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S IS

Simple Summary: It is well established that women who carry pathogenic CHEK2 variants have
about a 3-fold increased risk of developing breast cancer. CHEK2 is now commonly included in
genetic tests for breast cancer predisposition and increasingly used to inform the clinical management
of women who are identified to carry pathogenic variants. Important information for counselling
these women includes knowing how breast cancer risk, due to having a pathogenic variant in CHEK2,
changes over a woman's lifetime. This information is currently not well established. By conducting a
population-based case-control-family study of pathogenic CHEK2 variants we aimed to provide this
information and estimated the penetrance (age-specific cumulative risk) of breast cancer to be 18%
(95% CI 11-30%) to age 60 years and 33% (95% CI 21-48%) to age 80 years. These findings provide
new and important information for the clinical management of breast cancer risk for women carrying
pathogenic variants in CHEK2.

Abstract: Case-control studies of breast cancer have consistently shown that pathogenic variants
in CHEK? are associated with about a 3-fold increased risk of breast cancer. Information about the
recurrent protein-truncating variant CHEK2 ¢.1100delC dominates this estimate. There have been no
formal estimates of age-specific cumulative risk of breast cancer for all CHEK2 pathogenic (including
likely pathogenic) variants combined. We conducted a population-based case-control-family study
of pathogenic CHEK? variants (26 families, 1071 relatives) and estimated the age-specific cumulative
risk of breast cancer using segregation analysis. The estimated hazard ratio for carriers of pathogenic
CHEK? variants (combined) was 4.9 (95% CI 2.5-9.5) relative to non-carriers. The HR for carriers of
the CHEK2 ¢.1100delC variant was estimated to be 3.5 (95% CI 1.02-11.6) and the HR for carriers
of all other CHEK? variants combined was estimated to be 5.7 (95% CI 2.5-12.9). The age-specific
cumulative risk of breast cancer was estimated to be 18% (95% CI 11-30%) and 33% (95% CI 21-48%)
to age 60 and 80 years, respectively. These findings provide important information for the clinical
management of breast cancer risk for women carrying pathogenic variants in CHEK2.
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1. Introduction

Cell-cycle checkpoint kinase 2 (CHEK?) is an established breast cancer predisposition
gene whose protein plays an important role in cell-cycle checkpoint regulation and DNA
damage repair [1,2]. CHEK2 ¢.1100delC is the most common protein-truncating variant in
European populations and has been the focus of work that has estimated the magnitude
of breast cancer risk associated with CHEK2 pathogenic variants [3-6]. A meta-analysis
of breast cancer risk associated with CHEK2 ¢.1100delC estimated an odds ratio (OR) of
2.7 (95% CI, 2.1-3.4) for unselected breast cancer cases and OR 4.8 (95% CI, 3.3-7.2) for
women with a family history of breast cancer [6]. CHEK2 ¢.1100delC carriers have shorter
breast cancer-specific survival compared with non-carriers [7-11] and have a higher risk
of contralateral breast cancer [8,9,12,13]. Schmidt et al. used the resources of the Breast
Cancer Association Consortium (BCAC) including 44,777 women with breast cancer and
42,997 unaffected women from 33 studies and estimated the odds ratio (OR) for invasive
breast cancer as 2.30 (95% Confidence Interval, 1.90-2.69) which was predominantly a
risk for estrogen receptor (ER) positive disease OR 2.55 (95% CI, 2.10-3.10) [14]. The
estimated cumulative risks for the development of ER-positive disease for carriers of
CHEK?2 c.1100delC was 20% to age 80 years [14].

Although CHEK?2 ¢.1100delC has been investigated in population-based studies of
younger women with breast cancer, few have used methodologies that are demonstrated
to provide unbiased estimates [3,6,8]. Much less information has been reported for other
protein-truncating variants and missense variants in CHEK2. Le Calvez-Kelm et al. [15]
performed mutation screening in CHEK? in a population-based series of 1303 women
with breast cancer and 1109 unaffected controls. This work found that there were CHEK2
rare variants (in addition to CHEK?2 ¢.1100delC) associated with increased breast cancer
risk and a substantial proportion of these were missense variants [16]. Six of the rare
CHEK?2 missense variants identified by Le Calvez-Kelm et al. were incorporated in a
custom Illumina Infinium array (iCOGS) as part of a multiconsortia collaboration [17,18].
Genotyping of 42,671 invasive breast cancer cases and 42,164 controls from BCAC found
evidence that both CHEK? ¢.349A>G and ¢.538C>T were associated with increased breast
cancer risk; OR 2.26 (95% CI, 1.29-3.95) and OR 1.33 (95% CI, 1.05-1.67) respectively [19].

CHEK? is now included in routine gene panel tests for breast cancer susceptibility
which has substantially increased the need to more precisely understand the breast cancer
risks associated with rare genetic variants in this gene. As described above, previous work
has predominantly estimated breast cancer risk in terms of average relative risks and has
been either exclusive to, or dominated by, risks associated with CHEK2 ¢.1100delC. For the
purposes of genetic counseling, in the era of gene panel testing, age-specific cumulative
risks (penetrance) are more useful. Often, absolute risk estimates are derived from relative
risk estimates, which are likely to be biased due to oversampling by many studies of cases
with a family history [20].

To address this knowledge gap, we conducted a genetic screen of CHEK? in an
Australian population-based case-control-family study of breast cancer. This study is
focused on disease at an early age and participants were unselected for family history.
We estimated the prevalence and penetrance of CHEK?2 pathogenic variants in this study
sample and discuss the capacity of these findings to further inform risk management
strategies for families carrying these pathogenic variants.
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2. Results
2.1. Pathogenic CHEK2 Variants Identified in the Australian Breast Cancer Family Registry

Targeted-sequencing was successfully performed on the germline DNA of 1476 /1480
(99.7%) case-probands and 861/864 (99.7%) control-probands. A pathogenic (including
likely pathogenic) variant in CHEK2 was identified in 20/1476 (1.4%) case-probands and
7/861 (0.8%) control-probands. There were two carriers of a stop-gain variant, 17 carriers
of a frameshifting variant, two carriers of a consensus splice site variant and six carriers of
a missense variant (Table 1). Of the 17 frameshifting variant carriers, 12 carried CHEK2
¢.1100delC (nine case-probands and three control-probands).

A total of 74 family members, from 16 of the 27 families, had germline DNA available
for predictive testing. Of these 74 family members, 30 were found to carry the pathogenic

CHEK?2 variant identified in the proband (Table 1).

Table 1. Pathogenic and likely pathogenic  CHEK?2 variants identified by targeted-sequencing in the case and control

probands participating in the Australian Breast Cancer Family Registry.

