (funded 2001-2009 by NHMRC and currently by the National Breast
Cancer Foundation and Cancer Australia 628333) for their contributions to
this resource, and the many families who contribute to kConFab. kConFab is
supported by grants from the National Breast Cancer Foundation, the
National Health and Medical Research Council (NHMRC), and by the
Queensland Cancer Fund, the Cancer Councils of New South Wales, Victoria,
Tasmania and South Australia, and the Cancer Foundation of Western
Australia.

Author details

'Department of Dermatology, University of Utah School of Medicine, 30 N.
1900 E, Salt Lake City, UT 84132-2101, USA. 2Queensland Institute of Medical
Research, 300 Herston Road, Herston, QLD 4006, Australia. *Centre for
Molecular, Environmental, Genetic and Analytic Epidemiology, University of
Melbourne, Grattan Street, Parkville, VIC 3010, Australia. 4University of
Queensland Centre for Clinical Research and School of Medicine, Building
71/918 RBWH Bowen Bridge Road, Herston, QLD 4029, Australia.
5Department of Epidemiology, Columbia University, 630 West 168th St, Box
49, New York, NY 10032, USA. ®Fox Chase Cancer Center, 33 Cottman Ave/
100 Laurel Avenue, Philadelphia, PA 19111, USA. “Huntsman Cancer Institute,
University of Utah, 2000 Circle of Hope, Salt Lake City, UT 84112, USA.
8Department of Pathology, University of Melbourne, Grattan Street, Parkville,
VIC 3010, Australia. °Cancer Care Ontario, Fred A. Litwin Center for Cancer
Genetics, Samuel Lunenfeld Research Institute, Mount Sinai Hospital, 620
University Avenue, Toronto, Ontario M5G, Canada. '°Cancer Prevention
Institute of California, 2201 Walnut Avenue, Suite 300, Fremont, CA 94538,
USA. ""The Peter MacCallum Cancer Centre, St Andrews Place, East

Page 8 of 9

Melbourne, VIC 3002, Australia. "“Institute of Functional Genomics, University
of Regensburg, Josef-Engert-Str.9, 93053, Regensburg, Germany. '*The Royal
Brisbane & Women's Hospital, Cnr Butterfield St and Bowen Bridge Rd,
Herston, QLD 4029, Australia.

Authors’ contributions

GCT participated in the writing of the manuscript, conceived and designed
the study, and directed the laboratory work. DEG and JLH participated in the
writing of the manuscript and performed the statistical analyses. SH
participated in the writing of the manuscript and performed the iPLEX
genotyping and the LOH studies. MCS and EMJ participated in the writing
of the manuscript and managed the data. PJO participated in the writing of
the manuscript and performed the DNA sequencing. KKK participated in the
writing of the manuscript. XC performed the iPLEX genotyping and the LOH
studies. JGD performed the statistical analyses. MJD, SB, ABS, 1A, and MBT
managed the data. SL and LdS performed the pathology review. All authors
read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 18 January 2011 Revised: 23 June 2011
Accepted: 25 July 2011 Published: 25 July 2011

References

1. Shiloh Y: ATM and related protein kinases: safeguarding genome
integrity. Nat Rev Cancer 2003, 3:155-168.

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

3. Savitsky K, Sfez S, Tagle DA, Ziv Y, Sartiel A, Collins FS, Shiloh Y, Rotman G:
The complete sequence of the coding region of the ATM gene reveals
similarity to cell cycle regulators in different species. Hum Mol Genet
1995, 4:2025-2032.

4. Fletcher O, Johnson N, dos Santos Silva |, Orr N, Ashworth A, Nevanlinna H,
Heikkinen T, Aittomaki K, Blomqvist C, Burwinkel B, et al- Missense variants
in ATM in 26,101 breast cancer cases and 29,842 controls. Cancer
Epidemiol Biomarkers Prev 2010, 19:2143-2151.

