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ABSTRACT

◥

Pathogenic variants (PVs) in ATM are relatively common,
but the scope and magnitude of risk remains uncertain. This
study aimed to estimate ATM PV cancer risks independent
of family cancer history. This analysis included patients
referred for hereditary cancer testing with a multi-gene panel
(N ¼ 627,742). Cancer risks for ATM PV carriers (N ¼ 4,607)
were adjusted for family history using multivariable logistic
regression and reported as ORs with 95% conﬁdence intervals (CIs). Subanalyses of the c.7271T>G missense PV were
conducted. Moderate-to-high risks for pancreatic (OR, 4.21;
95% CI, 3.24–5.47), prostate (OR, 2.58; 95% CI, 1.93–3.44),
gastric (OR, 2.97; 95% CI, 1.66–5.31), and invasive ductal
breast (OR, 2.03; 95% CI, 1.89–2.19) cancers were estimated
for ATM PV carriers. Notably, c.7271T>G was associated
with higher invasive ductal breast cancer risk (OR, 3.76; 95%
CI, 2.76–5.12) than other missense and truncating ATM
PVs. Low-to-moderate risks were seen for ductal carcinoma
in situ (OR, 1.80; 95% CI, 1.61–2.02), male breast cancer (OR,

Introduction
Germline pathogenic variants (PVs) in the ataxia telangiectasia mutated (ATM) gene are prevalent (approximately 0.35%)
in the population (1, 2). ATM PVs are known to be associated
with health risks in both an autosomal-dominant and autosomal-recessive fashion. Rare individuals homozygous or compound heterozygous for a germline ATM PV develop ataxia
telangiectasia (prevalence 1/40,000–1/100,000), a childhoodonset disorder typically characterized by global immunodeﬁciency, cerebellar neurodegeneration, radiation sensitivity, and
death in late adolescence (3). Previous estimates of adult-onset
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1.72; 95% CI, 1.08–2.75), ovarian cancer (OR, 1.57; 95% CI,
1.35–1.83), colorectal cancer (OR, 1.49; 95% CI, 1.24–1.79),
and melanoma (OR, 1.46; 95% CI, 1.18–1.81). ATM PVs are
associated with multiple cancer risks and, while professional
society guidelines support that carriers are eligible for
increased breast and pancreatic cancer screening, increased
screening for prostate and gastric cancer may also be warranted. c.7271T>G is associated with high risk for breast
cancer, with a 3- to 4-fold risk increase that supports consideration of strategies for prevention and/or early detection.
Prevention Relevance: This study estimated risks for
multiple cancers associated with ATM pathogenic variants
independent of family history. These results indicate that
some common variants may be associated with higher breast
cancer risks than previously appreciated and increased
screening for prostate and gastric cancer may be warranted
for carriers of ATM pathogenic variants.
breast cancer risk in women heterozygous for germline ATM
PVs range from a 2- to 5-fold increased risk compared with
women without ATM PVs (2, 4–9). It has been suggested that
there may be substantially higher risks associated with speciﬁc
ATM variants, such as c.7271T>G (p.Val2424Gly), where the
risk of developing breast cancer by age 70 has been estimated at
52%–60% (10–13). Current guidelines from the National
Comprehensive Cancer Network (NCCN) advise female ATM
PV carriers to initiate annual mammographic screening at age
40, with consideration of annual breast MRI, which may be best
accomplished at a high-risk breast cancer clinic (14).
Germline ATM PVs have also been suggested to increase
risks for developing several other adult-onset cancers. Like the
increased risk of breast cancer, these are generally regarded as
low to moderately increased lifetime cancer risks. Multiple
studies have documented an association of germline ATM PVs
with pancreatic cancer, although risk estimates vary (15, 16).
There is limited evidence for additional malignancies including
gastro-esophageal cancer, (17, 18) colorectal cancer (19, 20),
ovarian cancer (7, 21), melanoma (22, 23), prostate cancer (22, 24), thyroid cancer (22), gastric cancer (17), and head
and neck cancers (22). Estimates of the varied cancer risks
associated with ATM PVs have been limited by studies with
small participant sample sizes leading to imprecise estimates of
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cancer risks, sequencing of limited loci, and ascertainment
biases in selection of participants.
Improved precision of estimates of cancer risks associated
with ATM PVs is critical because ATM PVs are common in
individuals of varied ancestry undergoing genetic testing for
hereditary cancer risk (25, 26), and even modest risk increases
may warrant modiﬁed recommendations for cancer screening
and prevention. We used multi-gene sequencing results and
personal and family cancer history data from a large sample of
individuals undergoing hereditary cancer risk evaluation to
obtain ORs and penetrance estimates, adjusted for family
history, for many cancer types. The differential impact of
mutation type (nonsense/frameshift versus missense PVs), and
the previously described c.7271T>G missense variant were
speciﬁcally examined.
Penetrance estimates adjusted for family history represent
the magnitude of genetic risk that is independent of family
history. Adjusted penetrance may be estimated in an unbiased
manner from clinical populations where factors related to
ascertainment are well captured (7, 27, 28). These adjusted
penetrance estimates are applicable to women with and without
family history of cancer and may inform personalized assessments that combine genetic risks with environmental and
lifestyle risk factors.