Number of Relatives with

. Number of Relatives Who
Variant Type HGVS.c? HGVS.p? Are Carriers/Tested/Total Breast Cancer Who Are
Carriers/Tested/Total

Nonsense NM_007194.3:c.1528C>T NP_009125.1:p.GIn510Ter 3/5/34 1/1/3

NM_007194.3:c.823G>T NP_009125.1:p.Glu275Ter 1/1/97 0/0/5

Frameshift NM_007194.3:c.1263delT NP_009125.1:p.Ser422Valfs *15 0/0/40 0/0/1

NM_007194.3:c.1263delT NP_009125.1:p.Ser422Valfs *15 3/5/78 2/2/3

NM_007194.3:c.1100delC NP_009125.1:p.Thr367Metfs *15 2/6/46 1/2/4

NM_007194.3:¢.1100delC NP_009125.1:p.Thr367Metfs *15 2/3/20 0/0/0

= NM_007194.3:¢.1100delC NP_009125.1:p.Thr367Metfs *15 0/5/16 0/0/1

= NM_007194.3:¢.1100delC NP_009125.1:p.Thr367Metfs *15 4/17/67 2/5/10

< NM_007194.3:c.1100delC NP_009125.1:p.Thr367Metfs *15 2/3/41 0/0/0

z. NM_007194.3:c.1100delC NP_009125.1:p.Thr367Metfs *15 1/4/75 0/1/1

v NM_007194.3:¢.1100delC NP_009125.1:p.Thr367Metfs *15 1/1/19 0/0/0

3 NM_007194.3:¢.1100delC NP_009125.1:p.Thr367Metfs *15 2/2/33 0/0/0

NM_007194.3:c.1100delC NP_009125.1:p.Thr367Metfs *15 0/0/19 0/0/0

NM_007194.3:¢.920dupG NP_009125.1:p.Glu308Argfs *4 1/1/17 0/0/0

NM_007194.3:c.405del A NP_009125.1:p.Lys135Asnfs *26 0/0/47 0/0/2

Splice donor NM_007194.3:c.444+1G>A 0/0/18 0/0/0

NM_007194.3:c.319+2T>A © 2/2/23 0/0/0

Missense NM_007194.3:¢.349A>G NP_009125.1:p.Arg117Gly 3/4/32 2/2/2

NM_007194.3:c.349A>G NP_009125.1:p.Arg117Gly 2/12/190 1/1/6

NM_007194.3:¢.349A>G NP_009125.1:p.Arg117Gly 1/3/24 0/0/1

] Frameshift NM_007194.3:¢.1100delC NP_009125.1:p.Thr367Metfs *15 0/0/41 0/0/2

g NM_007194.3:¢.1100delC NP_009125.1:p.Thr367Metfs *15 0/0/19 0/0/0

<] NM_007194.3:c.1100delC NP_009125.1:p.Thr367Metfs *15 0/0/32 0/0/0

& NM_007194.3:c.591delA NP_009125.1:p.Val198Phefs *7 0/0/23 0/0/1
S

"E Missense NM_007194.3:¢.349A>G NP_009125.1:p.Arg117Gly 0/0/21 0/0/1

8 NM_007194.3:c.349A>G NP_009125.1:p.Arg117Gly 0/0/13 0/0/0

NM_007194.3:c.349A>G NP_009125.1:p.Arg117Gly 0/0/9 0/0/1

2 According to ClinVar accessed July 2020. b Variant nomenclature according to the Human Genome Variation Society (HGVS), HGVS.c for
coding DNA and HGVS.p for protein variants, based on transcript sequence NM_007194.3, +1 as A of ATG start codon. © Proband also
found to carry a BRCAI nonsense variant (NM_007294.3:¢.1840A>T).

2.2. Risk Estimates

One of the 27 CHEK?2 pathogenic carrier families (the case-proband family with splice
donor variant NM_007194.3:¢.319+2T>A) also carried a pathogenic variant in BRCA1, so
this family was excluded from the risk analyses. There were, therefore, 26 eligible families,
which included 1071 relatives of the proband, 72 of which had DNA for testing (described
above). The risk estimates were effectively based on the 1071 relatives of the remaining
26 probands. These 1071 relatives included 43 female breast cancer cases and one male
breast cancer case, though the male case did not affect our estimates because male hazard
ratio (HRs) were fixed to be 1. In addition to the 44 relatives with breast cancer, a number
of relatives had cancers of other anatomical sites: 16 prostate, 16 bone marrow, 11 intestine,
10 stomach, 9 skin, 8 colorectum, 7 lung, 6 brain and 49 at all other sites combined (with 5 or
fewer at any individual site). The relatives included 28 known carriers and 44 known non-
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carriers, though ungenotyped people also contributed to our estimates via their phenotypes
and their relationships to genotyped people.

The estimated breast cancer HR for carriers of pathogenic CHEK2 variants was 4.9 (95%
CI2.5-9.5; p < 0.0001), meaning that carriers are estimated to have breast cancer incidences
that are 4.9 times those for non-carriers. There was no evidence that the HR depended
on age (p = 1). The HR for carriers of the CHEK?2 ¢.1100delC variant was estimated to be
3.5 (95% CI 1.02-11.6) and the HR for carriers of all other CHEK? variants combined was
estimated to be 5.7 (95% CI 2.5-12.9), though our data were consistent with carriers of the
¢.1100delC variant having the same risks as carriers of the other CHEK? variants (p = 0.5).

Based on the above HR estimate for all pathogenic CHEK? variants combined, cumu-
lative risks for these carriers to various ages were calculated (Table 2, Figure 1). Carriers
have an estimated 2.6% and 33% probability of developing breast cancer by the age of
40 years and 80 years, respectively.

Sensitivity analyses showed that our main results were robust to changes in the
assumed allele frequency within a plausible range. The HR (95% CI) for all pathogenic
CHEK?2 variants combined was estimated to be 4.89 (2.5-9.6), 4.85 (2.5-9.5) and 4.79 (2.4-9.4)
when the combined allele frequency was taken to be 0.001, 0.005 and 0.01, respectively.

Table 2. Average age-specific cumulative risk (penetrance) of breast cancer to various ages, for female,
Australian carriers of pathogenic and likely pathogenic CHEK?2 variants (combined).