5. lzatt L, Greenman J, Hodgson S, Ellis D, Watts S, Scott G, Jacobs C,
Liebmann R, Zvelebil MJ, Mathew C, Solomon E: Identification of germline
missense mutations and rare allelic variants in the ATM gene in early-
onset breast cancer. Genes Chromosomes Cancer 1999, 26:286-294.

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

7. 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:
Spectrum of ATM gene mutations in a hospital-based series of
unselected breast cancer patients. Cancer Res 2001, 61:7608-7615.

8. Sommer SS, Jiang Z, Feng J, Buzin CH, Zheng J, Longmate J, Jung M,
Moulds J, Dritschilo A: ATM missense mutations are frequent in patients
with breast cancer. Cancer Genet Cytogenet 2003, 145:115-120.

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

10. Bernstein JL, Teraoka S, Southey MC, Jenkins MA, Andrulis IL, Knight JA,
John EM, Lapinski R, Wolitzer AL, Whittemore AS, West D, Seminara D,
Olson ER, Spurdle AB, Chenevix-Trench G, Giles GG, Hopper JL,

Concannon P: Population-based estimates of breast cancer risks
associated with ATM gene variants ¢.7271T > G and ¢.1066-6T > G
(IVS10-6T > G) from the Breast Cancer Family Registry. Hum Mutat 2006,
27:1122-1128.

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

12. Bishop DT, Hopper J: AT-tributable risks? Nat Genet 1997, 15:226.

13. Renwick A, Thompson D, Seal S, Kelly P, Chagtai T, Ahmed M, North B,
Jayatilake H, Barfoot R, Spanova K, McGuffog L, Evans DG, Eccles D, Breast
Cancer Susceptibility Collaboration (UK), Easton DF, Stratton MR, Rahman N:


http://www.biomedcentral.com/content/supplementary/bcr2919-S1.DOC
http://www.ncbi.nlm.nih.gov/pubmed/12612651?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12612651?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3574400?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3574400?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8589678?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8589678?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20826828?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20826828?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10534763?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10534763?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10534763?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11505391?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11505391?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11606401?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11606401?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12935922?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12935922?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12810666?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12810666?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16958054?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16958054?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16958054?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9054948?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9054948?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9054927?dopt=Abstract

Goldgar et al. Breast Cancer Research 2011, 13:R73
http://breast-cancer-research.com/content/13/4/R73

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

ATM mutations that cause ataxia-telangiectasia are breast cancer
susceptibility alleles. Nat Genet 2006, 38:873-875.

Stratton MR, Rahman N: The emerging landscape of breast cancer
susceptibility. Nat Genet 2008, 40:17-22.

Gatti RA, Tward A, Concannon P: Cancer risk in ATM heterozygotes: a
model of phenotypic and mechanistic differences between missense
and truncating mutations. Mol Genet Metab 1999, 68:419-423.

Tavtigian SV, Oefner PJ, Babikyan D, Hartmann A, Healey S, Le Calvez-
Kelm F, Lesueur F, Byrnes GB, Chuang SC, Forey N, Feuchtinger C, Gioia L,
Hall J, Hashibe M, Herte B, McKay-Chopin S, Thomas A, Vallée MP,

Voegele C, Webb PM, Whiteman DC, Australian Cancer Study, Breast Cancer
Family Registries (BCFR), Kathleen Cuningham Foundation Consortium for
Research into Familial Aspects of Breast Cancer (kConFab), Sangrajrang S,
Hopper JL, Southey MC, Andrulis IL, John EM, Chenevix-Trench G: Rare,
evolutionarily unlikely missense substitutions in ATM confer increased
risk of breast cancer. Am J Hum Genet 2009, 85:427-446.

John EM, Hopper JL, Beck JC, Knight JA, Neuhausen SL, Senie RT, Ziogas A,
Andrulis IL, Anton-Culver H, Boyd N, Buys SS, Daly MB, O'Malley FP,
Santella RM, Southey MC, Venne VL, Venter DJ, West DW, Whittemore AS,
Seminara D, for the Breast Cancer Family Registry: The Breast Cancer
Family Registry: An infrastructure for cooperative multinational,
interdisciplinary and translational studies of the genetic epidemiology of
breast cancer. Breast Cancer Res 2004, 6:R375-R389.