Methods
Cohort and hereditary cancer testing
The study included individuals who underwent testing with a
multi-gene hereditary cancer panel including ATM between
September 2013 and July 2019. All tested individuals were
ascertained by healthcare providers for suspicion of hereditary
cancer risk based on personal and/or family histories of cancer
meeting professional society criteria for genetic testing. During
this time, the number of genes on the panel expanded from 25
(2013–2016) to 29 (2016–2019) to 35 (2019). Individuals were
eligible for analysis if they carried a single (heterozygous) PV in
ATM or if they had no PV in any gene sequenced nor any
uncertain variant (VUS) in the ATM gene. Variant classiﬁcation was performed by the testing laboratory based on American College of Medical Genetics guidelines at a minimum, as
described previously (29). Variants with a laboratory classiﬁcation of deleterious or suspected deleterious were considered
to be PVs for this analysis.
Genetic testing data were correlated with demographic,
personal, and family cancer history data from a test requisition
form that accompanied each test kit. Individuals with missing
data on gender or age of testing were excluded. Finally, patients
from states that restrict the use of deidentiﬁed genetic data after
completion of testing were excluded from analysis.
Statistical methods
All analyses were performed using R software (R Foundation
for Statistical Computing; version 3.6.1). Multivariable logistic
regression modeling was used to quantify ATM cancer risks for
11 different cancers in terms of ORs adjusted for age, ancestry,
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and personal and family cancer history. These ORs are a
measure of cancer risks associated with ATM PVs and can be
interpreted as relative risks independent of family history
(e.g., an OR of 2 indicates that risk is doubled for a PV carrier
versus a noncarrier with an identical family history of
cancer). A separate analysis was performed for each ATM
PV subgroup [all ATM, truncating (nonsense and frameshift), missense, and the c.7271T>G PV] using PV status as
the dependent variable. Independent variables included age,
sex, ancestry, and personal and family cancer histories
associated with hereditary breast and ovarian cancer, and
Lynch and adenomatous polyposis cancer syndromes. For
history of breast cancer, categories included ductal invasive
(coded as either triple-negative or hormone-positive), lobular invasive, ductal carcinoma in situ (DCIS), and male
breast. Triple-negative breast cancer is a subset of ductal
invasive for this cohort. All other categories are exclusive.
Personal cancer variables were coded as binary (ever or never
affected). Familial cancers were coded as numeric counts of
diagnoses, weighted by degree of relatedness.
Cumulative invasive breast cancer risks were calculated
according to the product-limit method (30) without adjustment for competing mortality. These calculations have been
described in detail previously (7, 31). Brieﬂy, age-speciﬁc
incidence rates were estimated as products of ORs and general
population incidences; ORs for PVs were calculated as speciﬁed
above and were combined with age-speciﬁc SEER incidence
rates from 2009 to 2013 in 5-year intervals to estimate absolute
cancer risks (7, 32, 33).
Conﬁdence intervals (CIs) and P values were calculated
using Wald statistics. All P values are reported as two-sided.
The study was reviewed by the Fox Chase Cancer Center
Institutional Review Board and was determined to be Human
Subject Exempt and therefore written informed consent was
not required.