Cumulative Risk (%) to Each Given Age, with 95% Confidence Intervals

Age (Years) in Parentheses

30 0.4 (0.2-0.7)
40 2.6 (1.4-5.1)
50 9.1 (5.1-16)
60 18 (11-30)
70 26 (16-40)
80 33 (21-48)

60
1

= CHEK2 mutation carriers
= = Population

40

Cumulative risk (%)
30
1

10

Age (years)

Figure 1. Average age-specific cumulative risk (penetrance) of breast cancer, for Australian women
(dashed line) and for female carriers of pathogenic and likely pathogenic CHEK2 variants combined
(solid line), with confidence intervals for carriers (grey region).

3. Discussion

This important new information supports gene panel testing and clinical management,
including genetic counselling, for women who carry pathogenic variants in CHEK2.
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In gene panel sequencing for breast cancer predisposition, CHEK? is consistently
found to have a high number of pathogenic variants, usually only surpassed by the number
of pathogenic variants identified in BRCAI and BRCA2? in most settings not involving
selection by breast cancer subtype [21,22]. The prevalence of pathogenic CHEK? variants in
this population-based study (1.4% of case probands) is consistent with reports from other
studies in which panel testing was applied.

Case-control studies have estimated a 3-4-fold increased risk of breast cancer associ-
ated with pathogenic CHEK? variants [21,23-26]. This has firmly consolidated CHEK? as
a bona fide breast cancer predisposition gene but information suitable for estimating age-
specific cumulative risk (penetrance) has been lacking. Our population-based case-control-
family study provides such information and estimated penetrance of CHEK2 pathogenic
variants to be 26% (95% Cl, 16—-40%) and 33% (95% CI, 21-40) to 70 and 80 years respectively.
There is no directly comparable data (generated with similar study design and method-
ology) from previous literature. The most relevant is the estimate of cumulative risk of
breast cancer for carriers of CHEK?2 c.1100delc (only) reported by Schmidt et al (2016) who
estimated 22% by age 80 [14]. This estimate falls at the lower end of the 95% confidence
interval of our estimate at age 80 (95% CI 21-48) but our analysis is not restricted to CHEK2
¢.1100delC.

Other breast cancer susceptibility genes that have equivalent information include
BRCA2? (penetrance to age 70, 45% (95% CI, 31-56%) [27], PALB2 (penetrance to age 70, 44%
(95% CI, 37-52%) [28] and BRCA1 (penetrance to age 70, 65% (95% CI, 44-78%) [27]. The
methodology applied in this report (population-based family studies and a mixed model,
which incorporated an unmeasured polygene in addition to the major gene), has previously
demonstrated the capacity to provide robust penetrance estimates [29-31]. Following the
example of other initiatives, we should now pool family data with other studies to refine
penetrance estimates for breast and other cancers (e.g., [27,28]). These findings are timely
as the inclusion of CHEK?2 on standard cancer predisposition gene panel tests means that
many clinical genetics services are already using data related to CHEK? pathogenic variants
to advise women and their families about breast cancer risk management. Appropriate risk
management strategies are predicated on robust risk estimates; these include surveillance,
but also irreversible clinical decisions such as risk reducing mastectomy.

There are limitations to our study. Genetic testing was limited to the coding regions of
BRCA1, BRCA2 and CHEK? and the amplicon-based approaches used in this study only
enable the detection of single nucleotide substitutions and small insertion and deletions.
The probands participating in the ABCFR resources have previously been systematically
screened for large genomic rearrangements in BRCA1 and BRCA?2 [32,33], but not in CHEK2
and thus unidentified carriers of large rearrangement events in CHEK2 may exist in the
study resources. Our analyses were limited to variants that were classified as pathogenic
in ClinVar. An expert panel oversees BRCAI and BRCA?2 variant classification reported in
ClinVar but the equivalent ClinVar expert panel (and rules) for classification of variants
in CHEK? is still under development. Furthermore, CHEK2 missense variants have not
been investigated as extensively by functional assays compared to missense variants
BRCA1 and BRCA2. With our capability for clinical classification of CHEK?2 variants still
emerging, many studies have focused on CHEK?2 ¢.1100delC. The rarity of other variants
greatly limit our ability to provide precise estimates of risk on a variant by variant basis.
The estimated HRs are instead provided for pathogenic variants as a group. Lastly, the
parametric survival analysis built into our segregation analysis models assumed the age
at breast cancer diagnosis was independent of the age of death from other causes (i.e.,
non-informative censoring), which could very slightly bias our penetrance estimates at
older ages.

Further international collaboration is required to confirm and refine the breast cancer
risk estimates and further understand breast cancer risk modifying factors. Important
factors include family history, which still remains an important additional clinical con-
sideration for families that carry pathogenic variants in PALB2 [28] and the role of the
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polygenic risk score that has, similar to BRCA1 and BRCA?2 pathogenic variant carriers,
recently been demonstrated to modify the risk of breast cancer for CHEK2 pathogenic
variant carriers [34].

It is also important to further understand the risk of other cancers (in addition to
breast cancer) that are associated with pathogenic variants in CHEK? that include cancers
in the Li-Fraumeni syndrome spectrum [35] and prostate cancer [36] and the associated
penetrance of CHEK?2 pathogenic variants for these cancers. Furthermore, it is likely that
the presence of pathogenic variants in the CHEK2 gene will impact management options
for those in whom detection coincides with the diagnosis of breast cancer, in consideration
of targeted chemotherapy and the safety of radiotherapy.

4. Materials and Methods
4.1. Study Subjects

The Australian Breast Cancer Family Registry (ABCFR) is a population-based, case-
control-family study of breast cancer, carried out in Australia (Melbourne and Sydney)
as part of the international Breast Cancer Family Registry (BCFR). Case probands were
over-sampled for those with early-onset breast cancer.

The BCEFR is an infrastructure for cooperative multinational, interdisciplinary and
translational studies of the genetic epidemiology of breast cancer supported by the National
Cancer Institute (USA) since 1995 [37,38]. The broad aims of the BCFR are to expedite the
translation of genetic epidemiological research findings to affected and at-risk populations.
All adult women living in the metropolitan areas of Melbourne and Sydney who were
diagnosed with an incident, histologically-confirmed, first primary cancer of the breast
were invited to participate in the ABCFR. Recruitment was irrespective of their family
history of breast cancer.

Cases were identified via the Victorian and New South Wales cancer registries, to
which notification of all cancer diagnoses is a legislative requirement. Cancers in relatives
were verified by cancer registry reports, medical records or death certificates. Control
subjects were adult women living in the metropolitan areas of Melbourne and Sydney who
were selected from the electoral roll (by use of proportional random sampling based on the
expected age distribution of the case probands), and approached with a letter similar to
that used for case probands [39].

All participants provided written informed consent for participation in the study. This
study was approved by The University of Melbourne Human Research Ethics Committee
(approval number: 1441420).

