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Abstract
If breast cancers arise independently in each breast the odds ratio (OR) for bilateral breast cancer
for carriers of CHEK2*1100delC should be ~5.5, the square of the reported OR for a first primary
(OR, 2.34). In the subset of bilateral cases with one or more affected relatives, the predicted carrier
OR should be ~9. We have tested these predictions in a pooled set of 1,828 cases with 2 primaries
and 7,030 controls from 8 studies. The second primary OR for CHEK2*1100delC carriers was
6.43 (95% confidence interval, 4.33-9.56; P < 0.0001), significantly greater than the published
estimate for a first primary (P < 0.001) but consistent with its square. The predicted increase in
carrier OR with increasing numbers of affected relatives was seen using bilateral cases from the
UK (Ptrend = 0.0003) and Finland (Ptrend = 0.37), although not using those from the Netherlands
and Russia (P = 0.001 for heterogeneity between countries). Based on a standard genetic model,
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we predict lifetime risks for CHEK2*1100delC carrier and noncarrier daughters of bilateral breast
cancer cases of 37% and 18%, respectively. Our results imply that clinical management of the
daughter of a woman with bilateral breast cancer should depend on her CHEK2*1100delC carrier
status. This and other moderate penetrance breast cancer susceptibility alleles, together with
family history data, will thus identify increasing numbers of women at potentially very high risk.
Before such predictions are accepted by clinical geneticists, however, further population-based
evidence is needed on the effect of CHEK2*1100delC and other moderate penetrance alleles in
women with a family history of breast cancer.

Introduction
The average lifetime breast cancer risk in a typical Western woman is ~10%. Individual
risks probably range from <2% to >50% (1), but apart from carriers of BRCA1 or BRCA2
mutations, women at very high risk cannot yet be identified by genetic testing alone. This
very wide variation in genetic risk in the general population is predicted by a model in
which a large number of “moderate or low penetrance” (2) alleles act in combination to
confer high risks in women who carry large numbers of such alleles, and several such alleles
have recently been discovered in candidate gene (3-7) and genome-wide (8-11) studies. An
important implication of this polygenic model is that a single moderate-penetrance allele
such as CHEK2*1100delC that doubles the risk in women with no family history is also
likely to double the substantially higher risk in women with affected relatives. Predicted
personal risks based only on family history rarely reach the threshold at which prophylactic
treatment would usually be considered (~10% by age 50 or ~30% lifetime risk),16 but
combining information on carrier status for moderate and low-penetrance alleles and family
history may substantially increase the number of women seen in genetics clinics whose
predicted risk reaches this level. Women with bilateral breast cancer are themselves at high
genetic risk (12) and the lifetime risk among their female first-degree relatives is ~20%. We
have analyzed the prevalence of CHEK2*1100delC in 1828 bilateral breast cancer cases in
relation to family history to compare observed and predicted carrier odds ratios (OR). This
comparison also constitutes a test of the polygenic model’s predictions of lifetime risk for
carriers of CHEK2*1100delC with and without a first degree relative with bilateral breast
cancer.

Materials and Methods
Full details of ascertainment of cases and controls for each of the studies have been
published previously (3, 4, 13-22). A summary is given in Supplementary Table S1. All of
the studies include predominantly, or exclusively, White Northern European subjects. All
subjects gave written informed consent, and all studies were approved by the appropriate
ethics committee or local institutional review board.

Genotyping methods in each study are described elsewhere (3, 13-16). Study-specific
bilateral ORs and exact 95% confidence intervals (95% CI) were calculated using standard
methods. Trends in OR for family history and age were calculated among cases, ignoring
controls. The pooled OR was estimated by logistic regression with study as a stratifying
covariate. Heterogeneity between studies was tested using likelihood ratio tests to compare
logistic regression models with and without genotype-stratum interaction terms. Statistical
analyses were carried out using Stata statistical software version 9.0 (Stata Corporation).