Results
We identiﬁed 627,742 eligible patients (Table 1), including
4,607 (0.7%) individuals with an ATM PV and 623,135 (99.3%)
individuals with no ATM PV, ATM VUS, or PV in another
hereditary cancer risk gene. The majority of ATM PVs identiﬁed were truncating (nonsense and frameshift; 58.3%) and the
remaining were missense (7.1%) or other (29.7%). The
c.7271T>G variant was the most frequent individual PV
observed (5.0%, 229/4607). All observed PV types and their
locations on ATM are shown in Fig. 1.
The study cohort was predominantly female (96.5%) and
over half of individuals reported White (non-Hispanic) ancestry (57.5%; Table 1). Median age of testing was 58 years (range
6, ≥90) for the full cohort. More than one-third (38.2%) of
individuals reported a personal history of at least one cancer,
and patients with an ATM PV were proportionally more likely
to report a personal history of cancer than those without an
ATM PV. Ductal invasive breast cancer was the most common
cancer reported. Similarly, ductal invasive breast cancer was by
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Table 1. Demographics and personal cancer history by ATM PV carrier status.
Characteristic
Age at testing - median (IQR)
Sex
Female
Male
Race/Ethnicity
White/Caucasian
Black/African
Latino/Hispanic
Asian
Ashkenazi Jewish
Native American
Middle Eastern
Multiple
Other/None speciﬁed
Personal cancer history
Total cancers
0 cancer
1 cancer
2þ cancers
Any Cancer
Breast – Ductal Invasiveb
Breast – Triple-negativeb
Breast – Lobular Invasiveb
Breast - DCISb
Breast - Malec
Ovarian cancerb
Colorectal cancer
Endometrial cancerb
Melanoma
Prostate cancerc
Pancreatic cancer
Gastric cancer

ATM PV
(N ¼ 4,607)

No ATM PVa
(N ¼ 623,135)

Total
(N ¼ 627,742)

49 (39, 59)

48 (38, 58)

48 (38, 58)

4,378 (95.0)
229 (5.0)

601,246 (96.5)
21,889 (3.5)

605,624 (96.5)
22,118 (3.5)

2,889 (62.9)
289 (6.3)
288 (6.3)
100 (2.2)
34 (0.7)
31 (0.7)
21 (0.5)
270 (5.9)
675 (14.7)

358,097 (57.5)
51,324 (8.2)
46,713 (7.5)
14,224 (2.3)
10,302 (1.7)
5,141 (0.8)
3,428 (0.6)
41,021 (6.6)
92,885 (14.9)

360,996 (57.5)
51,613 (8.2)
47,001 (7.5)
14,324 (2.3)
10,336 (1.6)
5,172 (0.8)
3,449 (0.5)
41,291 (6.6)
93,560 (14.9)

2,243 (48.7)
1,928 (41.8)
436 (9.5)
2,364 (51.3)
1,461 (33.4)
52 (1.2)
68 (1.6)
351 (8.0)
20 (8.7)
192 (4.4)
135 (2.9)
85 (1.9)
88 (1.9)
75 (32.8)
64 (1.4)
12 (0.3)

385,932 (61.9)
203,668 (32.7)
33,535 (5.4)
237,203 (38.1)
132,465 (22.0)
19,711 (3.3)
10,633 (1.8)
28,906 (4.8)
1,909 (8.7)
24,616 (4.1)
14,527 (2.3)
11,877 (2.0)
7,426 (1.2)
4,436 (20.3)
2,085 (0.3)
518 (0.1)