4.2. Targeted-Sequencing in Proband Subjects

Blood-derived germline DNA from 1480 case probands and 864 control probands
were screened by targeted-sequencing of the coding regions and proximal intron—exon
junctions of BRCA1 (NM_007294.3), BRCA2 (NM_000059.3) and CHEK2 (NM_007194.3).
Libraries were prepared using one of two amplicon-based methodologies, Hi-Plex2 [40] or
Halo-PlexHS (Agilent, Santa Clara, CA, USA) and sequenced on the NextSeq550 (Illumina,
San Diego, CA, USA) or HiSeq3000 (Illumina), respectively. The BED files corresponding
to the targeted regions are available upon request.

4.3. Sequencing Data Processing and Variant Selection

Paired-end reads were aligned to the human reference genome GRCh37 using BWA-
mem 0.7.17. [41]. HaloPlex-derived alignment files were processed using the Agilent
Genomics NextGen Toolkit to remove adapter sequences and mark molecular barcodes. Hi-
Plex alignment files did not undergo any further processing. Target coverage was calculated
using bedtools [42]. Samples with >80% target bases covered at >50X sequencing depth
were considered successfully sequenced. Single nucleotide variants (SNVs) and short
insertion/deletions (indels) were called using VarDict [43]. Further analysis was restricted
to variants in the coding regions and consensus splice sites of the genes included on the
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panel that had a read depth >50X and 30X for samples produced using the Hi-Plex and
HaloPlex methodologies, respectively, and a variant allele frequency (VAF) > 0.2. Variant
annotation was performed using VarSeq VSClinical v2.2 (Golden Helix Inc., Bozeman,
MT, USA).

This study focused on rare pathogenic or predicted protein-truncating variants. Rare
variants were defined as those identified in the Exome Aggregation Consortium (ExAC)
with a minor allele frequency (MAF) < 0.01 in the non-Finnish European population
(NFE-non TCGA). Genetic variants in CHEK2 were considered pathogenic if they were
annotated as “Pathogenic” or “Likely Pathogenic” in ClinVar (accessed 30 July 2020).
Predicted protein-truncating variants in CHEK2 that were absent from ClinVar were
included in this analysis, except if they were located in the last coding exon. For BRCA1
and BRCA2 variants, pathogenicity was strictly determined using the ENIGMA expert
panel classification available from ClinVar.

4.4. Targeted-Sequencing in Family Members

DNA was extracted from blood samples provided by family members of case-probands
and control-probands that were identified to carry pathogenic variants in CHEK?2. Targeted-
sequencing of CHEK2, BRCA1 and BRCAZ2 using the Hi-Plex panel and variant annotation
and classification were conducted as described in Section 4.2 and 4.3, respectively.

4.5. Statistical Methods

Segregation analysis [27,44,45] was used to estimate hazard ratios (HRs) for all carriers
of pathogenic CHEK? variants, where the HR is defined to be the age-specific breast cancer
incidences for female carriers divided by those for non-carriers. Segregation analysis is
a classical method for analysing family data [27,44,45] that allows all family members
to be included in the analysis, whether genotyped or not, using a rigorous approach
that accounts for all possible combinations of joint genotypes within each family that are
consistent with the known genotypes. All segregation analysis models were fitted by
the method of maximum likelihood, as implemented in the statistical package MENDEL
version 3.2 [46]. All estimates were appropriately adjusted for the population-based
ascertainment of families using retrospective likelihood [47], in which each pedigree’s data
were conditioned on the proband’s genotype, breast cancer status and age of onset. See our
previous report [48] for the mathematical details of an approach that is similar to the one
used here.

The age at breast cancer diagnosis was modelled as a random variable whose hazard
is the relevant HR multiplied by the incidence of breast cancer for non-carriers. Non-
carrier incidences were chosen so that the average incidence for carriers and non-carriers
(weighted by the carrier frequency) was the age-specific population incidence rates for
Australia in the period 1998-2002, as obtained from Cancer Incidence in Five Continents [49].
Participants were considered to be at risk of breast cancer from birth until the earliest of
breast cancer diagnosis, death or last follow-up. The allele frequency of all pathogenic
CHEK? variants combined was taken to be 0.005, which is approximately half the carrier
frequency in controls [50-52], though sensitivity analyses were conducted to assess the
impact of the allele frequency on our main results. An age dependence for the HR was
investigated by modelling the HR as continuous, piece-wise linear functions of age that are
locally constant before age 40 years and after age 60 years, and linear in between. HRs for
males were fixed to be 1 in all analyses.

Major gene models, which attribute all familial aggregation of disease to the gene
being studied, can often give biased estimates of risk [31]. Therefore, a mixed model, which
incorporates an unmeasured polygene in addition to the major gene (CHEK?2) [44,53], was
used in all modified segregation analyses to model any residual familial aggregation of
breast cancer risk (see the detailed methods in a previous report [48]). The polygenic
part of this mixed model, which models the combined effect of a large number of genes
that individually have small, additive effects on the log HR, was implemented as a hy-
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pergeometric polygenic model with four loci [44,53]. Under this model, the polygene is
approximately normally distributed (on the log HR scale) and is correlated within families,
with correlation coefficients equal to the kinship coefficients [45]. The mean of the polygene
was chosen so that the average HR was 1. The standard deviation of the polygene was
fixed to be 1.17741, which corresponds under Pharoah’s formula to a breast cancer familial
relative risk of 2 [54].

The age-specific cumulative risk (penetrance) to age ¢ years was calculated from the
estimated HR as

t
1—exp —/)\(s)ds ,
0

where A(s) is the relevant incidence rate averaged over the polygene, i.e., for carriers, A(s)
is the HR at age s multiplied by the non-carrier incidence at age s. Confidence intervals
(Cls) for these cumulative risks were calculated by evaluating the above expression for the
cumulative risk at the terminals of the CI of the HR (for 1-parameter models) or by using a
parametric bootstrap (for multi-parameter models). For the parametric bootstrap: a sample
of 5000 draws were taken from the multivariate normal distribution that the maximum
likelihood estimates would be expected to follow under asymptotic likelihood theory; for
each age, a corresponding sample of 5000 cumulative risks to that age was calculated using
the formula above; then, the 95% CI for the cumulative risks to a given age were taken to
be the 2.5 th and 97.5 th percentiles of this sample.

No ages at diagnosis were missing for the breast cancer cases, though ages at death or
last follow-up were missing for 219 (21.2%) of the 1032 controls. The missing ages for these
people (who were mostly second-degree relatives of the proband) were set to 0, which
censored them at birth and effectively removed them from the analysis. Non-missing ages
were truncated at 80 years.

