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Advances in sequencing technology have made
multigene testing, or “panel testing,” a practical
option when looking for genetic variants that
may be associated with a risk of breast cancer.
In June 2013, the U.S. Supreme Court! invali-
dated specific claims made by Myriad Genetics
with respect to the patenting of the genomic
DNA sequence of BRCA1 and BRCA2. Other com-
panies immediately began to offer panel tests
for breast cancer genes that included BRCA1 and
BRCA2. The subsequent flourishing of gene-
panel testing services (Table 1, and Table S1 in
the Supplementary Appendix, available with the
full text of this article at NEJM.org) has gener-
ated much interest both within the clinical ge-
netics community and in the popular press.?
These panels cover a total of more than 100
genes, and breast cancer is specifically men-
tioned as an indication for 21 of these genes.
However, the fact that the technology is available
does not necessarily mean that such tests are
appropriate or desirable.

According to the framework proposed by the
ACCE (established by the Centers for Disease
Control and Prevention), genetic tests should be
evaluated on the basis of the four criteria from
which the name ACCE is derived: analytical va-
lidity, clinical validity, clinical utility, and ethi-
cal, legal, and social issues.’ Analytical validity
refers to the degree of accuracy with which a test
detects the presence or absence of a mutation.
Here, however, we focus on the key question of
clinical validity: Are the variants the test is in-
tended to identify associated with disease risk,
and are these risks well quantified? The validity
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of the risk estimates is a key determinant of the
clinical utility of panel testing, which in turn
should inform decisions regarding the adoption
of the testing in clinical practice. We do not
consider in detail who should undergo testing,
what level of risk is associated with any given
variant that might be considered clinically use-
ful, or how that risk might be managed. How-
ever, broadly similar guidelines for managing
the care of women with a family history of
breast cancer exist in several countries (Table 2).
These guidelines are based on the stratification
of patients according to levels of risk and pro-
vide guidance on the identification of women to
whom screening (by means of mammography or
magnetic resonance imaging), risk-reducing med-
ication, and risk-reducing surgery should be of-
fered. These recommendations could be modi-
fied to reflect the identification of risk variants
through the use of gene-panel testing. Whatever
the recommendations for the management of
care, the underpinnings of the guidelines should
be based on reliable estimates of the risk of
cancer.

Before these guidelines are developed, the
appropriateness of the tests themselves needs to
be considered. The determination of analytical
validity for laboratory-developed diagnostic tests
falls under the remit of the Clinical Laboratory
Improvement Amendments (CLIA) of 1988, but
neither clinical validity nor clinical utility is part
of the assessment process. Therefore, whereas
new drugs without clinical utility will not be ap-
proved by the Food and Drug Administration
(FDA), gene-panel tests can be adopted without
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Table 1. Examples of Multigene Testing Panels for Breast Cancer.*

Company

Ambry Genetics

BreastHealth UK

Centogene

Emory Genetics
Laboratory

Fulgent Diagnostics

GeneDx

Illumina

Invitae

Myriad Genetics

CD Genomics

University of
Washington+

Test

BreastNext

BreastGene

Breast Ovarian
Cancer Panel

High Risk Breast
Cancer Panel

Breast Ovarian
Cancer NGS
Panel

OncoGeneDx

TruSight Cancer

Hereditary Breast
Cancer, High-
Risk Panel

myRisk

Genetic Testing for
the Cancer Suscep-

tibility
BROCA — Cancer
Risk Panel

Website

www.ambrygen.com/tests/breastnext

www.breasthealthuk.com/screening-
services/genetic-testing/breastgene

www.centogene.com/centogene/centogene-test-
catalogue.php

http://geneticslab.emory.edu/tests/MM201

http://fulgentdiagnostics.com/test/
breast-ovarian-cancer-ngs-panel/

www.genedx.com/test-catalog/available-tests/
breastovarian-cancer-panel

www.illumina.com/clinical/translational _
genomics/panels/kits.html

www.invitae.com/en/physician/panel-detail /
PNL0009/

www.myriad.com/products-services/
hereditary-cancers/myrisk-hereditary-cancer/

www.cd-genomics.com/Genetic-Testing-for-the-
Cancer-Susceptibility.html

http://web.labmed.washington.edu/tests/
genetics/BROCA

Genes Includedy

ATM, BARD1, BRCA1, BRCA2, BRIP1, CDH1,
CHEK2, MRE11A, MUTYH, NBN, NF1,
PALB2, PTEN, RAD50, RAD51C, RAD51D,
TP53

ATM, BRCA1, BRCA2, BRIP1, CDH1, CHEK2,
PALB2, PTEN, STK11, TP53

ATM, BARD1, BRIP1, CDH1, CHEK2, MEN1,
MLH1, MRE11A, MSH2, MSH6, MUTYH,
NBN, PALB2, PMS1, PMS2, RAD50,
RAD51C, RAD51D, XRCC2