388,175 (61.8)
205,596 (32.8)
33,971 (5.4)
239,567 (38.2)
133,926 (22.1)
19,763 (3.3)
10,701 (1.8)
29,257 (4.8)
1,929 (8.7)
24,808 (4.1)
14,662 (2.3)
11,962 (2.0)
7,514 (1.2)
4,511 (20.4)
2,149 (0.3)
530 (0.1)

Patients with no PVs in any gene tested, including ATM, and no VUS in ATM.
Female only.
Male only.
Triple-negative breast cancer is a subset of ductal invasive for this cohort. All other categories are exclusive.
a

b
c

far the most common family history reported, followed by
ovarian and colorectal cancers (Supplementary Table S1).
Because previous research has identiﬁed variability in
breast cancer risk by mutation type, with several studies
reporting high breast cancer risks associated with the
missense c.7271T>G PV in ATM, we examined rates of
personal and family history of breast cancer reported by
individuals with a truncating (nonsense and frameshift) PVs,
missense PVs, and the c.7271T>G missense PV (Supplementary Table S2). Among carriers of ATM PVs, 38.7%
(120/310) of missense mutation carriers, 45.3% (101/223) of
c.7271T>G PV carriers, and 32.8% (837/2548) of truncating
(frameshift and nonsense) PV carriers had a personal history
of invasive breast cancer. No differences in age of cancer
diagnosis were detected by mutation.
Multivariable models were used to estimate the family
history-adjusted risk of developing cancer in the presence of
any ATM PV. Results for any ATM PV are reported in Table 2
and show a 2-fold increased risk (OR, 2.03; 95% CI, 1.89–2.19)
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of ductal invasive breast cancer for women, a 1.80-fold
increased risk of DCIS (95% CI, 1.61–2.02), and a 1.72-fold
increased risk of male breast cancer (95% CI, 1.08–2.75).
Increased risks of several other cancers were also seen in ATM
PV carriers compared with noncarriers. The largest increase in
risk was for pancreatic cancer (OR, 4.21; 95% CI, 3.24–5.47),
but gastric cancer (OR, 2.97; 95% CI, 1.66–5.31) and prostate
cancer (OR, 2.58; 95% CI, 1.93–3.44) also showed marked
elevations in risk. The risks of ovarian cancer (OR, 1.57; 95% CI,
1.35–1.83), colorectal cancer (OR, 1.49; 95% CI, 1.24–1.79),
and melanoma (OR, 1.46; 95% CI, 1.18–1.81) were overall lowto-moderately increased among ATM PV carriers.
Family history–adjusted risk of breast cancer was also examined by mutation type and speciﬁcally in carriers of the
c.7271T>G missense PV (Supplementary Table S3). The number of c.7271T>G carriers was insufﬁcient to generate variantspeciﬁc risk estimates for cancers other than breast. Missense
ATM PVs (OR, 2.52; 95% CI, 1.94–3.28) and truncating
(nonsense and frameshift) ATM PVs (OR, 1.95; 95% CI,

Cancer Prev Res; 14(4) April 2021

Downloaded from cancerpreventionresearch.aacrjournals.org on June 20, 2021. © 2021 American Association for Cancer
Research.

435

Published OnlineFirst January 28, 2021; DOI: 10.1158/1940-6207.CAPR-20-0448

Hall et al.