All p-values were 2-sided, and all p-values for the segregation analyses were based
on the likelihood ratio test. A p-value threshold of 0.05 was used to define statistical
significance.

5. Conclusions

We estimated the age-specific cumulative risk of breast cancer for carriers of pathogenic
variants in CHEK? in a population-based case-control-family study. As gene panel test-
ing is now becoming routine and implementation of population screening is increasingly
discussed, these risk estimates are highly relevant and urgently needed for the clinical
management of the women and families found to carry a pathogenic variant in CHEK2.

Author Contributions: Conceptualization, M.C.S.; methodology, T.N.-D. and J.G.D.; software, T.N.-
D., J.AS,; validation, TN.-D., J.A.S., EH., M.M., D.T., H.T; formal analysis, T.N.-D. and ].G.D.;
resources, G.G.G., M.C.S,, ].L.H., RL.M,; data curation, T.N.-D.; writing—original draft preparation,
T.N.-D,, ].G.D. and M.C.S,; writing—review and editing, TN.-D., J.AS., A.-LR,, FH.,, M.M,, D.T.,
AR, HT,IMW, G.G.G, RLM. and M.C.S,; project administration, M.C.S.; funding acquisition,
M.C.S. and T.N.-D. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the U.S. National Institute of Health (grant number RO1CA159868).
The ABCFR was supported in Australia by the National Health and Medical Research Council, the
New South Wales Cancer Council, the Victorian Health Promotion Foundation, the Victorian Breast
Cancer Research Consortium, Cancer Australia, and the National Breast Cancer Foundation. The six
sites of the Breast Cancer Family Registry (BCFR) were supported by grant UM1 CA164920 from the
U.S. National Cancer Institute. The content of this manuscript 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. Gov-
ernment or the BCFR. TN-D is a National Breast Cancer Foundation (Australia) Career Development
Fellow (ECF-17-001). MCS is a National Health and Medical Research Council (NMHRC, Australia)
Senior Research Fellow (APP1155163). This work was supported by an NHMRC Program grant



Cancers 2021, 13, 1378 9of 11

(APP1074383), The National Breast Cancer Foundation (BRA-STRAP; NT-15-016), NHMRC European
Union Collaborative Research Grant (APP1101400) and Monash University, Melbourne, Australia.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Human Research Ethics Committee of the University
of Melbourne (1441420 approved on 18 Septemeber 2017).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Data is available upon request to the corresponding author.

Acknowledgments: We thank all the participants in this study, the entire team of the Australian
Breast Cancer Family registry (BCFR-AU) and past and current investigators.

Conflicts of Interest: The authors declare no conflict of interest.

References

10.

11.

12.

13.

14.

15.

16.

Bartek, J.; Lukas, J. Chk1 and Chk?2 kinases in checkpoint control and cancer. Cancer Cell 2003, 3, 421-429. [CrossRef]

Shieh, S.Y.; Ahn, ].; Tamai, K.; Taya, Y.; Prives, C. The human homologs of checkpoint kinases Chk1 and Cds1 (Chk2) phosphorylate
p53 at multiple DNA damage-inducible sites. Genes Dev. 2000, 14, 289-300.

CHEK?2 Breast Cancer Case-Control Consortium. CHEK2*1100delC and susceptibility to breast cancer: A collaborative analysis
involving 10,860 breast cancer cases and 9065 controls from 10 studies. Am. |. Hum. Genet 2004, 74, 1175-1182. [CrossRef]
[PubMed]

Schutte, M.; Seal, S.; Barfoot, R.; Meijers-Heijboer, H.; Wasielewski, M.; Evans, D.G.; Eccles, D.; Meijers, C.; Lohman, F.; Klijn, J.;
et al. Variants in CHEK2 other than 1100delC do not make a major contribution to breast cancer susceptibility. Am. J. Hum. Genet
2003, 72, 1023-1028. [CrossRef] [PubMed]

Cybulski, C.; Gorski, B.; Huzarski, T.; Byrski, T.; Gronwald, J.; Debniak, T.; Wokolorczyk, D.; Jakubowska, A.; Kowalska, E.;
Oszurek, O.; et al. CHEK2-positive breast cancers in young Polish women. Clin. Cancer Res. 2006, 12, 4832-4835. [CrossRef]
[PubMed]

Weischer, M.; Bojesen, S.E.; Ellervik, C.; Tybjaerg-Hansen, A.; Nordestgaard, B.G. CHEK2*1100delC genotyping for clinical
assessment of breast cancer risk: Meta-analyses of 26,000 patient cases and 27,000 controls. J. Clin. Oncol. 2008, 26, 542-548.
[CrossRef]

Zhang, S.; Phelan, C.M.; Zhang, P.; Rousseau, F.; Ghadirian, P.; Robidoux, A.; Foulkes, W.; Hamel, N.; McCready, D.; Trudeau, M.;
et al. Frequency of the CHEK2 1100delC mutation among women with breast cancer: An international study. Cancer Res. 2008, 68,
2154-2157. [CrossRef]

Schmidt, M.K,; Tollenaar, R.A.; de Kemp, S.R.; Broeks, A.; Cornelisse, C.J.; Smit, V.T.; Peterse, ].L.; van Leeuwen, EE.; Van't Veer,
L.J. Breast cancer survival and tumor characteristics in premenopausal women carrying the CHEK2*1100delC germline mutation.
J. Clin. Oncol. 2007, 25, 64—69. [CrossRef]

Weischer, M.; Nordestgaard, B.G.; Pharoah, P; Bolla, M.K.; Nevanlinna, H.; Van’t Veer, L.]J.; Garcia-Closas, M.; Hopper, J.L.;
Hall, P; Andrulis, IL.; et al. CHEK2*1100delC heterozygosity in women with breast cancer associated with early death, breast
cancer-specific death, and increased risk of a second breast cancer. J. Clin. Oncol. 2012, 30, 4308-4316. [CrossRef]

de Bock, G.H.; Schutte, M.; Krol-Warmerdam, E.M.; Seynaeve, C.; Blom, ].; Brekelmans, C.T.; Meijers-Heijboer, H.; van Asperen,
CJ.; Cornelisse, C.J.; Devilee, P; et al. Tumour characteristics and prognosis of breast cancer patients carrying the germline
CHEK2*1100delC variant. J. Med. Genet. 2004, 41, 731-735. [CrossRef]