PTEN, STK11, TP53

APC, ATM, ATR, AXIN2, BAP1, BARD1, BLM,
BMPR1A, BRCA1, BRCA2, BRIP1, CDH1,
CDK4, CDKN2A, CHEK2, CTNNBI,
EPCAM, FANCC, HOXB13, MLH]1,
MRE11A, MSH2, MSH6, MUTYH, NBN,
PALB2, PALLD, PMS2, PTEN, RAD50,
RADS51, RAD51C, RAD51D, SMADA4,
STK11, TP53, VHL, XRCC2, XRCC3

ATM, BARD1, BRCA1, BRCA2, BRIP1, CDH1,
CHEK2, EPCAM, FANCC, MLH1, MSH?2,
MSHG6, NBN, PALB2, PMS2, PTEN,
RAD51C, RAD51D, STK11, TP53, XRCC2

94 Genes plus 287 SNPs reported to be asso-
ciated with risk of breast cancer

BRCA1, BRCA2, CDH1, PALB2, PTEN, STK11,
TP53

ATM, BARD1, BRCA2, BRIP1, CDH1, CHEK?2,
NBN, PALB2, PTEN, RAD51C, STK11,
TP53

Not specified

AKT1, ATM, BARD1, BRCA1, BRCA2, BRIP1,
CDH1, CHEK2, EPCAM, FAM175A,
GEN1, MRE11A, MUTYH, NBN, PALB2,
PIK3CA, PTEN, RAD50, RAD51C,
RADS51D, STK11, TP53, XRCC2

* SNP denotes single-nucleotide polymorphism.

For Myriad Genetics and the University of Washington, only genes for which breast-cancer risk is given as an indication are listed. For a

complete list, see Table S1 in the Supplementary Appendix. In several cases, the panels include additional genes, and several companies
also offer larger panels. Thus, even if the primary purpose of the test is prediction of the risk of breast cancer, results will often be available
(and need to be interpreted) for a larger set of genes than those listed here.
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any review of data regarding their clinical utili-
ty.>® Recent commentaries have suggested ways
in which the FDA might become involved in the
approval of genomic tests.”® Although we ac-
knowledge the enormity of the task, we propose
that a genomic test should not be offered until
its clinical validity has been established. We
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consider below some of the key issues that need
to be addressed. Others have argued that estab-
lishing clinical validity is a postmarketing pur-
suit,® but we believe that failing to require the
clinical validation of genomic tests before they
are submitted for regulatory approval is likely to
lead to substantial misuse of the technology.
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Common versus Rare Variants.

carriers of such variants are still at an elevated level of risk.

Approximately 100 independent common variants (consisting primarily of single-nucleotide polymorphisms [SNPs])
associated with breast-cancer risk have been identified through large-scale genotyping studies. These variants typically
have minor allele frequencies higher than 1%, and all confer risks that are less than 1.5 times as high as those in the
general population; almost all these polymorphisms occur in noncoding sequences. Some commercial genetic panels
include a subset of these SNPs. Thus, at present, there is a reasonably clear distinction between SNPs that confer a
small increased susceptibility to breast cancer and variants that confer a moderate-to-high susceptibility as identified
through sequencing. However, some sequence variants located in genes classified as conferring a high or moderate
risk confer risks that fall below the threshold for moderate risk (i.e., two times as high as that in the general popula-
tion). Examples include BRCA2 p.Lys3326Ter and CHEK2 p.lle157Thr. Use of the term “low risk” for variants conferring
a risk that is less than moderate is widespread, but it is not a particularly helpful term for counseling purposes, since