Exon designation

Variant type

Number of carriers

225

In frame
Out of frame
Untranslated region

Frameshift

200

Missense

175

Nonsense

150

Splicing
Other

125
100
75
50
25
0

UTR
Exon

1

20

10
Nuclear
localization
sequence

Functional
domains

Leucine zipper

30
Proline rich

Tel1/ATM N-terminal motif

40

50

FRAP, ATM, TRRAP motif

60
PI3K

ATP-binding

IR-induced ATM foci
Substrate binding

Catalytic site
C-terminal
FAT motif

Peroxisomal
targeting signal
sequence

Figure 1.
Map of ATM and all variants discovered in this study. This map shows the types and frequency of ATM variants discovered within this patient cohort. The circle size/line
length reﬂects the number of times a variant was observed at that location. The exons are numbered, with in-frame exons being dark blue and out-of-frame exons
being gray. The untranslated region is reﬂected in light blue. The functional regions of the gene are also shown.

1.77–2.14) were associated with similar risks of ductal invasive
breast cancer. Risk estimates were signiﬁcantly higher for
c.7271T>G carriers (OR, 3.76; 95% CI, 2.76–5.21) compared
with all other ATM PVs. Nonsense/frameshift PVs were also
associated with an increased risk of DCIS (OR, 2.05; 95% CI,
1.78–2.36). The c.7271T>G PV was associated with an
increased risk of DCIS (OR, 1.70; 95% CI, 1.03–2.81) and male
breast cancer (OR, 8.31; 95% CI, 1.46–47.27). Cumulative risk
Table 2. ORs for cancer risk for all ATM PVs.
Cancer type

All ATM PVs
OR (95% CI)

P

Breast - Ductal Invasive
Breast - DCIS
Breast – Lobular Invasive
Breast - Male
Ovarian
Colorectal
Endometrial
Melanoma
Prostate
Pancreatic
Gastric

2.03 (1.89–2.19)
1.80 (1.61–2.02)
0.94 (0.74–1.20)
1.72 (1.08–2.75)
1.57 (1.35–1.83)
1.49 (1.24–1.79)
1.10 (0.88–1.36)
1.46 (1.18–1.81)
2.58 (1.93–3.44)
4.21 (3.24–5.47)
2.97 (1.66–5.31)

<0.0001
<0.0001
0.6229
0.0233
<0.0001
<0.0001
0.4079
0.0006
<0.0001
<0.0001
0.0002

Note: ORs are adjusted for personal (coded as binary, affected/unaffected,
variables) and family (numeric counts weighted by degree of relation) cancer
histories of breast (invasive, ductal, DCIS, and male), ovarian, colorectal,
melanoma, gastric, pancreatic, prostate, endometrial, and colon (polyps), as
well as age, sex, and ancestry.
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of developing invasive breast cancer compared with population
risk was modeled over an 80-year lifespan separately for each
mutation type (Fig. 2).