Nagel, ].H.; Peeters, ] K.; Smid, M.; Sieuwerts, A.M.; Wasielewski, M.; de Weerd, V.; Trapman-Jansen, A.M.; van den Ouweland,
A.; Bruggenwirth, H.; van IJcken, W.E; et al. Gene expression profiling assigns CHEK2 1100delC breast cancers to the luminal
intrinsic subtypes. Breast Cancer Res. Treat. 2012, 132, 439-448. [CrossRef]

Fletcher, O.; Johnson, N.; Dos Santos Silva, I.; Kilpivaara, O.; Aittomaki, K.; Blomqvist, C.; Nevanlinna, H.; Wasielewski, M.;
Meijers-Heijerboer, H.; Broeks, A.; et al. Family history, genetic testing, and clinical risk prediction: Pooled analysis of CHEK2
1100delC in 1,828 bilateral breast cancers and 7030 controls. Cancer Epidemiol. Biomark. Prev. 2009, 18, 230-234. [CrossRef]
Meyer, A.; Dork, T.; Sohn, C.; Karstens, ].H.; Bremer, M. Breast cancer in patients carrying a germ-line CHEK2 mutation: Outcome
after breast conserving surgery and adjuvant radiotherapy. Radiother. Oncol. 2007, 82, 349-353. [CrossRef]

Schmidt, M.K,; Hogervorst, F.; van Hien, R.; Cornelissen, S.; Broeks, A.; Adank, M.A.; Meijers, H.; Waisfisz, Q.; Hollestelle, A.;
Schutte, M.; et al. Age- and Tumor Subtype-Specific Breast Cancer Risk Estimates for CHEK2*1100delC Carriers. . Clin. Oncol.
2016, 34, 2750-2760. [CrossRef]

Le Calvez-Kelm, F,; Lesueur, F.; Damiola, F; Vallée, M.; Voegele, C.; Babikyan, D.; Durand, G.; Forey, N.; McKay-Chopin, S.;
Robinot, N. Rare, evolutionarily unlikely missense substitutions in CHEK2 contribute to breast cancer susceptibility: Results
from a breast cancer family registry case-control mutation-screening study. Breast Cancer Res. 2011, 13, R6. [CrossRef]

Young, E.L.; Feng, B.].; Stark, A.W.; Damiola, F; Durand, G.; Forey, N.; Francy, T.C.; Gammon, A.; Kohlmann, WK_; Kaphingst,
K.A,; et al. Multigene testing of moderate-risk genes: Be mindful of the missense. . Med. Genet. 2016, 53, 366-376. [CrossRef]


http://doi.org/10.1016/S1535-6108(03)00110-7
http://doi.org/10.1086/421251
http://www.ncbi.nlm.nih.gov/pubmed/15122511
http://doi.org/10.1086/373965
http://www.ncbi.nlm.nih.gov/pubmed/12610780
http://doi.org/10.1158/1078-0432.CCR-06-0158
http://www.ncbi.nlm.nih.gov/pubmed/16914568
http://doi.org/10.1200/JCO.2007.12.5922
http://doi.org/10.1158/0008-5472.CAN-07-5187
http://doi.org/10.1200/JCO.2006.06.3024
http://doi.org/10.1200/JCO.2012.42.7336
http://doi.org/10.1136/jmg.2004.019737
http://doi.org/10.1007/s10549-011-1588-x
http://doi.org/10.1158/1055-9965.EPI-08-0416
http://doi.org/10.1016/j.radonc.2006.12.002
http://doi.org/10.1200/JCO.2016.66.5844
http://doi.org/10.1186/bcr2810
http://doi.org/10.1136/jmedgenet-2015-103398

Cancers 2021, 13, 1378 10 of 11

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Darabi, H.; Beesley, J.; Droit, A.; Kar, S.; Nord, S.; Moradi Marjaneh, M.; Soucy, P.; Michailidou, K.; Ghoussaini, M.; Fues Wahl, H.;
et al. Fine scale mapping of the 17q22 breast cancer locus using dense SNPs, genotyped within the Collaborative Oncological
Gene-Environment Study (COGs). Sci. Rep. 2016, 6, 32512. [CrossRef] [PubMed]

Michailidou, K.; Hall, P.; Gonzalez-Neira, A.; Ghoussaini, M.; Dennis, J.; Milne, R.L.; Schmidt, M.K.; Chang-Claude, J.; Bojesen,
S.E.; Bolla, M.K,; et al. Large-scale genotyping identifies 41 new loci associated with breast cancer risk. Nat. Genet. 2013, 45,
353-361. [CrossRef]

Southey, M.C.; Goldgar, D.E.; Winqvist, R.; Pylkas, K.; Couch, E; Tischkowitz, M.; Foulkes, W.D.; Dennis, J.; Michailidou, K.; van
Rensburg, E.J.; et al. PALB2, CHEK2 and ATM rare variants and cancer risk: Data from COGS. ]. Med. Genet. 2016, 53, 800-811.
[CrossRef] [PubMed]

Easton, D.F,; Pharoah, P.D.; Antoniou, A.C.; Tischkowitz, M.; Tavtigian, S.V.; Nathanson, K.L.; Devilee, P.; Meindl, A.; Couch,
EJ.; Southey, M.; et al. Gene-panel sequencing and the prediction of breast-cancer risk. N. Engl. ]. Med. 2015, 372, 2243-2257.
[CrossRef] [PubMed]

LaDuca, H.; Polley, E.C.; Yussuf, A.; Hoang, L.; Gutierrez, S.; Hart, S.N.; Yadav, S.; Hu, C.; Na, J.; Goldgar, D.E.; et al. A clinical
guide to hereditary cancer panel testing: Evaluation of gene-specific cancer associations and sensitivity of genetic testing criteria
in a cohort of 165,000 high-risk patients. Genet. Med. 2020, 22, 407-415. [CrossRef]

Kurian, A.W.; Ward, K.C.; Howlader, N.; Deapen, D.; Hamilton, A.S.; Mariotto, A.; Miller, D.; Penberthy, L.S.; Katz, S.J. Genetic
Testing and Results in a Population-Based Cohort of Breast Cancer Patients and Ovarian Cancer Patients. . Clin. Oncol. 2019, 37,
1305-1315. [CrossRef]

Couch, FJ.; Shimelis, H.; Hu, C.; Hart, S.N.; Polley, E.C.; Na, ].; Hallberg, E.; Moore, R.; Thomas, A.; Lilyquist, ].; et al. Associations
Between Cancer Predisposition Testing Panel Genes and Breast Cancer. JAMA Oncol. 2017, 3, 1190-1196. [CrossRef] [PubMed]
Lu, HM.; Li, S.; Black, M.H.; Lee, S.; Hoiness, R.; Wu, S.; Mu, W.; Huether, R.; Chen, J.; Sridhar, S.; et al. Association of Breast
and Ovarian Cancers With Predisposition Genes Identified by Large-Scale Sequencing. JAMA Oncol. 2019, 5, 51-57. [CrossRef]
[PubMed]