KEY ISSUES AND GENERAL PRINCIPLES

Several key questions must be addressed in order
to establish clinical validity. First, are variants in
the gene associated with breast-cancer risk? Sec-
ond, which variants, or classes of variants, are
associated with risk? Third, what is the magni-
tude of those risks? Fourth, what methods have
been used to estimate those risks? We will con-
centrate on the genes in which rare variants have
been proposed to confer a moderate or high risk
of breast cancer. For the purpose of this review,
we define moderate risk as a risk of breast can-
cer, defined in terms of disease incidence, that is
two to four times as high as that in the general
population and high risk as an incidence that is
more than four times as high.” We leave aside the
separate question of risk prediction in which pro-
filing based on the genotyping of common poly-
morphisms is used (see box). We will restrict our
attention to the prediction of risk in women unaf-
fected by breast cancer, although somewhat anal-
ogous issues apply to testing in affected women.
We focus on the question of breast-cancer risk,
but similar considerations apply to other can-
cers. Indeed, some of the genes considered here
also confer a predisposition to ovarian cancer,
pancreatic cancer, and other cancers, and some of
the available panels also include genes putatively
involved in a wider range of cancers (Table 3, and
Table S2 in the Supplementary Appendix). We
leave aside the use of panel testing for the identi-
fication of cancer syndromes and for the manage-
ment of disease in women who have cancer.

TYPES OF GENETIC VARIANTS
Most panel testing involves identifying the cod-
ing sequences and splice junctions of the genes
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of interest, often in combination with alternative
methods used for the detection of large genom-
ic rearrangements.®® Most of the variants identi-
fied are single-base substitutions and small in-
sertions or deletions (indels). We refer to all
nonsense substitutions, frameshift indels, and
variants affecting splicing as protein-truncating
variants. For the large majority of genes, most of
the evidence on breast-cancer risk relates to
protein-truncating variants assumed to result in
loss of function.

STATISTICAL SIGNIFICANCE AND BURDEN TESTS

It is important to establish stringent levels of
statistical significance. Although it would be
ideal to have specific evidence for every variant
detected, most variants for which there is a sus-
picion of association with a high risk of disease
are rare, and the sample sizes required to estab-
lish allele-specific associations with risk are so
large as to make the task infeasible. Conse-
quently, some form of burden testing is fre-
quently used in which the association between
carrying any variant in a specific class and the
risk of disease is evaluated. A potential problem
with this method is that it does not indicate
whether any specific variant identified is associ-
ated with disease. It is often assumed that all
protein-truncating variants are equally patho-
genic; however, all such variants do not confer
the same risks. For missense variants, the situa-
tion is even more problematic.

STRENGTH OF STATISTICAL EVIDENCE

FOR ASSOCIATION

The issue of what constitutes appropriate levels
of significance for targeted sequencing has not
been extensively discussed. An exomewide sig-

NEJM.ORG JUNE 4, 2015

The New England Journal of Medicine
Downloaded from nejm.org on January 1, 2016. For personal use only. No other uses without permission.
Copyright © 2015 Massachusetts Medical Society. All rights reserved.

2245



The NEW ENGLAND JOURNAL of MEDICINE

sulepind oN

passnasip aq pjnod
uo13dadeI3u0d JO WIOj dlwalsAsuou
JBUj] POPUILLILLODAI (DAIIUIP JBI|D ON

SI911IBD ZWDY g 10} 93e jo 1A

0= pue siaLIed TyDyg 40} 93k Jo
JK G¢= 1B papuaWILWIOda) ‘pawioiad §|

JadUeD JSEaIq
[enpisas 4o ysii 1e aue sjuaijed jo
%6> ‘93 0 UA GZ= 18 papuaLLILLOIDY

ade jo ik g
Suiels ‘A|[Enuue papuaWILIOddY

ade Jo Uk og 18

papuawiwoda) welSowwew

15414 ‘ustom 3unok ui Jareasd

S| SJowN} PadnNpul-UoIjeIpE. JO
)|S1I 9sNEd3q HA|[ENUUE papuSLLLLIODDY

(spuejiayiaN)
SIADI-TNMI

siseq
pazi|enplAlpul Uo |euoissajoid
UY}IM JSPISUOD O} UOIEPUSLULLIODDY

pa1edIpuleIIUOD
jou dA13dadBIUOD |BIO UOIIEUIGLIOD

ade Jo A ops
e PapUBLULLIODAL ‘paLuioad §|

ade Jo A ops
J& PapUSLLILLIODAI ‘paLuIoyad J|

papuawiLLodal aq Aew
a|npayds pazijenpliaipul ‘a3e jo
K gg> saquuiaw Ajiwiey ul sisoude
-Ip JI {UOI1BUILUEXD 1SBIq [BDIUI]D
yum ‘Aydes3ouosesyjn noyym
1o yum ‘A||enuue papuaLILLIodal
Aydesowwew ‘a3e jo Uk gg<1e
‘{Aydes3ouosesnn Inoym Jo yum
‘a3e jo UK 05—0¢ 1€ A||enuue pa
-pUBLLILLIODAI ‘SIBIIIBD ZY Dy g 104
Aydes3ouosesn noyym Jo
yum ‘a3e Jo 1K 0G—0¢ 1e A|[enuue
PapUALUILLIODa ‘SIBLIIED T DY g 104