Mann GJ, Thorne H, Balleine RL, Butow PN, Clarke CL, Edkins E, Evans GM,
Fereday S, Haan E, Gattas M, Giles GG, Goldblatt J, Hopper JL, Kirk J,

Leary JA, Lindeman G, Niedermayr E, Phillips KA, Picken S, Pupo GM,
Saunders C, Scott CL, Spurdle AB, Suthers G, Tucker K, Chenevix-Trench G,
Kathleen Cuningham Consortium for Research in Familial Breast Cancer:
Analysis of cancer risk and BRCAT and BRCA2 mutation prevalence in
the kConFab familial breast cancer resource. Breast Cancer Res 2006, 8:
R12, PubMed PMID: 16507150.

O'Mara TA, Fahey P, Ferguson K, Marquart L, Lambrechts D, Despierre E,
Vergote |, Amant F, Hall P, Liu J, Czene K, SASBAC, Rebbeck TR, WISE Study
Group, AOCS Management Group, SEARCH, Ahmed S, Dunning AM,
Gregory CS, Shah M, ANECS, Webb PM, Spurdle AB: Progesterone receptor
gene variants and risk of endometrial cancer. Carcinogenesis 2011,
32:331-335.

Tavtigian SV, Greenblatt MS, Lesueur F, Byrnes GB: In silico analysis of
missense substitutions using sequence-alignment based methods. Hum
Mutat 2008, 29:1327-1336.

Concannon P, Gatti RA: Diversity of ATM gene mutations detected in
patients with ataxia-telangiectasia. Hum Mutat 1997, 10:100-107.

Cox A, Dunning AM, Garcia-Closas M, Balasubramanian S, Reed MW,
Pooley KA, Scollen S, Baynes C, Ponder BA, Chanock S, et al: A common
coding variant in CASP8 is associated with breast cancer risk. Nat Genet
2007, 39:352-358.

Levi S, Urbano-Ispizua A, Gill R, Thomas DM, Gilbertson J, Foster C,
Marshall CJ: Multiple K-ras codon 12 mutations in cholangiocarcinomas
demonstrated with a sensitive polymerase chain reaction technique.
Cancer Res 1991, 51:3497-3502.

Espina V, Wulfkuhle JD, Calvert VS, VanMeter A, Zhou W, Coukos G,

Geho DH, Petricoin EF, Liotta LA: Laser-capture microdissection. Nat Protoc
2006, 1:586-603.

Rakha EA, Reis-Filho JS, Baehner F, Dabbs DJ, Decker T, Eusebi V, Fox SB,
Ichihara S, Jacquemier J, Lakhani SR, Palacios J, Richardson AL, Schnitt SJ,
Schmitt FC, Tan PH, Tse GM, Badve S, Ellis 10: Breast cancer prognostic
classification in the molecular era: the role of histological grade. Breast
Cancer Res 2010, 12:207.

Lange K, Weeks D, Boehnke M: Programs for Pedigree Analysis: MENDEL,
FISHER, and dGENE. Genet Epidemiol 1988, 5:471-472.

Antoniou AC, Pharoah PD, McMullan G, Day NE, Ponder BA, Easton D:
Evidence for further breast cancer susceptibility genes in addition to
BRCA1 and BRCA2 in a population-based study. Genet Epidemiol 2001,
21:1-18.

Antoniou AC, Spurdle AB, Sinilnikova OM, Healey S, Pooley KA,

Schmutzler RK, Versmold B, Engel C, Meindl A, Arnold N, et al: Common
breast cancer-predisposition alleles are associated with breast cancer
risk in BRCA1 and BRCA2 mutation carriers. Am J Hum Genet 2008,
82:937-948.

Thompson EA, Cannings C, Skolnick MH: Ancestral inference. I. The
problem and the method. Ann Hum Genet 1978, 42:95-108.