Hauke, J.; Horvath, J.; Gross, E.; Gehrig, A.; Honisch, E.; Hackmann, K.; Schmidt, G.; Arnold, N.; Faust, U.; Sutter, C.; et al. Gene
panel testing of 5589 BRCA1/2-negative index patients with breast cancer in a routine diagnostic setting: Results of the German
Consortium for Hereditary Breast and Ovarian Cancer. Cancer Med. 2018, 7, 1349-1358. [CrossRef] [PubMed]

Fostira, F.; Kostantopoulou, I.; Apostolou, P.; Papamentzelopoulou, M.S.; Papadimitriou, C.; Faliakou, E.; Christodoulou, C.;
Boukovinas, I.; Razis, E.; Tryfonopoulos, D.; et al. One in three highly selected Greek patients with breast cancer carries a
loss-of-function variant in a cancer susceptibility gene. J. Med. Genet. 2020, 57, 53-61. [CrossRef] [PubMed]

Antoniou, A.; Pharoah, P.D.P,; Narod, S.; Risch, H.A ; Eyfjord, J.E.; Hopper, J.L.; 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. |. Hum. Genet. 2003, 72, 1117-1130. [CrossRef] [PubMed]

Yang, X.; Leslie, G.; Doroszuk, A.; Schneider, S.; Allen, J.; Decker, B.; Dunning, A.M.; Redman, ].; Scarth, J.; Plaskocinska, L; et al.
Cancer Risks Associated With Germline PALB2 Pathogenic Variants: An International Study of 524 Families. . Clin. Oncol. 2020,
38, 674-685. [CrossRef] [PubMed]

Hopper, ].L.; Southey, M.C.; Dite, G.S; Jolley, D.J.; Giles, G.G.; McCredie, M.R.; Easton, D.F.; Venter, D.]. Population-based
estimate of the average age-specific cumulative risk of breast cancer for a defined set of protein-truncating mutations in BRCA1
and BRCA2. Australian Breast Cancer Family Study. Cancer Epidemiol. Biomark. Prev. 1999, 8, 741-747.

Southey, M.C.; Teo, Z.L.; Dowty, J.G.; Odefrey, FA.; Park, D.J.; Tischkowitz, M.; Sabbaghian, N.; Apicella, C.; Byrnes, G.B.;
Winship, I; et al. A PALB2 mutation associated with high risk of breast cancer. Breast Cancer Res. 2010, 12, R109. [CrossRef]
[PubMed]

Gong, G.; Hannon, N.; Whittemore, A.S. Estimating gene penetrance from family data. Genet. Epidemiol. 2010, 34, 373-381.
[CrossRef]

Smith, L.D.; Tesoriero, A.A.; Ramus, S.J.; Dite, G.; Royce, S.G.; Giles, G.G.; McCredie, M.R.; Hopper, J.L.; Southey, M.C. BRCA1
promoter deletions in young women with breast cancer and a strong family history: A population-based study. Eur. ]. Cancer
2007, 43, 823-827. [CrossRef]

Smith, L.D.; Tesoriero, A.A.; Wong, E.M.; Ramus, S.J.; O'Malley, EP; Mulligan, A.M.; Terry, M.B.; Senie, R.T.; Santella, R.M.; John,
E.M.; et al. Contribution of large genomic BRCA1 alterations to early-onset breast cancer selected for family history and tumour
morphology: A report from The Breast Cancer Family Registry. Breast Cancer Res. 2011, 13, R14. [CrossRef] [PubMed]
Gallagher, S.; Hughes, E.; Wagner, S.; Tshiaba, P.; Rosenthal, E.; Roa, B.B.; Kurian, A.W.; Domchek, S.M.; Garber, J.; Lancaster,
J.; et al. Association of a Polygenic Risk Score With Breast Cancer Among Women Carriers of High- and Moderate-Risk Breast
Cancer Genes. JAMA Netw. Open 2020, 3, €208501. [CrossRef]

De Silva, D.L.; Winship, I. Is CHEK2 a moderate-risk breast cancer gene or the younger sister of Li-Fraumeni? BM] Case Rep. 2020,
13. [CrossRef] [PubMed]

Brandao, A.; Paulo, P; Maia, S.; Pinheiro, M.; Peixoto, A.; Cardoso, M.; Silva, M.P,; Santos, C.; Eeles, R.A.; Kote-Jarai, Z.; et al. The
CHEK?2 Variant C.349A>G Is Associated with Prostate Cancer Risk and Carriers Share a Common Ancestor. Cancers 2020, 12,
3254. [CrossRef] [PubMed]

McCredie, M.R,; Dite, G.S.; Giles, G.G.; Hopper, ].L. Breast cancer in Australian women under the age of 40. Cancer Causes Control
1998, 9, 189-198. [CrossRef]


http://doi.org/10.1038/srep32512
http://www.ncbi.nlm.nih.gov/pubmed/27600471
http://doi.org/10.1038/ng.2563
http://doi.org/10.1136/jmedgenet-2016-103839
http://www.ncbi.nlm.nih.gov/pubmed/27595995
http://doi.org/10.1056/NEJMsr1501341
http://www.ncbi.nlm.nih.gov/pubmed/26014596
http://doi.org/10.1038/s41436-019-0633-8
http://doi.org/10.1200/JCO.18.01854
http://doi.org/10.1001/jamaoncol.2017.0424
http://www.ncbi.nlm.nih.gov/pubmed/28418444
http://doi.org/10.1001/jamaoncol.2018.2956
http://www.ncbi.nlm.nih.gov/pubmed/30128536
http://doi.org/10.1002/cam4.1376
http://www.ncbi.nlm.nih.gov/pubmed/29522266
http://doi.org/10.1136/jmedgenet-2019-106189
http://www.ncbi.nlm.nih.gov/pubmed/31300551
http://doi.org/10.1086/375033
http://www.ncbi.nlm.nih.gov/pubmed/12677558
http://doi.org/10.1200/JCO.19.01907
http://www.ncbi.nlm.nih.gov/pubmed/31841383
http://doi.org/10.1186/bcr2796
http://www.ncbi.nlm.nih.gov/pubmed/21182766
http://doi.org/10.1002/gepi.20493
http://doi.org/10.1016/j.ejca.2007.01.011
http://doi.org/10.1186/bcr2822
http://www.ncbi.nlm.nih.gov/pubmed/21281505
http://doi.org/10.1001/jamanetworkopen.2020.8501
http://doi.org/10.1136/bcr-2020-236435
http://www.ncbi.nlm.nih.gov/pubmed/32900738
http://doi.org/10.3390/cancers12113254
http://www.ncbi.nlm.nih.gov/pubmed/33158149
http://doi.org/10.1023/A:1008886328352