16http://www.nice.org.uk/nicemedia/pdf/CG41NICEguidance.pdf
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Lifetime breast cancer risks in the unaffected daughter of a bilateral case were derived from
the Breast and Ovarian Analysis of Disease Incidence and Carrier Estimation Algorithm
breast cancer model (23), which incorporates BRCA1 and BRCA2 mutations with a
polygenic background, and has been calibrated against pooled population-based data on
familial risks from several sources (24). We assumed that both cancers in the bilateral
mother were diagnosed at age 50 y and that the status of all other female relatives was
unknown. The model predictions thus represent the risk to the average 40-year-old daughter
of a bilateral breast cancer case over all possible family histories (including both genetic and
nongenetic familial factors), but the predictions are not strongly dependent on either the age
at diagnosis of the index case or the presence of additional unaffected female relatives
(Supplementary Table S2). Lifetime predicted risks in an unaffected 40-year-old daughter
were calculated in relation to the daughter’s carrier status for BRCA1, BRCA2, and
CHEK2*1100delC. The risk in CHEK2*1100delC carriers was calculated by multiplying
predicted incidence rates at each age by 2.34, the OR estimate derived from pooled data on
10,860 breast cancers and 9,065 controls (15). Ideally, the risk for carriers of
CHEK2*1100delC should be based on a model in which the polygenic variance is the
residual variance after taking into account the effect of CHEK2*1100delC. The contribution
of CHEK2*1100delC to the polygenic variance, however, is predicted to be <1%, and such
an adjustment would not, therefore, affect the lifetime predicted risks.

Results
Eight studies from five Northern European countries (UK, Finland, the Netherlands,
Germany, and Russia) contributed data to these analyses. The pooled OR estimate from
these studies is 6.43 (95% CI, 4.33-9.56; P < 0.0001; heterogeneity χ2 = 10.25 (degrees of
freedom, 6); P = 0.11; Fig. 1). The OR increases with each additional affected first-degree
relative in the British and Finnish studies (OR per relative, 2.39; 95% CI, 1.53-3.73; Ptrend =
0.0003 for British studies; OR per relative, 1.51; 95% CI, 0.62-3.66; Ptrend = 0.37 for
HEBCS; Table 1). There is, however, no consistent trend with family history for the other
studies (Rotterdam, ABCS, and St. Petersburg) for which data on affected relatives were
available (P = 0.001 for between-study heterogeneity). There is no significant trend with
increasing age at first diagnosis in any study or overall, although the pooled OR per decade
(1.00; 95% CI 0.75-1.31) is consistent with the modest reduction seen in older unselected
cases (15).

The lifetime (to age 80 years) breast cancer risk to a 40-year-old daughter of a woman with
bilateral breast cancer and unknown BRCA and CHEK2 carrier status predicted by the
Breast and Ovarian Analysis of Disease Incidence and Carrier Estimation Algorithm is 21%
(Fig. 2), close to the observed lifetime risk of 24% in mothers and sisters of bilateral breast
cancer cases in the BBC study (13). A negative result for a BRCA mutation screen reduces
this only slightly to 18%. On the assumption that CHEK2*1100delC multiplies the risk
caused by alleles in genes other than BRCA1 and BRCA2, our analysis suggests that this
lifetime risk is doubled to 37% in carriers, more than half the risk to a carrier of BRCA1
(61%) or BRCA2 (69%). Her risk between age 40 and 50 years is 4% if she has a negative
BRCA mutation screen but is increased to 9% if she is found to be a carrier of
CHEK2*1100delC. If she has not been tested the daughter’s relative risk (standardized
incidence ratio) compared with the general population is 3.7 at age 40 to 50 years, falling to
1.8 by age 70 to 80 years (Table 2). If she is a carrier of CHEK2*1100delC, the
corresponding relative risks are 6.8 and 3.8.
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Discussion
As predicted, our pooled bilateral OR estimate for CHEK2*1100delC carriers (6.43; 95%
CI, 4.33-9.56) is significantly higher than the published estimate of 2.34 (95% CI,
1.72-3.20) for unselected cases (difference between ORs: Z, 3.92; P < 0.001) but consistent
with its square (5.48; ref. 15). Each additional affected first degree relative should increase
the carrier OR for bilaterals by a further factor of ~1.67 (an excess risk half that in
unselected cases, whose reported OR is 2.34). The CHEK2*1100delC carrier OR in familial
cases is thus expected to be ~9 (2.34 × 2.34 × 1.67). The British and Finnish data are
consistent with a trend of this order but cases from the Netherlands and St. Petersburg show
no familial trend in OR (P < 0.001 for heterogeneity between countries). This heterogeneity
is not confined to studies of bilateral breast cancer cases: in studies comparing unselected
first primary breast cancers with and without affected relatives, an increased prevalence of
CHEK2*1100delC has been seen in familial breast cancer cases in some (3, 14) but not all
studies (25, 26).