3|npayds pazije
-NpIAIpUl puswiwodas Aew ‘a3e jo
K gg> 1aquiaw Ajiwiey ul sisoude
-Ip JI {UOI1BUILUEXD 1SBIq [BDIUI]D
yum ‘Aydes3ouosesyjn 1noynm
10 yym ‘A||Enuue papusaLIodal
AydesBowwew ‘a3e jo 4K 0g<1e
{fydesSouoseyn Jnoynm Jo yum
‘a3e Jo UK 05—0¢ 1€ A||enuue pa
-pUSLILLIODA ‘SIaLIIED ZY/ DY g 104
Aydes3ouosesn noym Jo
yum ‘a3e Jo 1K 0G—0¢ 1e A||enuue

PapUSLUILLIODA ‘SIBLIIED T DY g 104

(eijensny)
QUIUQ SjuBWIEaA] J3dUBD) OIAD

passnosip jou snjejs
Zvo¥Hd 'SATYDNg

INqg 149dU.d 1SBAIq 4O

st y3iy 1e uswom

10§ PapUALLILLIODAI

sullepind ON  U3JIXOLUE] JO UOISIACI

SAI1D3.Ip Je3]D ON uonuanaidowayd

3AI1D2Ip 483D ON 3AI}D2Ip 483D ON dAI1D2Ip 483D ON anndadesjuod |eiQ

SIa1Ied 7YY g
10y a3e Jo JA Gy pue

sJ1aled TyDYg 404 93k

10 Uk of Aj91eWIX0Id

-de 1e papuawiwodas
Awoydasoydoo-oduidjes

a3e jo 1A oy pue
G¢ Usamiaq papusw
-Ww0d3J ‘pawiioiad §|

aulpping oN Awoydaioydoo aAiuanalg

Junod
-DB 01Ul 93E JUaLIND
ey pjnoys A1adins

Jo sjjauaq |eiuajod

4O suoISSNISIp Inq

‘auljaping aAniuyap oN

passnosip aq

p|noys ,Systi pue uon

-29104d Jo 92139p,, Inq
‘aulapingd aAiulap ON

passndsip aq p|noys
«S|S1 puE Uo1129]
-04d jo 92139p,, Inq

‘aulapind aAiuap ON  AW01291SEW 9AIIUSASI

ade Jouk oz [un
panuijuod aq pjnoys
ased ya1ym ul ‘ydiy

s1 AjIsuap 1seauq ssa|
-un a3e jo JK gy—0¢ 18

Jaquiawi Ajiwe)

Aue u1 39suo jo ade
1a3unof Ji Jaijiea Inq
‘93e Jo Uk g/—Gz1e

T< ¥DV Se payls
-Se|d s1 AJisuap jseaiq
J1a3e jo ik g9—Gz 18

A[lenuue papuaWILIOday A[|ENUUE PIPUSLLLLIOIY A|[ENUUE PIPUILLLLIOIDY 14N
3|qe|leAe
a8e jo Uk o/= jou sI [y pue a3e
[A|1eak a31m) 1e Uk ¢ Kians pue a3e 40 4K gz 210429 sisou
Aydes3ouosesyn yum J0 1K 69—01 1 Al1eak -3eip Jaoued-]SEAIq
‘710 T YDV Se pay 3JUO papusWIWO paAIadal sey Ajiwie)
-1sSe|d AJisuap jsealq -2a4 ‘a3e Jo 4K 6£—0¢ ut ueom 41 s1a3unok
J193e Jo Uk 69—61 18 UK 1e A||enuue uoneapis 10 ‘a3e Jo I G/—0¢ 18
7T A19A3 PapuUaWILLIODaY  -UOD JOj PIPUSLULLIOIDY A|[BNUUE PapUSLULLODDY AydesSowwey
(Auewan) L(wopSury panun) (sa1e15 panun) Adesay] 10
-D08H-29 IDIN NDDN Bujuaaidg yo adA|

%'SUOIBININ ZVDYg 10 T¥DYF JO SIa1iIe)) J0j SBUIPpIND jJuswieal | pue Sulusais Z 3|qel

NEJM.ORG JUNE 4, 2015

N ENGLJ MED 372;23

2246

The New England Journal of Medicine
Downloaded from nejm.org on January 1, 2016. For personal use only. No other uses without permission.

Copyright © 2015 Massachusetts Medical Society. All rights reserved.