Page 9 of 9

30.  Antoniou A, Pharoah PD, Narod S, Risch HA, Eyfjord JE, Hopper JL,
Loman N, Olsson H, Johannsson O, Borg A, et al: Average risks of breast

and ovarian cancer associated with BRCA1 or BRCA2 mutations detected

in case series unselected for family history: a combined analysis of 22
studies. Am J Hum Genet 2003, 72:1117-1130.

31, 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, Dérk T, Bendix R,
Kirk J, Tucker K, McCredie MR, Hopper JL, Sambrook J, Mann GJ, Khanna KK:
Dominant negative ATM mutations in breast cancer families. J Nat/
Cancer Inst 2002, 94:205-215.

32. Waddell N, Jonnalagadda J, Marsh A, Grist S, Jenkins M, Hobson K, Taylor M,

Lindeman GJ, Tavtigian SV, Suthers G, Goldgar D, Oefner PJ, kConFab
Investigators, Taylor D, Grimmond S, Khanna KK, Chenevix-Trench G:
Characterization of the breast cancer associated ATM 7271T > G
(V2424G) mutation by gene expression profiling. Genes Chromosomes
Cancer 2006, 45:1169-1181.

33, 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: 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 1998,
62:334-345.

34, Arnold S, Buchanan DD, Barker M, Jaskowski L, Walsh MD, Birney G,
Woods MO, Hopper JL, Jenkins MA, Brown MA, Tavtigian SV, Goldgar DE,
Young JP, Spurdle AB: Classifying MLH1 and MSH2 variants using
bioinformatic prediction, splicing assays, segregation, and tumor
characteristics. Hum Mutat 2009, 30:757-770.

35. Bryant HE, Helleday T: Inhibition of poly (ADP-ribose) polymerase
activates ATM which is required for subsequent homologous
recombination repair. Nucleic Acids Res 2006, 34:1685-1691.

36. Weston VJ, Oldreive CE, Skowronska A, Oscier DG, Pratt G, Dyer MJ,
Smith G, Powell JE, Rudzki Z, Kearns P, Moss PA, Taylor AM, Stankovic T:
The PARP inhibitor olaparib induces significant killing of ATM deficient
lymphoid tumour cells in vitro and in vivo. Blood 2010, 116:4578-4587.

37. Lakhani SR, Reis-Filho JS, Fulford L, Penault-Llorca F, van der Vijver M,
Parry S, Bishop T, Benitez J, Rivas C, Bignon YJ, et al: Prediction of BRCA1
status in patients with breast cancer using estrogen receptor and basal
phenotype. Clin Cancer Res 2005, 11:5175-5180.

doi:10.1186/bcr2919
Cite this article as: Goldgar et al.: Rare variants in the ATM gene and
risk of breast cancer. Breast Cancer Research 2011 13:R73.

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

e Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BioMed Central



http://www.ncbi.nlm.nih.gov/pubmed/16832357?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16832357?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18163131?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18163131?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10607471?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10607471?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10607471?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19781682?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19781682?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19781682?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15217505?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15217505?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15217505?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15217505?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16507150?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16507150?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21148628?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21148628?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18951440?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18951440?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9259193?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9259193?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17293864?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17293864?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1675933?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1675933?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17406286?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20804570?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20804570?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3061869?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3061869?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11443730?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11443730?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18355772?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18355772?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18355772?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/686688?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/686688?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12677558?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12677558?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12677558?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12677558?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11830610?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17001622?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17001622?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9463314?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9463314?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9463314?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19267393?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19267393?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19267393?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16556909?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16556909?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16556909?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20739657?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20739657?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16033833?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16033833?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16033833?dopt=Abstract

	Abstract
	Introduction
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Subjects
	Selection of ATM variants and genotyping
	Family genotyping and loss of heterozygosity analysis
	Pathology review
	Statistical methods

	Results
	Penetrance analysis in families
	Loss of heterozygosity analysis
	Pathology review

	Discussion
	Conclusions
	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