Discussion
These results provide comprehensive estimates of the multiple cancer risks attributable to PVs in ATM, including close to
2-fold elevated risks of invasive breast cancer and DCIS in
female PV carriers. In addition, moderate to high risks of
pancreatic cancer (greater than 4-fold increase), gastric cancer
(3-fold increase), and prostate cancer (2- to 3-fold increase),
and modestly yet signiﬁcantly elevated risk of several other
common tumors including colorectal cancer (1.5-fold increase)
were observed. Of the cancers evaluated, only endometrial
cancer did not show evidence of signiﬁcant association with
ATM PVs. Furthermore, we demonstrate through analyses of
the common c.7271T>G PV that there is site-speciﬁc variability
in cancer risks with ATM PVs, constituting a genotype–
phenotype association. While not all previously reported risks
were conﬁrmed by these analyses due to small numbers of
reported cancers (e.g., thyroid cancer, head and neck cancers), it
remains possible that such associations might be detectable in a
larger, more diverse sample. Our estimates build on previous
studies suggesting multiple risks of cancer for ATM PV carriers, (17, 22) and offer new precision to the magnitude of those
risks after controlling for confounding factors.
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The importance of precise and comprehensive estimates of
cancer risks associated with ATM PVs is supported by the high
prevalence of ATM PVs in the general population (1, 2), the
recognition of variability in cancer risk by PV type and
position (10–13), and the variety of common adult tumors
like breast cancer, colorectal cancer, and prostate cancer whose
risks may be moderately to highly increased by a germline ATM
PV. It has been 30 years since Swift ﬁrst published data detailing
an increased risk of cancer in Ataxia-Telangiectasia families, (2) and understanding of the genetic risks underlying
common cancers has advanced enormously. As genetic
testing uptake increases, the identiﬁcation of germline ATM
PVs may contribute to reducing cancer incidence across a
number of disease sites. Moreover, the development of PARP
inhibitors for tumors with homologous recombination deﬁciency due to disrupted function of BRCA1/2 and other
Fanconi Anemia pathway–associated genes suggests that
germline and tumor testing for ATM PVs may ultimately
guide treatment selection (34, 35).
Previous studies have demonstrated variability in breast
cancer risk depending on the type of ATM PV (truncating
versus missense; ref. 6). The c.7271T>G missense variant
constituted approximately 5% of all ATM PVs identiﬁed in
this study. Previous research has strongly suggested that this
variant increases cancer risk through a dominant-negative
effect causing higher cancer risks in c.7271T>G carriers compared with other ATM PVs (10, 12, 13, 36–38). Our estimate of
family history–adjusted ductal invasive breast cancer risk
associated with the c.7271T>G PV (OR, 3.76; 95% CI, 2.76–
5.12) is similar to that estimated for BRCA2 PVs using the same
methodology (7). The family history–adjusted estimates presented here should be slightly lower than previously published
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unadjusted estimates, because the risk attributable to family
history and ATM PV status is not double-counted. However,
our estimates fall within the ranges reported from previous
studies, all of which had wide CIs. These include estimates from
Goldgar and colleagues (OR, 8.0; 95% CI, 2.3–27.4; ref. 12),
Southey and colleagues (OR, 11.0; 95% CI, 1.4–85.7; ref. 11),
Bernstein and colleagues (8.6-fold increased risk; 95% CI,
3.9–18.9-fold; ref. 13), and Chenevix-Trench and colleagues
(13.7-fold increased risk; 95% CI, 5.1–36.6-fold; ref. 10).
Compared with these other studies, our study offers the
advantage of a methodology that has been shown to produce
unbiased results, and 10-fold more individuals genotyped
and found to carry c.7271T>G noncarriers. ATM is a large
gene comprised of 62 coding exons and 3,056 amino acids
(Fig. 1), and plays a variety of roles in cellular processes
including regulation of DNA damage response, DNA repair
through multiple pathways, genotoxic stress response,
and others (3). Therefore, even rarer high-risk PVs like
c.7271T>G may be scattered throughout this complex gene,
which have, to date, eluded discovery.
These results demonstrate that ATM PV carriers have
increased risk of pancreatic cancer (OR, 4.21), prostate cancer
(OR, 2.58), and gastric cancer (OR, 2.97). ATM PV carriers
were not included in the initial high-risk guidelines for pancreatic cancer published by the International Cancer of the
Pancreas Screening (CAPS) Consortium in 2013 (39), but since
that time evidence has emerged demonstrating that germline
ATM PVs are the most common, or second most common after
BRCA2 PVs, ﬁndings in pancreatic cancer patients (15, 40). A
recent study estimated a 5.7 OR for pancreatic cancer in ATM
PV carriers, very close to what was calculated in the same study
for BRCA2 (OR, 6.2; ref. 15). Although ATM PV carriers are
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included in the CAPS5 pancreatic cancer screening study