If risk-reducing salpingo-oophorecto- No guideline

Not indicated for carriers

No guideline

No clear directive

Hormonal therapy

my performed before meno-

of BRCA1 or BRCA2

pause, hormone-replacement

unless preceded by
risk-reducing salpin-
go-oophorectomy

therapy should be considered un-
til onset of natural menopause

Consideration should be given to an- No guideline

Prostate-cancer screen-

No guideline

Prostate-cancer screen-

Screening for other

nual testing for prostate-specific
antigen and digital rectal exami-

ing recommended for
BRCA2 mutation car-

ing recommended

cancers

for BRCA2 mutation

nations for prostate cancer from
approximately 40 yr of age

onward

riers 45-50 yr of age

carriers 240 yr of age
(consider for BRCA1

mutation carriers)

* A summary of guidelines available in the United States is provided by the National Cancer Institute; see Table 12.* GC-HBOC-AGO denotes German Consortium for Hereditary Breast

and Ovarian Cancer—German Gynecological Oncology Group, MRI magnetic resonance imaging, NCCN National Comprehensive Cancer Network, and NICE National Institute for

Health and Care Excellence.
7 The NICE guidelines focus on familial breast cancer only, and they are not confined to the discussion of carriers of BRCA mutations.

z
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 ACR denotes American College of Radiologists, with ACR 1 indicating breast-tissue involution, ACR 2 scattered fibroglandular tissue, ACR 3 heterogeneously dense parenchyma, and

ACR 4 extremely dense tissue composition.

ENGL ) MED 372;23

nificance level of P<2.5x10°° is often used for
whole-exome studies (calculated on the basis of
a Bonferroni correction for approximately 20,000
genes). Since most genes associated with suscep-
tibility to breast cancer are involved in DNA re-
pair (a class involving fewer than 500 genes),
more liberal significance levels (on the order of
P<0.0001) might be appropriate for genes in this
pathway. The use of Bayesian arguments leads to
similar thresholds (see the Methods section in
the Supplementary Appendix). Although these
significance thresholds may be appropriate for a
single burden test, more stringent thresholds
would be required for calculations involving in-
dividual variants. A related question is the preci-
sion of the risk estimate. It is clearly undesirable
to give a patient an estimate of risk that may be
subject to substantial change when additional
data are acquired. For the purposes of this re-
view, we consider it to be likely that a given risk
will be above (or below) a certain threshold if
the 90% confidence limit on the risk estimate
exceeds (or is less than) the threshold.

DEFINITION OF RISK

Our estimates are presented primarily in terms
of average relative risks. We recognize that for
purposes of counseling, absolute estimates of
risk (projected over a few years or a lifetime) are
more useful. However, most studies report esti-
mates of relative risk rather than absolute risk,
and absolute risks are more strongly influenced
by risk factors for breast cancer, such as a fam-
ily history of breast cancer, age at menopause,
and breast density on mammography. In the
case of a rare variant conferring a relative risk of
2 or 4, the corresponding absolute risks of
breast cancer would be approximately 18% and
32%, respectively, by the time a patient reached
80 years of age (according to recent U.K. inci-
dence rates),*® in the absence of other causes of
death. These risks approximately correspond to
the definitions of moderate and high risk famil-
iar to the clinical genetics community.*

It follows that the identification of a variant
conferring a relative risk higher than 4, in the
absence of any other data, can place a woman in
the high-risk category. In contrast, a variant
conferring a relative risk of 2 to 4 will place a
woman in the high-risk category only if her risk
is increased by other factors. For some genes
(notably, BRCA1,° CHEK2,*' and ATM?), there is
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evidence that the rate ratio declines with age.
The published overall relative risk estimates can
thus provide a misleading estimate of lifetime
risk. Ideally, age-specific estimates are required,
but the data available on risks for older women
are often limited.

STUDY DESIGN

Appropriate study design is critical for both the
identification of disease-associated alleles and
the derivation of reliable risk estimates. Several
study designs are available (Table 4). The use of
case—control studies for risk estimation involv-
ing rare variants can be problematic; family-
based methods, including kin—cohort designs
and cosegregation analysis, provide alternatives,
but these methods also have pitfalls. Further-
more, many studies are based on a few variants
that are restricted to specific populations; al-
though it is generally assumed that the risk es-
timates associated with different truncating vari-
ants observed in other populations are similar, it
is usually impossible to test this assumption.