The absence of any familial effect in bilateral cases from the Netherlands and St. Petersburg
seems likely to reflect a combination of systematic effects and chance variation. There is
epistasis between CHEK2*1100delC and inactivating mutations in BRCA1 and BRCA2 (3),
and epistatic effects with these or other risk alleles that differ in frequency between
populations could have contributed to the significant heterogeneity between countries that
we observed in relation to family history. Referral of familial cases from population
subgroups or other regions may also have affected results in some studies. The reported
carrier frequency for CHEK2*1100delC varies between 1.3% and 0.5% in Northern
European Caucasians (15), and may be even lower locally. There were 6 of 651 carriers in
GENICA German population controls and 0 of 600 in KORA German population controls
(GENICA versus KORA, P = 0.03), and only 1 of 821 in controls from the Russian study,
which gave the highest carrier OR (OR, 47.88; 95% CI, 6.30-2,126.8). The high prevalence
(10.4%) of the Ashkenazi BRCA1 5382insC variant in bilateral cases from the Russian
study could reflect nonrandom referral to this specialized research institute (27).

Methods for calculating a woman’s personal risk and guidelines for counseling and
management in primary, secondary, or tertiary care are still evolving. Under current UK
guidelines,16 a woman should be offered magnetic resonance imaging and mammographic
surveillance in secondary care if her predicted breast cancer risk is between 3% and 8%
from age 40 to 49 years or her lifetime risk is between 17% and 30%. This “gray area” of
concern but limited intervention is shown in Fig. 2. Above this level, she should be offered
tertiary care, including risk-reducing surgery.16 As the carrier OR for CHEK2*1100delC
measured in unselected cases is a relative measure the implication of being a carrier in terms
of absolute risk will depend on the woman’s family history of breast cancer. The model on
which Fig. 2 is based assumes that CHEK2*1100delC interacts multiplicatively with other
“polygenes” to increase the familial OR by roughly the same factor as it does in the overall
population, and the data from the United Kingdom and Finland support this assumption. The
predicted risks shown in Fig. 2 imply that the clinical management of the daughter of a
woman with bilateral breast cancer should be different if she were found to carry
CHEK2*1100delC. Byrnes et al. (28) have reviewed the evidence for an interaction between
moderate penetrance alleles in CHEK2, ATM, BRIP1, and PALB2 and polygenes in the
context of familial breast cancer cases, and they too have concluded that detection of these
variants in women with a strong family history of breast cancer may be of considerable
clinical consequence. Before clinical geneticists accept such predictions for
CHEK2*1100delC or other moderate penetrance variants, however, they will want more
consistent and more extensive population-based evidence on the effect of CHEK2*1100delC
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and other moderate or low-penetrance alleles in women with a family history of breast
cancer.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Estimated ORs with 95% CIs for the breast cancer ORs associated with CHEK2*1100delC.
The area of each square is proportional to the variance of the log OR. The Hannover Breast
Cancer study, where there were no carriers among cases is represented as a line with no
square as the log OR and its variance cannot be calculated. An approximate OR and 95% CI
were derived for Supplementary Table S1.
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Figure 2.
Lifetime predicted risks in the unaffected 40-year-old daughter of a bilateral breast cancer
case in relation to the daughter’s carrier status for BRCA1, BRCA2, and CHEK2*1100delC.
Risks in the unaffected daughter were derived from the Breast and Ovarian Analysis of
Disease Incidence and Carrier Estimation Algorithm breast cancer model and assume that
both cancers in the bilateral mother were diagnosed at age 50 y. For the purposes of this
analysis, “lifetime risk” is defined as risk by age 80 y in accordance with NICE guidelines
for the classification of women at risk of familial breast cancer.
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