(NCT02000089), they are treated as lower risk than carriers
of PVs in BRCA2 and PALB2. Future study design should
consider the updated relative risk estimates for ATM from this
and other studies.
The high prevalence of prostate cancer in the United States
population, as well as the challenge of differentiating prostate
cancers associated with high morbidity and mortality from
more indolent tumors, highlights the importance of identifying
molecular and genetic factors associated with risk, treatment,
and outcomes. The prostate cancer history data in this analysis
did not include Gleason score, so we could not determine
whether ATM PVs are associated with more aggressive disease.
Germline ATM PVs have previously been associated with more
aggressive prostate cancers and shown to be susceptible to
PARP inhibitor therapy (35, 41). Finally, our estimates of
gastric cancer risk are consistent with those of Helgason and
colleagues who estimated 4- to 5-fold increased risks of gastric
cancer (17), often early-onset, in carriers of germline loss-offunction ATM PVs. Though gastric cancer is rare in the United
States (28,000 new cases annually), morbidity is exceedingly
high (5-year survival 30%; ref. 32), highlighting the value of
risk stratiﬁcation through predictive genetic testing to promote
risk factor mitigation (e.g., treatment of H. pylori infection,
smoking cessation) and determine potential eligibility for
gastric cancer screening, as performed in individuals with
Lynch syndrome (42). Notably, no differences in age at diagnosis were observed for prostate and gastric cancers based on
whether an ATM PV was present or not. Further exploration of
how ATM PV status may affect current screening guidelines is
warranted for both of these tumors.
A recently published study examining data from a large
sample of patients with diverse personal and cancer histories
tested by multigene panel testing through a single laboratory
reported ORs for ATM PV carriers for breast cancer (OR, 2.91;
95% CI, 2.48–3.42), ovarian cancer (OR, 1.91; 95% CI, 1.37–
2.65), pancreatic cancer (OR, 5.88; 95% CI, 3.64–9.4), colorectal
cancer (OR, 2.6; 95% CI, 1.53–4.3), endometrial cancer (OR,
1.44; 95% CI, 0.62–3.2), and melanoma (OR, 2.69; 95% CI,
1.32–5.23; ref. 43). Methodologies were notably different from
those employed in our study, with the authors comparing ATM
PVs in Caucasian patients with breast cancer referred for
hereditary cancer testing against PV frequencies observed
in non-Finnish European controls from the gnomAD database. This methodology may signiﬁcantly overestimate risk,
because clinically ascertained cases are likely to be enriched
for mutations over general population cases (44). Despite
this methodologic difference, risk estimates are similar to
those we report here.
Our study has several important limitations. Personal and
family cancer history data were collected from a standard test
requisition form; thus cancer pathology and age of diagnosis
have not been veriﬁed. However, we have previously shown
through sensitivity analyses that over- or under-reporting of
family history would have modest or no impact on the risk
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estimates calculated using multivariable logistic regression (7).
In addition, despite the large sample size examined here, the
relative rarity of missense ATM PVs and the c.7271T>G PV
limited statistical power to estimate risks for cancer types
beyond breast cancer. Similarly, small samples limited statistical power to estimate cancer risks precisely in rarer tumor
types, such as triple-negative breast cancer and male breast
cancer. In addition, our sample is notably female predominant
(97%) reﬂective of the historically strong association of genetic
testing for hereditary cancer risk with female breast cancer
despite the broadening of testing indications in recent years to
include prostate cancer and male-dominant cancers such as
pancreatic cancer. In addition, we may not have been able to
detect situations where the risks for certain cancers, for example, pancreatic, differ between men and women. Nonetheless, it
should be noted that our proportionally smaller male population includes over 22,000 male patients and 229 male ATM PV
carriers, as well as family history data in both male and female
relatives among study participants. In conclusion, through
analyses including multivariable modeling in a very large
sample of individuals undergoing multi-gene panel testing for
hereditary cancer risk, we demonstrate that PVs in ATM are
associated with moderate- to high-risks for multiple adultonset cancers, independent of family history. High risks of
prostate, gastric, and notably pancreatic cancer may warrant
screening in ATM PV carriers. Furthermore, these results
conﬁrm that the c.7271T>G missense PV is associated
with high risk for ductal invasive ductal breast cancer, with
a three- to 4-fold risk increase that is similar to that of BRCA2
PVs and supports consideration of similar strategies for prevention and/or early detection.
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