OVERESTIMATION OF RISK

The problems of publication bias, in which
negative studies are not published, and winner’s
curse, whereby an initial study identifying an
association tends to overestimate the risk, should
be noted.*® Furthermore, many gene-discovery
studies oversample for early-onset cases of dis-
ease or cases with a family history. This ap-
proach improves power but leads to seriously
biased risk estimates unless the ascertainment is
allowed for in the analysis. Moreover, risk esti-
mates based on data from highly selected fami-
lies may not reflect the true “average” risk for all
carriers of pathogenic variants, because such
biased sampling results in a selection of indi-
viduals that are not random with respect to
other modifiers of risk.

EVIDENCE OF ASSOCIATION FOR
SPECIFIC GENES

Here we review several genes for which some
evidence of an association with breast cancer
has been reported. A summary of the genes for
which an association with breast cancer has, in
our view, been established is given in Table 3.
See Table S2 in the Supplementary Appendix for
a list of genes for which an association with

N ENGL ) MED 372;23

breast cancer has been suggested but not estab-
lished and Table S3 for a summary of the studies
used to derive estimates of breast-cancer risk.
The Methods section in the Supplementary Ap-
pendix summarizes the methods used to derive
summary estimates of risk.

BRCA1 AND BRCA2

The clinical validity and utility of testing for
variants in BRCA1 and BRCA2 are well estab-
lished. There is overwhelming evidence that
most protein-truncating variants in these genes
are associated with a high risk of breast cancer
and other cancers.®!*!* Even among protein-
truncating variants, however, variant-specific
differences in risk have been observed.* Fur-
thermore, a polymorphic nonsense variant at the
carboxyl terminus of BRCA2, p.Lys3326Ter, has
been reported to be associated with a relative
risk of breast cancer of 1.4 (90% confidence in-
terval [CI], 1.2 to 1.7),*° which is substantially
lower than the risks conferred by more proximal
truncating variants (Table 3).

TP53, CDH1, PTEN, STK11, AND NF1

Mutations in TP53, CDH1, PTEN, STK11, and NF1
cause pleiotropic tumor syndromes in which
breast cancer is only one feature. Germline mu-
tations in TP53 (both protein-truncating and
missense mutations) are responsible for the Li—
Fraumeni syndrome, in which carriers are pre-
disposed to childhood sarcomas, brain tumors,
adrenocortical carcinoma, and other rare can-
cers, in addition to breast cancer.” Although the
association with breast cancer is not controver-
sial, reliable estimates of risk are lacking; most
studies are based on pedigrees in which family
members have features of the Li—Fraumeni syn-
drome and thus are subject to ascertainment
bias. However, a study based on carriers of a
TP53 mutation identified through probands with
childhood sarcoma has also reported a high risk
of breast cancer.”® Similar ascertainment biases
apply to mutations in PTEN and STK11. Muta-
tions in PTEN are associated with the Cowden
syndrome, in which breast cancer is a character-
istic of the clinical phenotype,’®** and muta-
tions in STK11 are associated with the Peutz—
Jeghers syndrome and an increased risk of breast
cancer.” Protein-truncating variants in CDHI,
which are known to be associated with diffuse-
type gastric cancer, are also thought to be as-
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sociated with an increased risk of breast cancer
(specifically, the lobular subtype), with a re-
ported relative risk of 6.6 (90% CI, 2.2 to 19.9;
P=0.004)."® Recent cohort studies?®?* have re-
ported an elevated risk of breast cancer in women
with neurofibromatosis type 1 (odds ratio, 2.6;
90% CI, 2.1 to 3.2).

PALB2, CHEK2, ATM, NBN, AND RELATED GENES
There is strong evidence that protein-truncating
variants in four other genes involved in DNA
repair confer an increased risk of breast cancer.
Among these genes, mutations in PALB2 appear
to confer the highest risks. A large family-based
study estimated the risk of breast cancer to be
approximately six times as high among carriers
as compared with noncarriers,” although two
case—control studies based on the Finnish found-
er variant, ¢.1592delT, estimated somewhat lower
risks.”»* In a meta-analysis of these estimates
the combined relative risk was 5.3 (90% CI, 3.0
to 9.4). Thus, although PALB2 mutations may fall
into the high-risk category (in which the risk of
cancer is more than four times as high as that
in the general population), the confidence limits
are too wide to be certain. Most of the data for
CHEK2 relate to the ¢.1100delC variant, which is
found fairly frequently in Northern European
populations.*® On the basis of two large case—
control analyses, we calculated an estimated
relative risk of breast cancer of 3.0 (90% CI, 2.6
to 3.5).332 Truncating variants in ATM have been
evaluated in both case—control studies (with se-
lected cases)®® and cohort studies of relatives of
patients with ataxia—telangiectasia.”’* In a me-
ta-analysis of the three largest cohort studies of
relatives of patients with ataxia—telangiectasia,
the estimated relative risk of breast cancer was
2.8 (90% CI, 2.2 to 3.7; P=4.7x10"1), a value
similar to that for truncating variants in CHEK2.
In NBN, one protein-truncating variant,
c.657del5, is sufficiently common in some East-
ern European populations to allow its evaluation
in a case—control study. A meta-analysis of 10
studies reported strong evidence of an associa-
tion with breast-cancer risk for this variant
(summary relative risk, 2.7; 90% CI, 1.9 to 3.7,
P=5x107).2* More limited evidence is available
for two other DNA-repair genes, MREI1A and
RAD50, which encode proteins that form an evo-
lutionarily conserved complex with NBN.*4