Cancers 2021, 13, 1378 11 of 11

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

John, EMM.; Hopper, J.L.; Beck, J.C.; Knight, J.A.; Neuhausen, S.L.; Senie, R.T.; Ziogas, A.; Andrulis, I.L.; Anton-Culver, H.; Boyd,
N.; et al. 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. [CrossRef]

Dite, G.S.; Jenkins, M.A.; Southey, M.C.; Hocking, ].S.; Giles, G.G.; McCredie, M.R.E.; Venter, D.].; Hopper, J.L. Familial risks,
early-onset breast cancer, and BRCA1 and BRCA2 germline mutations. J. Natl. Cancer Inst. 2003, 95, 448-457. [CrossRef]
Hammet, F.; Mahmood, K.; Green, T.R.; Nguyen-Dumont, T.; Southey, M.C.; Buchanan, D.D.; Lonie, A.; Nathanson, K.L.; Couch,
F]J.; Pope, B.J.; et al. Hi-Plex2: A simple and robust approach to targeted sequencing-based genetic screening. Biotechniques 2019.
[CrossRef] [PubMed]

Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 2009, 25, 1754-1760.
[CrossRef] [PubMed]

Quinlan, A.R.; Hall, LM. BEDTools: A flexible suite of utilities for comparing genomic features. Bioinformatics 2010, 26, 841-842.
[CrossRef]

Lai, Z.; Markovets, A.; Ahdesmaki, M.; Chapman, B.; Hofmann, O.; McEwen, R.; Johnson, J.; Dougherty, B.; Barrett, J.C.; Dry, J.R.
VarDict: A novel and versatile variant caller for next-generation sequencing in cancer research. Nucleic Acids Res. 2016, 44, €108.
[CrossRef]

Antoniou, A.C.; Pharoah, P.D.; McMullan, G.; Day, N.E.; Ponder, B.A.; Easton, D. Evidence for further breast cancer susceptibility
genes in addition to BRCA1 and BRCA?2 in a population-based study. Genet. Epidemiol. 2001, 21, 1-18. [CrossRef]

Lange, K. Mathematical and Statistical Methods for Genetic Analysis; Springer: New York, NY, USA, 2002. [CrossRef]

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

Kraft, P; Thomas, D.C. Bias and efficiency in family-based gene-characterization studies: Conditional, prospective, retrospective,
and joint likelihoods. Am. . Hum. Genet. 2000, 66, 1119-1131. [CrossRef]

Dowty, J.G.; Win, A K,; Buchanan, D.D.; Lindor, N.M.; Macrae, F.A.; Clendenning, M.; Antill, Y.C.; Thibodeau, S.N.; Casey, G.;
Gallinger, S.; et al. Cancer risks for MLH1 and MSH2 mutation carriers. Hum. Mutat. 2013, 34, 490-497. [CrossRef] [PubMed]
Ferlay, J.; Steliarova-Foucher, E.; Forman, D. Cancer Incidence in Five Continents, CI5plus: IARC Cancer Base No. 9; International
Agency for Research on Cancer: Lyon, France, 2018.

Jekimovs, C.R.; Chen, X.; Arnold, J.; Gatei, M.; Richard, D.J.; Spurdle, A.B.; Khanna, K.K.; Chenevix-Trench, G.; kConFab, I. Low
frequency of CHEK?2 1100delC allele in Australian multiple-case breast cancer families: Functional analysis in heterozygous
individuals. Br. J. Cancer 2005, 92, 784-790. [CrossRef] [PubMed]

Friedrichsen, D.M.; Malone, K.E.; Doody, D.R.; Daling, J.R.; Ostrander, E.A. Frequency of CHEK2 mutations in a population
based, case-control study of breast cancer in young women. Breast Cancer Res. 2004, 6, R629-R635. [CrossRef]

Bell, D.W,; Kim, S.H.; Godwin, A K.; Schiripo, T.A.; Harris, P.L.; Haserlat, S.M.; Wahrer, D.C.; Haiman, C.A.; Daly, M.B.; Niendorf,
K.B.; et al. Genetic and functional analysis of CHEK2 (CHK2) variants in multiethnic cohorts. Int. J. Cancer 2007, 121, 2661-2667.
[CrossRef]

Cannings, C.; Thompson, E.; Skolnick, M. Probability functions on complex pedigrees. Adv. Appl. Probab. 1978, 10, 26-61.
[CrossRef]

Pharoah, P.D.; Antoniou, A.; Bobrow, M.; Zimmern, R.L.; Easton, D.E; Ponder, B.A. Polygenic susceptibility to breast cancer and
implications for prevention. Nat. Genet. 2002, 31, 33-36. [CrossRef] [PubMed]


http://doi.org/10.1186/bcr801
http://doi.org/10.1093/jnci/95.6.448
http://doi.org/10.2144/btn-2019-0026
http://www.ncbi.nlm.nih.gov/pubmed/31267764
http://doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/pubmed/19451168
http://doi.org/10.1093/bioinformatics/btq033
http://doi.org/10.1093/nar/gkw227
http://doi.org/10.1002/gepi.1014
http://doi.org/10.1007/978-0-387-21750-5
http://doi.org/10.1002/gepi.1370050611
http://www.ncbi.nlm.nih.gov/pubmed/3061869
http://doi.org/10.1086/302808
http://doi.org/10.1002/humu.22262
http://www.ncbi.nlm.nih.gov/pubmed/23255516
http://doi.org/10.1038/sj.bjc.6602381
http://www.ncbi.nlm.nih.gov/pubmed/15700044
http://doi.org/10.1186/bcr933
http://doi.org/10.1002/ijc.23026
http://doi.org/10.2307/1426718
http://doi.org/10.1038/ng853
http://www.ncbi.nlm.nih.gov/pubmed/11984562

	Introduction 
	Results 
	Pathogenic CHEK2 Variants Identified in the Australian Breast Cancer Family Registry 
	Risk Estimates 

	Discussion 
	Materials and Methods 
	Study Subjects 
	Targeted-Sequencing in Proband Subjects 
	Sequencing Data Processing and Variant Selection 
	Targeted-Sequencing in Family Members 
	Statistical Methods 

	Conclusions 
	References