N ENGLJ MED 372;23

Mutations in three other DNA repair genes,
RAD51C, RADSID, and BRIP1, have shown clear
evidence of an association with ovarian can-
cer.*>3 However, in each case, the evidence for
association with breast cancer is limited. Recent
exome studies and targeted sequencing studies
have suggested that breast cancer is associated
with deleterious variants in FANCC,>* FANCM,” and
XRCC2.5° In none of these instances, however, does
the evidence reach the threshold level (P<0.0001)
that we propose for DNA-repair genes. The re-
cent findings of deleterious mutations in RECQL
in women with a strong family history of breast
cancer, however, suggests that this gene confers
susceptibility to breast cancer.””*®

OTHER GENES

The panels currently marketed for the prediction
of risk of cancer contain many other genes, most
of which have been included by virtue of their
relevance to rare mendelian cancer syndromes.
Variants in some of these genes may also be as-
sociated with breast cancer. Mutations in DNA
mismatch-repair genes (MLH1, MSH2, MSH6, and
PMS2) may be associated with breast cancer, but
in a recent review, Win et al.* concluded that the
evidence was equivocal. It has also been sug-
gested that MUTYH variants that confer a predis-
position to polyposis colorectal cancer may
confer a predisposition to breast cancer, but a
recent case—control study reported no associa-
tion.®® Another recent study suggested that car-
riers of MEN1 mutations may be at increased risk
for breast cancer.®® A recent case—control study
has reported an association between rare vari-
ants in PPM1D and breast cancer.®> However, this
association does not reach our proposed signifi-
cance threshold, and, in addition, the sequence
variants are observed as mosaics in lymphocytes
and are not inherited. There is currently no clear
evidence of an association between breast cancer
and any other gene.

MISSENSE VARIANTS

With the exception of TP53, the assessment of
the risk of breast cancer from missense variants
is much more problematic than it is for protein-
truncating variants. Some missense variants in
specific domains of BRCA1 and BRCA2 confer
high risks of breast and ovarian cancer, but the
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great majority do not.®*%* For these genes, algo-
rithms based on conservation, pedigree data,
and analysis of tumor subtype can be used to
predict the pathogenicity of some variants.®6>¢¢
Similar considerations may apply to ATM and
CHEK2 — missense variants falling in key func-
tional domains and at positions that show a
high degree of species conservation are more
likely to be associated with increased risk.”
However, even for BRCA1 and BRCA2, the breast-
cancer risk associated with the large majority of
missense variants remains unknown; such vari-
ants are referred to as variants of unknown
significance. Moreover, clearly pathogenic mis-
sense variants need not be associated with the
same risk as truncating variants. For example,
the CHEK2 missense variant p.Ile157Thr confers
a lower risk of breast cancer than the CHEK2
¢.1100delC truncating variant,®® whereas ATM
p-Val2424Gly appears to be associated with a
higher risk of breast cancer than truncating vari-
ants (8.0; 90% CI, 2.8 to 22.5; P=0.0005).% A
more systematic approach to this problem would
involve defining risks on the basis of variant
classes that are defined through prediction algo-
rithms based on in silico data. However, even
though existing data provide good evidence that
missense variants falling at highly conserved
positions in several genes confer disease risk,
and that such variants may make an important
contribution to the heritability of breast cancer,”
no system has been established for use in the
classification of variants that would allow such
estimates of risk to be used clinically.

RISK MODIFIERS AND ABSOLUTE RISKS

For the purposes of genetic counseling, relative
risks need to be converted into absolute risks.
For an “average” mutation carrier, absolute risks
can be calculated in a straightforward manner
by combining the estimated relative risk with
population incidence rates. The results are illus-
trated in Figure 1 for carriers of mutations in
PALB2 and CHEK2.

However, the calculation of the absolute risk
associated with a given variant must also ac-
count for the risk associated with other genetic
factors, lifestyle, and family history. There is
strong evidence that the absolute risk of breast
cancer in carriers of BRCA1, BRCA2, PALB2, and

N ENGL ) MED 372;23
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Figure 1. Predicted Cumulative Risk of Breast Cancer for a Carrier of a
Deleterious Mutation in PALB2 and for a Deleterious Mutation in CHEK2.

Solid red lines represent summary estimates, and red dashed lines the up-
per and lower 90% confidence limits. The absolute risks were estimated by
applying the estimates of relative risk to the rates for the incidence of breast
cancer in England from 2003 through 2007 (obtained from the database
Cancer Incidence in Five Continents, volume X).3¢ The solid blue lines rep-
resent the cumulative risks according to these population incidence rates
(i.e., corresponding to a relative risk of 1). Estimates ignore competing
mortality (i.e., they represent the cumulative risks in the absence of death
from another cause). The dashed horizontal black lines represent lifetime
risks that are twice and four times as high as the population average. Thus,
a “typical” carrier of the CHEK2 mutation is likely to fall into the category
of moderate risk. The best estimate for carriers of the PALB2 mutation
places them in the high-risk category, but the confidence interval for the
estimate is such that their risk may be moderate. These estimates constitute
average cumulative risks (for a woman not selected for other risk factors)
and are modified by other risk factors, including family history.
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CHEK2 mutations is higher among women with
a strong family history of breast cancer.!%2>3%70 It
has also been shown that the absolute risk of
breast cancer in carriers of BRCA1 and BRCA2
mutations depends on the risks associated with
their single-nucleotide—polymorphism (SNP)
profile.”* A broader question is that of how the
risks associated with genetic variants should be
combined with risk factors associated with life-
style. Several studies indicate that the risks as-
sociated with common SNPs and other risk fac-
tors combine in a multiplicative rather than an
additive fashion,”>” and it would be reasonable
to assume that rare variants combine with other
risk factors in a similar manner. The evidence
regarding the combined effects of genetic and
lifestyle factors is both limited and conflicting
for variants in BRCAI and BRCA2,”® and no evi-
dence is available for other genes. In addition,
absolute risks need to be adjusted for compet-
ing risks in analyses of mortality, a factor that
may be important in to our understanding of
genes associated with cancers other than breast
cancer.

Almost all the available data relate to women
of European ancestry. At present, it is unclear
whether the available estimates of relative risk
can be safely extrapolated to women of other
ancestries or to populations with different inci-
dences of breast cancer.

CONCLUSIONS

We have discussed some of the difficulties of
assigning risk to rare variants and reviewed the
genes for which the evidence of association with
breast cancer is sufficiently robust to be incor-
porated into personalized risk prediction. Vari-
ants that are predicted to truncate BRCAI and
BRCA2 (together with a subset of missense vari-
ants) confer a high risk of breast cancer; PALB2
and perhaps PTEN may also fall in this category,
but the evidence is insufficient to place them
confidently in the category of high risk rather
than moderate risk. For TP53, both missense and
protein-truncating variants are associated with
substantially increased risks of breast cancer.
Genes that fall into the category of moderate
risk (for which fully deleterious mutations con-
fer a risk of breast cancer that is two to four
times as high as that in the general population)

include CHEK2, ATM, and NF1. There is clear evi-
dence for an association with risk of cancer for
STK11, CDH1, and NBN, but the risk estimates are
too imprecise for categorization. Estimates of
risk for PTEN, STK11, and CDH1 are derived en-
tirely from studies of selected patients identified
through specialized clinics and may be seriously
overestimated. We found insufficient evidence to
establish any other genes as conferring a predis-
position for breast cancer and would caution
against their use in the prediction of breast-
cancer risk. As the costs of sequencing decline,
it is inevitable that the use of gene-panel testing,
and indeed whole-exome and whole-genome se-
quencing, will become widespread. Therefore,
there is an urgent need for much larger, well-
designed population- and family-based studies
in diverse populations that will provide reliable
estimates of risk for the purpose of counseling.
The systematic collection of data from ongoing
use of panel testing linked to the epidemiologic
and clinical data may also make an important
contribution. Other genes that convey suscepti-
bility to breast cancer (and perhaps rarer vari-
ants in noncoding sequences) will probably be
identified and may be added to genetic-testing
panels. Panel testing can make a useful contri-
bution to prediction of a woman’s risk of breast
cancer, but end users need to be aware of the
limitations of these panels.
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